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Recent Advances in the Study of the Bioactive

Conformation of Taxol

Liang Sun,® Carlos Simmerling,*™!

Paclitaxel is one of the most important chemotherapeutic
drugs in the fight against cancer. This minireview covers the
recent advances in the study of the bioactive conformation of
paclitaxel in tubulin/microtubules. The tubulin-bound structure
of paclitaxel has been studied by means of photoaffinity label-
ing, cryo-electron microscopy, solid-state NMR, molecular mod-

Introduction

Cancer has become the leading cause of death among people
under the age of 85 in the US, exceeding cardiovascular diseas-
es."? Paclitaxel (taxol) and docetaxel (taxotere) are two of the
most important antitumor drugs currently in use against vari-
ous cancers, such as metastatic breast cancer, advanced ovari-
an cancer, nonsmall-cell lung cancer, and Kaposi's sarcoma.*
Further clinical applications are ongoing against different types
of cancers as well as for combination therapies with other anti-
tumor drugs.

Paclitaxel binds to the B-tubulin component of the a,p-tubu-
lin dimer, promotes the polymerization of tubulin, stabilizes
microtubules, and blocks microtubular dynamics, which even-
tually leads to apoptosis.”® Paclitaxel has a rigid baccatin core
with four flexible side chains. Even though the mechanism of
microtubule stabilization by paclitaxel was discovered almost
30 years ago, the binding conformation of paclitaxel to p-tubu-
lin is still not fully understood. Investigation into the possible
bioactive conformation of paclitaxel has attracted much inter-
est among organic and medicinal chemists, as well as molecu-
lar pharmacologists and structural biologists.”® This is not
only because of the natural curiosity for the elucidation of mi-
crotubule-bound paclitaxel structure, but also because of a
genuine possibility that novel drugs with much simpler struc-
tures than paclitaxel could be designed and developed based
on the bioactive structure of paclitaxel.

The aim of the article is to review the recent advances in the
study of the bioactive conformation of paclitaxel in B-tubulin,
including molecular modeling studies, MD simulations, syn-
thetic studies involving structurally restrained taxoids and
paclitaxel mimics, and to envision future directions in the field.

Polar conformation and nonpolar conformation

The conformational analysis of paclitaxel in solution and in
solid state was initially performed by NMR and X-ray crystallog-
raphy, affording the “polar” (hydrophobic collapse) conforma-
tion and the “nonpolar” conformation, involving hydrophobic
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eling, MD simulations and the synthesis of conformationally
restrained analogues and paclitaxel mimics. The bioactive con-
formation of paclitaxel is important since it could provide criti-
cal information that would allow the design of novel ana-
logues with simpler structures and/or increased potency
against cancer.

collapse between C3' phenyl or C3' N-benzoyl and the
C-2 phenyl groups.”'™® An exploration of potential common
pharmacophores based on known microtubule-stabilizing
agents, paclitaxel, epothilone,™" eleutherobin™ and disco-
dermolide,"” was also attempted."®

Various conformationally constrained taxoids were prepared
to mimic the “polar” and “nonpolar” conformations. Com-
pounds 1 and 2 were the first attempts to orient the C13 side
chain to mimic the “polar” conformation, by Heck reaction,
esterification'” and olefin metathesis,"®?% but none of the re-
ported taxoids were as active as paclitaxel. Later, several series
of C2-C3’ N-linked macrocyclic taxoids (3-6) were reported to
mimic the “nonpolar” conformation, and again none of the
compounds showed similar or higher activity compared with
paclitaxel.”>2? It was concluded that neither the “polar” con-
formation nor the “nonploar” conformation were the correct
binding structure of paclitaxel. Nevertheless, through those en-
deavors, the olefin metathesis strategy proved to be a power-
ful method to synthesize conformationally restrained macro-
cyclic paclitaxel analogues.” These early efforts on the design,
synthesis and biological evaluation of macrocyclic taxoids have
been previously reviewed.”
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The electron crystallographic
structures and the T-taxol
conformation

The structural biology study of
paclitaxel did not start until the
first cryo-electron microscopy
(cryo-EM) (or “electron crystal-
lography”) structure of a micro-
tubule model, i.e. Zn?*-stablized
o,3-tubulin dimer with paclitaxel
bound, was reported in 1998 at
3.7 A resolution (1TUB structure,
Figure 1a).”” In the 1TUB struc-
ture, the drug-binding site was
identified, which was consistent
with the previous photolabeling
studies using docetaxel .2
This poorly resolved crystal
structure was further refined to
3.5 A resolution (1JFF structure,
Figure 1b) in 2001 using pacli-
taxel as the substrate.”” How-
ever, the conformation of the
crucial N-benzoylphenylisoserine
moiety at C13 was still difficult
to determine with confidence
due to the low diffraction level
in the electron density map for
this moiety, especially, the 2-
benzoate and 3'N-phenyl
groups.”

