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ABSTRACT: Microtubule binding and tubulin assembly promotion by a series of conformationally restricted
paclitaxel (PTX) derivatives was investigated. In these derivatives, the C-4 acetate of the taxane is tethered
to the C-3′ phenyl atortho andmetapositions with different length linkers. The apparent affinity of these
derivatives for GMPCPP-stabilized microtubules was assessed by a competition assay, and their influence
on microtubule polymerization was evaluated by measuring the critical concentration of GDP-tubulin in
the presence of the respective molecule. In general, taxane derivatives with higher apparent affinity for
microtubules induced tubulin assembly more efficiently. Among the derivatives, molecules with the shortest
tether display the strongest affinity for microtubules. These derivatives exhibited enhanced microtubule
stabilization properties and efficiently induced GDP-tubulin assembly into microtubules at low temperature
of 12 °C and in the absence of Mg2+ ions in 0.1 M PIPES. Based on molecular dynamics simulations, we
propose that the enhanced ability to assemble microtubules by these taxane derivatives is linked to their
ability to effectively shape the conformation of the M-loop of tubulin for cross-protofilament interaction.

Paclitaxel (PTX,1 Taxol) and docetaxel (DTX, Taxotere)
are clinically acclaimed chemotherapeutic agents widely used
in the treatment of breast, lung, and ovarian carcinomas, and
also for AIDS-related Kaposi’s sarcoma (1-4). These
congeners of the taxane family target the cellular microtu-
bules by binding preferentially to polymeric tubulin and
subsequently disrupting their dynamic assembly-disas-
sembly properties (5-8). PTX was the first molecule
discovered to assert this unique action of microtubule
assembly promotion and stabilization (5). Since then several
molecules that imitate the biological activity of PTX such

as epothilones and discodermolide have been investigated
and have moved into various stages of clinical development
(9, 10). Although taxanes are clinically successful chemo-
therapeutic drugs, poor aqueous solubility, complexities
associated with their chemical synthesis, and induction of
drug resistance produce clinical and industrial challenges with
the current taxanes and provide impetus for preparing new
generations of taxanes (2, 11-14). The fundamental require-
ment for this task is to understand the molecular interactions
between PTX and its receptor protein tubulin.

PTX is composed of a rigid hydrocarbon skeleton with
appended side chains at carbons 2, 4, 10, and 13 (Figure 1).
The side chain at C-13 is critical for the anticancer activity
of the molecule. This portion of the molecule has consider-
able conformational flexibility and has been observed in
8-14 different conformations in solution (15, 16).

Photoaffinity labeling studies established the binding site
for PTX on theâ-subunit of the tubulin heterodimer (17-
19), and a clear picture of the binding site was achieved
through electron crystallography of zinc induced tubulin
sheets containing PTX (20-22). However, the tubulin bound
conformation of PTX could not be ascertained due to the
low resolution of the measurement. Subsequent refinement
of the structure led to a proposed tubulin-bound conformation
referred to as “T-Taxol” (23).

One approach to determine the bioactive conformation of
the drug is to synthesize PTX derivatives in which the side
chain has limited mobility and evaluate the ability of these
molecules to interact with the PTX binding site on tubulin.
Tethering the mobile C-13 side chain to another substituent
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in the molecule will restrict the possible conformations it
can adopt, and by properly designing the features of the
linkage, a molecule highly enriched in the T-Taxol conformer
should be achievable. Such a conformationally restricted
taxane can be expected to suffer a smaller entropic penalty
in the receptor binding process and therefore experience a
higher affinity for the binding site.

Recently, we prepared a number of PTX derivatives in
which the C-3′ phenyl is tethered to the C-4 acetyl group.
The synthetic strategy was pursued on the hypothesis that
this cross-molecule linkage would cause target structures to
adopt the bioactive conformation and lead to increased
affinity for the taxane binding site on microtubules. In fact,
some of the resulting compounds exhibit both higher
cytotoxicity in PC3 and A2780 cell lines and increased
potency as inducers of microtubule assembly in comparison
with PTX (24, 25). Neither of these assays, however, can
directly test the original hypothesis concerning receptor site
binding conformation. Polymerization assays are a function
of both the intrinsic affinity of the taxane for its receptor
site and the effect of ligand binding on assembly. The two
are not necessarily related (26). Cytotoxicity will be affected
by both these factors in addition to relative cell permeability,
cytoplasmic metabolism, and other variables. Therefore,
separate evaluations of the affinity of taxanes for microtu-
bules and the efficacy of the bound ligand on microtubule
assembly are necessary (27).