In 2004, Downing et al. re-
ported the structure of epothilo-
ne A bound to o,f-tubulin in
zinc-stabilized sheets (1TVK); the
structure was resolved at 2.89 A
by a combination of electron
crystallography and NMR-based
conformational analysis.*” The
overlay of epothilone A (1TVK)
and paclitaxel (1JFF) revealed a
common binding site in p-tubu-
lin (Figure 2). In 2008, the bind-
ing structures of discodermolide
and its cyclic analogue dicytos-
tatin®” were proposed by NMR
and molecular modeling stud-
jes.’? Similar to epothilone A,
the binding structures roughly
overlap with the taxane skeleton
but do not make the additional
contacts provided by the pacli-
taxel side chain, specifically with
helix 1 and the other side of
His229.57 The combined bind-
ing structures of these micro-
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Figure 1. a) 1TUB and b) 1JFF.

a)

Figure 2. a) Epothilone A (green) in -tubulin (1TVK) and b) overlay of epo-
thilone and paclitaxel by superimposing the backbones of 1TVK and 1JFF.

tubule-stabilizing agents might be used to design hybrid
compounds with much higher binding affinities.'®

Based on further computational analysis of the solution
structure of paclitaxel, and docking studies on the 1TUB struc-
ture, the “T-taxol” structure was proposed in 2001.%¥ Unlike
the polar and nonpolar conformations, which experi-
ence intramolecular hydrophobic collapse, T-taxol
makes intermolecular hydrophobic associations, as
seen for the irregularly stacked C3’-benzamido,
His 229, and C2-benzoyl moieties. This model is con-
sistent with three photoaffinity labeling studies per-
formed on P-tubulin.’*?® Sharing the same electron
density map, the T-taxol structure is very similar to
the conformation seen in the 1JFF co-crystal struc-
ture, except for torsional rotations of the side chain
phenyl rings.” The critical C2"-OH group,®*** which
forms an intramolecular H bond with C1’-O in the
polar or nonpolar conformations, was claimed to
form a Hbond with the backbone carbonyl of
Arg 369, however, a H bond was eventually observed
between the NH of Gly370 and C2'-O. This H bond
change was probably caused by a change in the pro-
tein backbone from 1TUB to 1JFF. The new H bond is
not only weaker than the original, but also inconsis-
tent with well-known structure-activity (SAR) data
that shows the C2'-OH acts as a H bond donor, but
not as an acceptor (see Figure 3).5¢

To prove the validity of the T-taxol structure, rigidi-
fied paclitaxel congeners were designed, synthesized
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Figure 3. T-taxol in 1JFF®”

and assayed for their tubulin polymerization activity and cyto-
toxicity.”? Kingston etal. first synthesized the C4-meta-C3'
linked macrocyclic taxoids, which showed ten times weaker
potency than paclitaxel due to the steric conflict between the
long bridge and the Phe270.°8 The macrolactone derivatives
of the taxoids (8) showed even lower activity.*” Later, the C4-
ortho-C3'-linked macrocyclic taxoids with shorter linker (9)
were synthesized.“**"" Compound K1 is the most active com-
pound in the series, which shows ~20times higher activity
than paclitaxel against A2780 human ovarian cancer cell line
and twice higher activity in the tubulin polymerization experi-
ment. The saturated congener K2 showed the same activity as
paclitaxel.
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The analogue with a longer linker (K3), which exhibited the
T-taxol form in a population of 83% in CDCl; according to the
NAMFIS (NMR analysis of molecular flexibility in solution) analy-
sis,*? is twice as effective in the tubulin polymerization assay
and equally potent against both PC3 and A2780 cell lines. In
2007, the apparent affinity of the C4-ortho-C3’ linked macro-
cyclic taxoids for guanylyl-(a,B)-methylene-diphosphonate
(GMPCPP)-stabilized microtubules was assessed by a competi-
tion assay. K1 and K2 bind to the GMPCPP-stabilized micro-
tubules with two- to threefold greater affinity than paclitaxel,
and decrease the critical concentration of guanosine diphos-
phate (GDP)-bound tubulin by two- to fourfold compared to
paclitaxel.”?

In 2004, Dubois et al. reported two new series of C2—C3" N-
linked macrocyclic taxoids with aliphatic and amino acid linkers
to mimic the T-form docetaxel.*** Most taxoids showed
much lower activity compared with docetaxel, but one deriva-
tive (QT) was equipotent to paclitaxel in the microtubule de-
polymerization inhibitory assay, but ~10 times less active in
the in vitro cytotoxicity assay.*” The higher activity of 10 com-

pared with 6 indicated that a hydrophobic group at C2 plays a
major role in the interaction with binding site residues. It
should be noted that the crystal structure of QT2 was resolved,
which has a close similarity to the T-taxol structure, although it
is almost inactive in both cytotoxicity and microtubule depoly-
merization inhibitory assays.”¢!

Another attempt to mimic the T-taxol structure was the in-
troduction of a cyclic structure in the C13 side chain. In 2001,
Barboni et al. reported the conformationally constrained tax-
oids by insertion of a carbon linker between the C2’ and the
ortho position of the 3-phenyl ring (12).*” The taxoids with
five-membered rings showed a two- to ninefold decrease in
activity compared with paclitaxel against MCF-7 cell lines, and
slightly lower activity compared with paclitaxel in the tubulin
assembly assay. The compounds were claimed to be in the
T-taxol conformation in a population of 47% in DMSO as de-
termined by 2D NMR/NAMFIS experiments. The taxoids with
six-membered rings, however, are 240-340 times less active
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than paclitaxel due to their interaction with Phe270 in the
binding site. In 2005, Kingston et al. reported the C3'-cyclo-
propyl paclitaxel analogues as T-taxol mimics.*® These taxoids
showed 13- to 1000-fold lower activity against A2780 and KB
cell lines relative to paclitaxel. The interaction of the methylene
group of a cyclopropyl taxane with the C4-acetyl group pro-
duced structures incompatible with the T-taxol structure,
which was considered to be the reason for the weak activity of
these compounds.

R =H, Me, iPr
12 13

The REDOR NMR experiment and the REDOR-taxol
conformation

Application of ’F NMR advanced techniques is a very powerful
tool to study dynamic conformational equilibria of fluorine-
containing bioactive molecules. In fact, the wide dispersion of
YF chemical shifts simplifies the observation of molecular
structures at low temperature. To study the binding conforma-
tion of paclitaxel and other taxoids, the fluorine-containing tax-
anes were successfully used as probes for NMR analysis in con-
junction with molecular modeling."*” The solid-state magic
angle spinning (SSMAS) F NMR technique and the radio-
frequency driven dipolar recoupling (RFDR) technique were ap-
plied to measure the F—F distance for the microtubule-bound
conformation of F,-10-Ac-docetaxel (14, Figure 4).°% In the
mean time, another breakthrough in the investigation into the
structure of the tubulin-bound paclitaxel was achieved by the
application of the rotational echo double resonance (REDOR)
NMR spectroscopy of the '°F/*C/"*N-labeled paclitaxel-micro-
tubule complex in the solid state in 2000.°" The REDOR NMR
data provided two *C-"°F intramolecular distances of the mi-
crotubule-bound 2-(4-fluorobenzoyl)paclitaxel (F-taxol) (15,
Figure 4). Since real microtubules, i.e., not the Zn**-stabilized
tubulin dimer model, were used in this experiment, the results
were critically important to probe the relevance of the cryo-EM
structure (1TUB, 1JFF).

On the basis of the REDOR distances, MD analysis of pacli-
taxel conformers, the photoaffinity labeling and molecular
modeling using the 1TUB coordinates,”® Ojima et al. proposed
the “REDOR-taxol” structure as the most plausible microtubule-
bound paclitaxel structure in 2005.® Unlike the T-taxol struc-
ture, the C2-OH group interacts with His229 as the H-bond
donor in the REDOR-taxol structure (Figure 5).

In 2007, three additional intramolecular distances between
key atoms in the microtubule-bound 'F/?H-labeled paclitaxel
were determined using solid state REDOR NMR spectroscopy
(16, Figure 4).5% All five known intramolecular distances were
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Figure 4. Solid state NMR studies on microtubule-bound fluorine probes.

Figure 5. REDOR-taxol in 1TUB.

used to examine the five proposed conformations
(polar, nonpolar, 1JFF-taxol, T-taxol and REDOR-
taxol), and only the REDOR-taxol and T-taxol were
found to be fully consistent with the experimental
data.®?