In this report, we measured the apparent affinities of
conformationally restricted PTX derivatives for the PTX
binding site on GMPCPP-stabilized microtubules and the
effect of ligand binding on microtubule elongation, assessed
by the critical concentration. In general, PTX derivatives that
are more cytotoxic (25) show increased affinity for micro-
tubules and enhanced ability to assemble GDP-tubulin into
microtubules. Two of these molecules, however, are more
potent promoters of tubulin assembly than would be predicted

based on their apparent affinities for the PTX site on
microtubules. In addition, these two molecules (282and258)
are able to promote more robust assembly of GDP-tubulin
into microtubules under conditions prohibitive to PTX-
induced assembly. Molecular dynamics simulations suggest
that the increased efficacy displayed by these two molecules
may be due to induction of tubulin conformations that are
more favorable for microtubule stabilization than the con-
formation induced by PTX.

MATERIALS AND METHODS

Protein and Ligand Preparation.Bovine brain tubulin was
prepared by two cycles of temperature-dependent assembly-
disassembly followed by ion exchange chromatography on
phosphocellulose resin (28). Tubulin, free of microtubule-
associated proteins, was stored in liquid nitrogen. Prior to
use, tubulin was gently thawed and desalted into PME buffer
by gel filtration in 1 mL columns packed with Sephadex
G-50 pre-equilibrated in PME (29). The concentration of
tubulin was determined spectrophotometrically at room
temperature on a Hewlett-Packard model 8453 diode array
spectrophotometer. The extinction coefficient employed for
tubulin concentration determination wasε278nm,PME ) 1.23
(mg/mL)-1 cm-1 (30).

All chemicals used were of analytical grade and purchased
from Sigma Chemicals unless specified. GMPCPP was
synthesized by the method of Correia et al. (31). PTX, N-AB-
PT, and the conformationally constrained taxane derivatives
were synthesized as previously described (24, 25, 32). The
stock solutions of 1 mM were made in DMSO for each
ligand. The concentrations of taxanes and N-AB-PT were
determined spectrophotometrically using extinction coef-
ficients ofε273nm,DMSO) 1.7× 103 M-1 cm-1 for macrocyclic
taxanes andε320nm,DMSO) 2.08× 103 M-1 cm-1 for N-AB-
PT (26, 32).

Preparation of GDP-tubulin and GMPCPP-tubulin.GDP-
tubulin and GMPCPP-tubulin with the E-site nucleotide fully
replaced by GDP and GMPCPP, respectively, were prepared
from GTP-tubulin as described previously (32, 33). Unbound
GDP and excess GMPCPP were not removed from the
system.

Equilibrium Binding Competition between N-AB-PT and
the Nonfluorescent PTX DeriVatiVes.The relative affinities
of PTX derivatives for stabilized microtubules were assessed
by competition between the derivatives and fluorescent
taxane, N-AB-PT. When excited at 320 nm, N-AB-PT
fluoresces weakly in aqueous solution at 434 nm. However,
in the presence of microtubules, an enhancement in fluores-
cence intensity as well as a blue spectral shift in the emission
maximum of N-AB-PT is observed (32). The nonfluorescent
PTX derivatives compete with N-AB-PT for the taxane
binding site on microtubules. This results in a decrease of
emission fluorescence intensity with increase in the concen-
tration of nonfluorescent derivatives. The changes are useful
for determination of apparent binding constants.

Tubulin bound to GMPCPP, a weakly hydrolyzable
analogue of GTP, was used to form stabilized microtubules
(34, 35). To 5µM of GMPCPP-microtubules in PME buffer,
5 µM N-AB-PT was added. The above solution was
incubated with varying concentrations of nonfluorescent PTX
derivatives (0-40 µM) at 37 °C for 30 min. The final

FIGURE 1: Structure of PTX and taxane derivatives.
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concentration of DMSO was maintained at 4% (v/v) in all
cases. The fluorescence emission intensity for N-AB-PT
bound to microtubules was measured at 413 nm upon
excitation at 320 nm. Fluorescence emission spectra were
recorded on a Jobin Yvon spectrofluorimeter. A 2× 10 mm
quartz cuvette employed for the measurements was oriented
such that the excitation beam passed through the smaller path.
The temperature was held constant at 37°C with a circulating
water bath. The apparent fluorescence of GMPCPP-micro-
tubules due to light scattering was subtracted from the
measurements. The maximum fluorescence emission inten-
sity (F0) was determined with 5µM N-AB-PT and 5µM
GMPCPP-microtubules in the absence of taxane derivative.
The fluorescence emission intensity (F) of the samples in
the presence of taxane derivatives was recorded. From the
plot of relative fluorescence intensity (F/F0) against log of
concentration of taxane derivative, an EC50 was obtained.
This value is the concentration of taxane at which 50% of
N-AB-PT is bound to microtubules, which was subsequently
used to determine the apparent dissociation constant for the
nonfluorescent taxane using the one site competition relation
Ki ) EC50/(1 + [N-AB-PT]/Kd), whereKi is the dissociation
constant for nonfluorescent taxane;Kd is the dissociation
constant for N-AB-PT with GMPCPP-microtubules{15 nM,
(32)}; and [N-AB-PT] is 5 µM. The inverse ofKi is the
apparent equilibrium binding constantKa.