The REDOR-taxol structure was successfully used
for the design and synthesis of a series of highly
active  C14—C3'NBz-linked  macrocyclic  taxoids
(17).233 SB-T-2053 inhibits the growth of human
breast cancer cells (wild type and drug resistant) in
the same order of magnitude as paclitaxel, and indu-
ces in vitro tubulin polymerization at least as well as
paclitaxel.’®’ The isomer, SB-T-2054, possesses virtually
the same potency as that of paclitaxel in both cyto-

ChemMedChem 0000, 00, 1-14
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toxicity and tubulin polymeri-
zation assays.®® Also, the micro-
tubules formed with SB-T-2054
and paclitaxel are very similar,
while those formed with GTP
are longer and more uniform

(Figure 6).
The C3'-isobutenyl analogue,
SB-T-2052, however, showed

much lower activity. Since the
replacement of the 3'-phenyl
moiety of paclitaxel and doce-
AN taxel with a 2-methylpropen-2-
yl group has been shown to in-
crease the potency,”*>” the re-
sults suggest that the second
generation taxoids bearing a 3'-
(2-methylpropen-2-yl)  moiety
have a slightly different binding
site from that of paclitaxel, or
that these taxoids have a differ-
ent bioactive conformation than
that of paclitaxel.

19

Comparison of REDOR-taxol and T-taxol

The positions of the C-3" phenyl rings in the REDOR-taxol and
T-taxol structures are close to each other. Essentially all SAR
studies,”®*® photoaffinity labeling®2® and REDOR NMR re-
sults®"*? support both structures. The critical difference be-
tween these two structures is the orientation of the C2’-OH
group. In the REDOR-taxol structure, the C2’-OH group inter-
acts with His229 as the hydrogen donor (Figure 5),® while the
H bond is formed between C2'-O and the backbone NH of
Gly370 in the T-taxol structure.

As mentioned above, the paclitaxel-bound Zn?"-stabilized
o,p-tubulin dimer sheet structure was refined by Lowe et al. in
2001 to provide the 1JFF structure. Since the 1JFF co-crystal
structure has higher resolution than the 1TUB, and the T-taxol
structure was updated by adopting the 1JFF structure,”* the

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Electromicrographs of microtubule: a) GTP; b) paclitaxel; c) SB-T-
2054.

REDOR-taxol-1JFF complex was recently constructed to see
possible differences between this complex and the REDOR-
taxol-1TUB and also to perform detailed comparison with
T-taxol structure.™

The REDOR-taxol structure generated in the 1TUB coordi-
nates was manually docked into the B-tubulin unit of the 1JFF
protein wherein the 1JFF-taxol substrate had been removed
from the coordinates prior to docking. The resulting drug-pro-
tein complex structure (REDOR-taxol-1JFF) was minimized by
using Insight Il 2000 (CVFF force field). The H bond between
the C2'-OH group and His229, a key feature of the REDOR-
taxol model, was very stable during the process, with a final
H—N distance of 2.25 A (Figure 7).

Arg369

o

Figure 7. REDOR-taxol in 1JFF.

For fair and accurate comparison of the REDOR-taxol struc-
ture with the T-taxol structure,?”*? the coordinates of the
T-taxol-1JFF complex structure were obtained directly from
the Emory University group,®” and subjected to computational
analyses. Unexpectedly, there was no H bond between the C2'-
OH and the C=0 of Arg369 in the obtained T-taxol-1JFF coor-
dinates although this particular H bond was reported in the
original T-taxol paper.*¥ Additionally, no H bond between the
C2’-OH and the nitrogen of the Gly370 NH group was ob-
served; in this structure the C2’-OH points towards the hydro-
gen of the Gly370 NH rather than the lone pair (Figure 8a).

After energy minimization (Insight Il 2000, CVFF), a H bond
(3.4 A) was formed between the C2'-O (H-bond acceptor) and

www.chemmedchem.org
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b)
Gly370,

Arg369

{\i‘ His229

Figure 8. a) T-taxol-1JFF structure as received; b) Overlay of the minimized
REDOR-taxol-1JFF (green; H bond with His229) and T-taxol-1JFF (yellow;

H bond with Gly370) structures. For clarity, only heavy atoms and C2'OH of
Taxol and a few nearby residues are shown.

H-N of Gly370.57 This H-bond formation caused a slight
change in the T-taxol conformation in the 1JFF protein. It
should be noted that the mode of this H bond (i.e., reverse
H bond) is not consistent with the well-established SAR stud-
ies, which indicate that the free hydroxy group at the C2’ posi-
tion is critically important, i.e., the C2'-OH serves as an H-bond
donor.""% The overlay of REDOR-taxol and T-taxol in 1JFF pro-
tein structure is shown in Figure 8b wherein the key H bonds
are highlighted.

The five key intramolecular atom-atom distances in the
energy minimized T-taxol were measured in the same manner
as that for the REDOR-taxol and results are listed in Table 1.
The corresponding distances reported for the original T-taxol
structure are also shown. On the basis of the comparison of
the five key atom-atom distances in the REDOR-taxol, T-taxol
and the experimental data, it can be safely concluded that
both REDOR-taxol and T-taxol structures are consistent with
the REDOR NMR data.

Table 1. Intramolecular atomic distances of paclitaxel measured using
'9F/"3C/"*N/*H-labeled paclitaxels

:
| ] Wi oo
Zn HlLO
L ! o

Distances [A]

Separation REDOR NMR2#! REDOR-taxol T-taxol
20059 FFY 2001 1JFFY
R'-R? 7.8 7.3 7.6 7.9 8.2
R'—R? 6.3 6.4 6.1 6.6 5.9
R>-R? > 8 13.1 13.1 12.2 1.5
R>—CH 10.3 9.4 9.5 9.9 9.9
R>—C 9.8 10.0 9.9 9.1 8.9

[a] Reference [51]; [b] Reference [52]; [c] Measured using the Insight Il
2000 program; [d] Minimized in 1JFF using the Insight Il 2000 program
and measured.
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To further examine the validity of the minimized REDOR-
taxol-1JFF and T-taxol-1JFF structures, a 20 ps MD simulation
was performed using the Macromodel program (MMFF94 force
field®"); all atoms farther than 10 A from the binding site were
held fixed following our previously reported protocol.®” The
stability of the C2-OH—N(His229) Hbond and C2-O-HN
(Gly370) H bond was monitored during the whole simulation.
The overlay of 100 snapshots (sampled every 0.2 ps) of the
taxol conformations in each case is shown in Figure 9a.

His229

Figure 9. MD simulation of a) REDOR-taxol in 1JFF and b) T-taxol in 1JFF. For
clarity, only heavy atoms are shown.

As the overlay clearly shows, the MD simulations of both
structures are very stable and do not cause any substantial
structural change. The C2-OH—N(His229) H bond is very stable
throughout the MD simulation process, maintaining an aver-
age distance of 2.04+0.2 A. The simulation confirms that the
REDOR-taxol conformation is a stable local minimum in the tu-
bulin-binding site. However, the Hbond in the 1JFF-T-taxol
structure was unstable throughout the simulation, with an
average C2'-O—HN(Gly370) distance of 5.0+0.8 A.

Therefore, the REDOR-taxol structure was confirmed to be a
valid model for the microtubule-bound bioactive conformation
of paclitaxel, although the T-taxol structure has been claimed
to be the only valid bioactive paclitaxel structure.2#">2>% The
paclitaxel SAR data clearly indicates the critical importance of a
free hydroxy group at the C2' position. However, it was found
that the originally proposed critical C2'-OH—N(Arg 369) H bond
in the T-taxol model (1TUB) does not exist in the 1JFF-T-taxol
model. Although the C2-O—HN(Gly370) H bond is possible,
this reverse H bond wherein the oxygen of the C2'-OH serves
as a hydrogen acceptor, is inconsistent with the well-estab-
lished SAR of the C2’-OH moiety."**? Accordingly, the compari-
son of the REDOR-taxol with the T-taxol by MD simulations for
stability has revealed that the C2-OH—N(His229) bond in
REDOR-taxol is very stable, while the C2-O—HN(Gly370)
H bond in T-taxol is not stable during the simulations.

Active macrocyclic taxoids and their tubulin-binding
conformations

The C4—C3' linked macrocyclic paclitaxel analogues reported
by Kingston et al. were designed based on the T-taxol struc-
ture.“®* In order to claim that the REDOR-taxol structure is a

ChemMedChem 0000, 00, 1- 14
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valid model for the bioactive paclitaxel conformation, it is nec-
essary to examine whether those analogues can be predicted
by the REDOR-taxol conformation in the 1JFF protein. Two
macrocyclic analogues K1 and K2 were selected, the paclitaxel
molecule in the REDOR-taxol-1JFF complex was modified di-
rectly to include the K1 and K2 linkers and these structures
energy minimized (Insight Il 2000, CVFF).

As Figure 10a shows, K1 and K2 adopt the REDOR-taxol
structure very well, keeping the critical H bond between their
C2-OH and His229. Next, a 20 ps MD simulation of the
“REDOR-K2-1JFF” structure was performed to examine the sta-
bility of this complex. This MD simulation revealed that the
“REDOR-K2" structure was very stable and the C2-O-H—N-
(His229) H-bond distance remained at 2.0+0.3 A during the
whole MD simulation (Figure 10b).%?