Critical Concentration Measurement.The critical con-
centration of GDP-tubulin in the presence of taxane deriva-
tives in PME buffer was measured by the method of Andreu
et al. (26). GDP-tubulin (2-10 µM) was polymerized with
the analogues in a 1:1 molar ratio in PME buffer for 30 min
at 37°C. The polymerized GDP-tubulin was then distributed
into 200µL Beckman ultracentrifuge polycarbonate tubes.
Microtubules were pelleted by centrifuging the samples in a
Beckman Ti 42 rotor at 90000g for 1 h at 23 °C. The
supernatant was carefully removed and separated from the
pellet. Polymerized GDP-tubulin remained in the pellet, while
the unpolymerized tubulin concentration in the supernatant
was measured by absorption spectroscopy or by protein
fluorescence (λex ) 290 nm,λem ) 334 nm). The fluores-
cence emission was subtracted from that of the PME buffer
and compared to a calibration plot of fluorescence emission
intensity versus protein concentration. The concentration of
unpolymerized tubulin in each sample is the critical con-
centration (26).

For the derivatives with weaker affinity than PTX for
microtubules, a molar ratio of 4:1 of the ligand to GDP-
tubulin was employed to ensure saturation of the ligand
binding site.

Polymerization in the Absence of Mg2+ Ions.GDP-tubulin
was prepared in 0.1 M PIPES, 1 mM EDTA buffer, pH 6.90.
Assembly of GDP-tubulin into microtubules was monitored
as increase in apparent absorption at 350 nm on the Hewlett-
Packard spectrophotometer maintained at 37°C. The po-
lymerization was initiated by addition of the taxane to GDP-
tubulin contained in thermally pre-equilibrated cuvettes.

Thermodynamic Analysis of Assembly.Tubulin assembly
is characterized by a critical concentration,Ccr, below which
no assembly of tubulin into microtubules is observed (26,
36). The assembly is biphasic, typically involving a relatively
slow nucleation step followed by a faster elongation phase.
It has been shown that the apparent equilibrium constant (Kp)

for the elongation phase is, to a good approximation, equal
to the reciprocal of critical concentration,Kp ) Ccr

-1 (26).
Hence, the effect of a solution component on microtubule
assembly can be determined by application of the Wyman
theory of linked functions to the system:δ(ln Kp)/δ(ln ax)
) ∆νjx (26, 37). In the equation,a represents activity of
solution componentx, and the parameter∆νjx is the difference
in the preferential interaction ofx with tubulin in the
monomer and polymer state.

The influence of Mg2+ ions on the elongation phase of
taxane-induced GDP-tubulin assembly was determined from
the Wyman plot. Critical concentrations of GDP-tubulin in
the presence of282 and PTX were determined in 0.1 M
PIPES and 0.01 M phosphate buffer with varying Mg2+ ion
concentration. The data are plotted against concentration of
Mg2+ instead of ion activity (36).

Low Temperature Assembly Kinetics.The promotion of
GDP-tubulin assembly in PME buffer at 12°C by 282, 258,
and257was monitored as the change in apparent absorption
at 350 nm. The spectrophotometer was equipped with a
temperature control water bath maintained at 12°C.

Immunofluorescence Microscopy.A2780 and PC3 cells
were grown on glass cover slips and fibronectin-coated glass
cover slips, respectively, for 24 h and then treated with282
or PTX for 24 h. Cells were then washed with PBS for 5
min; treated with methanol:acetone (1:1, v/v) for 10 min at
4 °C and then incubated with 20% normal goat serum for
10 min at room temperature. The cells were incubated with
mouse monoclonal anti-R tubulin antibody (Zymed Tech-
nologies) for 1 h and with fluorescein isothiocyanate-
conjugated-goat anti-mouse IgG (Jackson Immuno Research)
for 45 min at 37°C. The nucleus was stained with DAPI
(0.1µg/mL), and the cover slips were mounted on glass slides
with Gel/Mount (Biomedia Corp., Cat. M01). In between
each step, the cells were washed with PBS thrice. Photomi-
crographs were obtained using a Zeiss LSM 510 META
confocal scanning laser microscope.