In the same manner, the “T-K2" structure was created by di-
rectly introducing the linker to the paclitaxel molecule in the

Figure 10. a) Overlay of the REDOR-taxol (green) with “REDOR-K1” (blue) and
“REDOR-K2" (magenta) structures; b) MD simulation of the “REDOR-K2" in
1JFF. For clarity, only heavy atoms and C2'OH of taxoids and a few residues
are shown.
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T-taxol-1JFF structure, followed by energy minimization (In-
sight Il 2000, CVFF; Figure 11a). The MD simulation of the
“T-K2-1JFF” was performed in the same manner as that for the
“REDOR-K2-1JFF”. The simulation showed a stable structure,
but the C2'-O—HN(Gly370) H bond was not stable with an
average distance of 5.1+£0.5 A.

Several C2—C3’ linked macrocyclic taxoids were reported to
mimic the T-taxol structure, including a taxoid QT, which
showed the same level of activity as paclitaxel in the tubulin-
polymerization assay, although the cytotoxicity of QT was
much weaker than that of paclitaxel.*¥

To predict the tubulin-bound structure of QT, an eight-atom
linker was introduced between the C3'N and C2-meta position
of paclitaxel molecule in the REDOR-taxol-1JFF and T-taxol-
1JFF complexes and these structures energy minimized. This
linker is long and flexible enough to avoid the collision with
His 229, which exists in some inactive C2—C3’ linked taxoids

Figure 11. a) Overlay of the T-taxol structure (yellow) with “T-K1” (blue) and
“T-K2" (magenta) structures; b) MD simulation of the “T-K2” in 1JFF. For clari-
ty, only heavy atoms and C2'OH of taxoids and a few residues are shown.
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with short linkers.®3¥ There were two possible orientations for
the QT linker.* Thus, the orientation in which the C3' phenyl
group was in a similar position as that of the REDOR- or
T-taxol structure was selected for overlay. The overlay of QT
with the REDOR-taxol (“REDOR-QT”) and that of QT with the
T-taxol (“T-QT") after energy minimization (Insight Il 2000) are
shown in Figure 12a and b, respectively.

In the tubulin-bound QT structure, the distance between
C2'-OH and N(His229) is 1.8 A (Figure 12a), while the distance
between C2'-O and HN(Gly370) is 3.7 A (Figure 12b). In both
overlays, the 2-benzoate moiety of QT substantially deviates
from that of the REDOR-taxol or the T-taxol structure.

Figure 12. a) Overlay of the REDOR-taxol structure (green) with “REDOR-QT”
(light magenta); b) overlay of the T-taxol structure (yellow) with “T-QT” (light
magenta).
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Because the C14—C3'NBz-linked macrocyclic taxoids, de-
signed based on the REDOR-taxol structure, showed a similar
activity as paclitaxel,”” both T-taxol and REDOR-taxol confor-
mations were examined. The overlay of SB-T-2053 and SB-T-
2054 with the REDOR-taxol is shown in Figure 13a. The H-
bond distance between the C2’-OH of SB-T-2054 and His229 is
2.7 A, while that between C2’-O and HN(Gly370) is 3.7 A in the
T-taxol (Figure 13b).

Figure 13. a) Overlay of the REDOR-taxol (green) with “REDOR-2053" (blue)
and “REDOR-2054" (magenta) structures; b) overlay of the T-taxol structure
(yellow) with “T-2053" (blue) and “T-2054" (magenta) structures.
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In order to examine how the conformationally restricted C13
side chains in the macrocyclic taxoids fit to the REDOR-taxol or
the T-taxol structure, we conducted a Monte Carlo conforma-
tional search in aqueous medium on SB-T-2053, SB-T-2054, K1,
K2 and QT. We focused on the dihedral angles involved in the
C13 side chain since those should be the angles most affected
by the introduction of the constraint. Figure 14 shows the di-
hedral angle distributions for the three macrocyclic taxoids
and comparisons of those to the reference values from the
REDOR-taxol and the T-taxol structures.