Electron Microscopy.Electron microscopy was performed
to ascertain the morphology of polymerized GDP-tubulin.
A drop of polymerized tubulin was placed on a carbon coated
200 mesh copper grid and negatively stained with 1% uranyl
acetate. Electron micrographs were obtained using Hitachi
7000 TEM operated at 100 kV. Length distributions on the
electron micrographs of microtubules were determined as
previously described (38).

Molecular Dynamics of Ligands in Solution and Bound
to R,â-Tubulin.Paclitaxel (PTX),257, 258, and282 struc-
tures were prepared as follows: PTX is an MMFF94s (39,
40) optimized T-Taxol structure (23), while the257and258
structures are the highest populated T-like conformers derived
from NAMFIS analysis (25). Structure282 was modeled
saturating the bridge olefin in257 and optimizing it with
MMFF94s in Maestro (41). All four structures were docked
into the 1JFF protein structure (42) using the default settings
in the Glide module (43) of the Schro¨dinger software package
(41). The protein structure was initially prepared and refined
with the Protein Preparation tool in Glide, complemented
with hydrogen atoms and optimized at side chain positions
to avoid vdW contacts. The resulting RMSD for PTX (all
atoms except hydrogens) between the 1JFF structure and the
post-prep structure is 0.1 Å. The RMSD for the entire
complex (all atoms except hydrogens) between the two is
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0.2 Å, while the RMSD for PTX and a protein shell within
5 Å of the ligand is 0.2 Å. Following grid generation, extra
precision (XP) flexible docking of the ligands was carried
out. The vdW radii of the ligand atoms with partial atomic
charges of less than 0.15 were scaled by 0.80, and the top
20 poses for each ligand were kept. For PTX, only the top
pose maintained the T-Taxol shape, while the other 19
showed a variety of conformations and binding modes.
Eleven of the twenty poses obtained for257were T-shaped,
while the other nine positioned the C2-benzoyl side chain
in different orientations. Only the top five poses for258were
in the T-form; the rest covered a variety of binding modes
that were up to 5 kcal/mol higher in energy.282 resulted in
16 T-conformations. An additional four exhibited similar
binding modes, but the C-13 benzamide or C-2 benzoyl
groups were located in different positions. All twenty poses
were no more than 2.5 kcal/mol higher in energy than the
top pose. The resulting top T-pose for each ligand was
employed for subsequent MD simulations.

All molecular dynamics (MD) simulations were performed
with GROMACS 3.2.1 (44-46). The taxane ligand structures
were prepared for the GROMOS96.1 force field (47) using
the Dundee PRODRG2.5 Server (46). Each compound was
solvated in a box of SPC water molecules (48): 512 for PTX
and approximately 750 for the three bridged analogues. The
systems ran for 1 ns, initially, to determine how they behaved
and what changes in conformation could be detected. After
minimal analysis, the systems were run for an additional 10
ns (11 ns total) at 300 K with a time step of 1 fs under NPT
conditions (see below). Two plots were made to summarize
the results of the dynamics. In the first, the RMSD of the
molecules were calculated with respect to their starting
T-form geometries (Figure S2, Supporting Information). The
bridged analogues258 and 282 remain in the T-form
throughout the entire 11 ns simulation, although257experi-
ences a conformational interconversion. The second plot
(Figure 13) represents the RMS deviation of each atom in
each molecule from its starting position throughout the entire
simulation.

The structure of theR,â-tubulin dimer was converted to
the GROMOS96 united atom force field (47); GTP, GDP,
and the taxane ligands were parametrized with the PRODRG
Server. The structures of apo-R,â-tubulin (GTP and GDP
still present), PTX-boundR,â-tubulin (based on 1JFF) and
258- and 282-bound R,â-tubulin (based on the docking
described above) were prepared for molecular dynamics
simulation. EachR,â-tubulin-ligand complex was solvated
in a box of 35,000 to 39,000 SPC water molecules (48) with
two magnesium cations associated with the phosphates of
the nucleotides and 36 sodium cations added to each system
to neutralize the overall charge. After a steepest descents
minimization, the systems were subjected to 20 ps restrained
MD in which the water was allowed to equilibrate around
and within the structures. The restraints were removed, and
the system was simulated at 50 K for 5 ps to alleviate high
energy interactions without large displacements. The systems
were then treated with reverse annealing where the temper-
ature was raised from 20 K to 300 K over a period of 25 ps.
The simulations at 300 K were then allowed to run for over
5 ns. Apo and PTX-boundR,â-tubulin were simulated for
10 ns. Trajectories were analyzed and visualized using VMD
(49). All simulations made use of PME electrostatics (50,

51) with a 9 Åcutoff, were performed under NPT conditions
utilizing the Berendsen thermostat (52), and employed a time
step of 2 fs except during the 5 ps simulation at 50 K where
a time step of 1 fs was adopted. All modeling figures were
prepared using VMD (67) or PyMOL (68).