K2 has a very similar dihedral angle distribution to that of
K1, while paclitaxel has a wider distribution than the macrocy-
clic taxoids as expected. All the taxoids shared the same range
between —100° and —150° for the C13—013 torsion angle. SB-
T-2053 has a similar range to K1 and K2 in the second torsion
angle (013—C1’), but the torsion angle distribution of QT is
very different. SB-T-2054 and SB-T-2053 show a very similar di-
hedral angle distribution since they have the same length link-
ers; however, SB-T-2054 is more rigid. For the C1'—C2’ dihedral
angle, however, neither REDOR-taxol nor T-taxol is in the major
dihedral angle distributions, while the two structures are con-
sistent with the distributions of the last torsion angle (C2'—C3’).
The results indicate that both the REDOR-taxol and the T-taxol
structures can be used to predict the tubulin-bound structures
of macrocyclic taxoids equally well, while leaving the critical
difference in the C2-OH H-bonding mode and stability, as
described above.

While the molecular mechanics (MM), MD simulation and
Monte Carlo structural search studies of the macrocyclic tax-
oids indicate that both REDOR-taxol and T-taxol structures are
equally predictive of these active taxoids, the dihedral angles
of C13—C1'—C2'—02’ of all the taxoids did not match those of
REDOR-taxol or T-taxol. These findings suggest that both struc-
tures need further refinement.

Recent advances in the MD simulations of T-taxol in tubulin
conformations

Long time MD simulations were widely used in computational
chemistry and structural biology with the rapid development
of computer and computational software. Recently, three MD
simulations of paclitaxel and other taxoids in tubulin were
reported based on the T-taxol structure.

In 2006, Botta et al. reported the simulation of paclitaxel,
IDN-5390 and epothilone A in human class | and class Ill B-tu-
bulins to study the resistance against paclitaxel caused by the
tubulin isoform.® The T-taxol-1JFF complex®**” was used as
the template for the complexes and 2 ns simulations were per-
formed by using Macromodel (v7.2)*” and AMBER united
atom force field,”®™ with a force constant of 23.9 kcalmol A~
applied to the protein backbone. Solvent effects were taken
into account by means of the implicit GB/SA water model.*
Similar to the proposed T-taxol-1JFF complex, a H bond
formed between the C2'-O and H-N of Gly370. The direct inter-
action of paclitaxel and the M loop could explain the higher
binding affinity between paclitaxel and class | -tubulin than
class lll B-tubulin. The epothilone A-1JFF (1TVK) structure was
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used as the template to create epothilone—-class I/lll complexes,
and the smaller and more flexible epothilone molecule moves
from its original position during the simulation.
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In 2007, Snyder et al. reported >5 ns simulations of T-taxol,
K1 and K2 in o,B-tubulin dimer with the GROMACS (v 3.2.1)¢”
and the GROMOS96 united atom force field® to explain the
higher binding affinity of the bridged taxoids with stabilized
microtubule compared with paclitaxel.”” Each o,B-tubulin-
ligand complex was solvated in a box of 35000-39000 SPC
water molecules with two magnesium cations associated with
the phosphates of the nucleotides and 36 sodium cations
added to each system to neutralize the overall charge. The
K1-1JFF and K2-1JFF complexes were created by inserting the
bridges into the T-taxol molecule followed by energy minimi-
zation and MD simulation. The taxoids could keep the T-taxol
conformation during the process. Although the detailed inter-
action of individual groups with p-tubulin was not shown, it
was found that the bridged taxoids caused greater conforma-
tional change in the B-tubulin Mloop than paclitaxel with a
conformation that strengthens the contact between adjacent
microtubule protofilaments.

In 2008, a 10 ns MD simulation (AMBER force field®”) was
performed for paclitaxel, docetaxel and CTX-40 (Figure 12, 1Cso/
ICs0 paciitaxe = 5-5 (A2780), 0.01 (A2780AD)) in B-tubulin (1JFF) to

ChemMedChem 0000, 00, 1- 14
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study the binding mode of the taxoids.”® Conditions used for
the simulation (pH 6.5) led to the double protonation of
His 229 and therefore a H bond was formed between His229
and the C3'N carbonyl, rather than s interactions with the
C2 benzoate.’” The relative orientation of these groups was
claimed to be in agreement with structural data obtained for
microtubule-bound docetaxel by means of the transfer nuclear
Overhauser enhancement (TR-NOESY) experiment.”®

Progress in the development of paclitaxel mimics

On the basis of the binding conformation of paclitaxel in tubu-
lin, it may be possible to design paclitaxel mimics with simpler
structure and similar or even higher activity.”® The common
pharmacophore analysis for the microtubule-stabilizing
agents™® suggested that the role of the baccatin core was to
serve as a rigid scaffold that secures the proper orientation of
the C2, C3’, and C3'N side chains and the baccatin core could
be replaced by a much simpler scaffold that retains most of its
three-dimensional features, but without its structural complexi-
ty.[m

In 2004, Ojima et al. reported four paclitaxel mimics with bi-
cyclic scaffold based on the common pharmacophore
model.”" Two hydroxy groups were included in the design to
mimic the C2 and C13 hydroxy groups on baccatin with similar

dihedral angles. The mimics
showed micromolar activity
. HO
against human breast cancer
cell lines, and the open-chain RHN:

taxoid mimic 19 is a little more
potent than the macrocyclic
taxoid mimic 20. However, none
of the mimics showed apprecia-
ble ability to promote tubulin
polymerization.

Roussi et al. also synthesized
four steroidal compounds bear-
ing the phenylisoerine and ben-
zoate side chains to mimic the
T-form of docetaxel. Two hy-
droxy groups were used to
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mimic the C13 and C2 hydroxy groups in baccatin. The com-
pounds showed at least 10000 times less activity than docetax-
el, and no activity in a microtubule disassembly inhibitory
assay. However, unexpectedly, two compounds (21 and 22)
showed inhibitory activity against microtubule assembly.”?

"'OBz

In 2006, Kingston et al. reported the macrocyclic paclitaxel
mimics based on the active C4—C3’ linked macrocyclic taxoids,
which were designed from the T-taxol structure.**”® The same
bridge could converted the inactive open-chain nor-paclitaxel
derivative (25) to a highly active macrocyclic one (26).7¥ The
three hydroxy groups on the bicyclic ring were designed to
mimic the C2, C4 and C13 hydroxy groups. Achiral 2-adaman-
tanone was used as the starting material in the synthesis
giving rise to two diastereomers (23 and 24). The compounds
showed micromolar activity, slightly promoting tubulin poly-
merization. Interestingly, 24 showed somewhat higher activity
than 23, indicating the relative regiochemistry of the benzoate
group does not affect the activity significantly, although 23 is a
better mimic than 24. The macrocyclic paclitaxel mimics can
adopt the essential elements of the T-taxol conformation
according to a molecular modeling study.”

(0]
fe) HO 0 OBz
RHN: -
__BzO _
X 0 XH—>~0
(o] (¢]
23 24

25
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Outlook

Due to the lack of resolution in the electron crystallographic
structure, molecular modeling, synthetic chemistry and solid-
state 'F NMR became the most important methods in the
study of the protein-bound conformation of paclitaxel in -tu-
bulin. The structures of paclitaxel itself obtained in crystal or
solution (polar conformation and nonpolar conformation),
which were proposed to be possible tubulin-bound conforma-
tions earlier, were proven incorrect based on these studies.

The T-taxol structure, obtained from the molecular modeling
study of the electron crystallographic structure, was claimed to
be the only valid bioactive paclitaxel structure. Many structural
constrained taxoids were designed based on the T-taxol con-
formation; few of these constrained taxoids possess higher or
equal activity compared with paclitaxel in cytotoxicity or tubu-
lin polymerization assays. The T-taxol structure has been serv-
ing as a common template in many molecular modeling stud-
ies. On the other hand, the REDOR-taxol structure, proposed
based on the molecular modeling study of the REDOR NMR
data, is also proven to be a valid model for the microtubule-
bound bioactive conformation of paclitaxel. The REDOR-taxol
structure was used to design a series of highly active macrocy-
clic taxoids. The C2-OH-N(His229) Hbond in the REDOR-
taxol-1JFF structure was found to be very stable in MD simula-
tion, while the C2'-O—HN(Gly370) H bond in the T-taxol-1JFF
structure is unstable in MD simulation. Also, the fact that the
oxygen of the C2'-OH serves as hydrogen acceptor in T-taxol is
inconsistent with the known SAR data. The Monte Carlo struc-
tural search of the macrocyclic taxoids suggests that both pro-
posed bioactive conformations of paclitaxel need further
refinement.

With the increasing availability of ultrafast computers, and
new and more advanced computational methods, MD simula-
tion is widely used in the study of the bioactive conformation
of paclitaxel in tubulin, although different results appear to be
obtained by using different methods and parameters. Novel
paclitaxel mimics with simpler structures have been designed
and examined but their activities are still much weaker than
paclitaxel. Nevertheless, it is still possible that new paclitaxel
mimics with high activity emerge based on innovative design
and syntheses by fully exploiting the tubulin-bound paclitaxel
structure in combination with those of other microtubule-
stabilizing agents.
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Demystifying Taxol: The structurally
complex natural product paclitaxel is
among the most important antitumor
drugs presently in the clinic. While the
mechanism of action is known, the bio-
logically active conformation has been
much debated. Herein we summarize
the considerable research efforts that
have gone into elucidating the bioactive
conformation of paclitaxel.
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