RESULTS

The premise for designing the macrocyclic taxanes (Figure
1) was restriction of the conformation of the PTX side chain
to a limited set of conformers that would contain a sizable
population of the “T-Taxol” conformation. Such a molecule
would be anticipated to bind to the taxane site on tubulin
with higher affinity than PTX. We have shown that a number
of these macrocyclic taxanes are more cytotoxic and more
potent inducers ofin Vitro tubulin assembly than PTX (25);
however, these are not direct measurements of the association
of the ligand with the receptor site. In this work, the relative
affinity of the molecules for microtubules and the efficacy
of the receptor-bound ligand were evaluated.

Association Constants.The apparent affinities of PTX and
analogues for assembled tubulin were assessed by a competi-
tion assay. N-AB-PT is a fluorescent derivative of PTX that
binds to the taxane site on microtubules with comparable
affinity. Its binding is accompanied by a significant increase
in quantum yield and a blue shift in the emission maximum
(32). PTX and the analogues cause a concentration dependent
decrease in N-AB-PT emission with GMPCPP-microtubules
(Figure 2). These data were used to calculate the relative
affinity of PTX and analogues for GMPCPP-microtubules
as described under Materials and Methods.

Table 1 lists the values of the apparent affinity constants
for binding of the taxanes to GMPCPP-microtubules at 37
°C. The derivatives with the C-4 acetate linked to anortho-
carbon of the C-3′ phenyl ring result in more stable
complexes thanmeta-linked taxanes (apparent∆∆G° ) 1.0-
1.5 kcal/mol). Among theortho-linked derivatives, the
relative affinity of the taxanes for GMPCPP-microtubules
decreases with increasing number of atoms in the linker.
Apparent association constants for molecules with 7-8 atom
linkers could not be calculated due to the poor aqueous
solubility of these ligands, which prevented the use of high
enough concentrations to significantly inhibit N-AB-PT
binding to microtubules (Figure 2, panel A). Analogues with
a 5-atom (295) and a 6-atom linker (278) exhibit slightly
greater and slightly reduced affinities, respectively, for
GMPCPP-microtubules relative to PTX. Compounds with
the shortest 3-atom tether (257, 258, and282) (25) bind to
GMPCPP-microtubules with a 2- to 3-fold greater apparent
affinity than PTX. In part, the latter enhancement can be
attributed to an entropic effect resulting from constraint of
the drugs to a few conformations adopting the bioactive form,
thereby enhancing an already favorable entropy change due
to the burial of accessible surface area and the release of
water.

Critical Concentration Measurements.The critical con-
centration of tubulin is the concentration below which no
microtubule formation occurs. To a good approximation, it
is the reciprocal of the elongation equilibrium constant,Kp,
which is the measure of affinity of the end of a microtubule
for the unassembled tubulin dimer (36). GDP-tubulin, in
which the exchangeable GTP onâ-tubulin has been replaced
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with GDP, does not assemble into microtubules in the
absence of taxane under typical assay conditions (26, 37,
38). The critical concentration of GDP-tubulin in the presence
of PTX is 3-fold greater than that of GTP-tubulin under the
same experimental conditions (37, 38). Since some of the
compounds in this study are very potent inducers of tubulin
assembly (25), it was necessary to use the less active form
of the protein to get values for the critical concentration that
could be measured with accuracy. The measurements were
performed using centrifugation assay as described in Materi-
als and Methods (Figure 3). These values are reported in
Table 1.

The critical concentrations of GDP-tubulin with themeta-
linked derivatives are about 3-fold higher than the critical
concentration of GDP-tubulin with PTX (Table 1). In the
ortho-linked derivative series, critical concentration increases
with increasing chain length. The molecule295with a 5-atom
tether induces a tubulin critical concentration similar to that
induced by PTX. The 3-atom tethered compounds,257and
258, decrease the critical concentration of GDP-tubulin by

2- to 4-fold compared to PTX. Thus, the taxanes with the
shortest tether are most efficient in inducing GDP-tubulin
assembly. The most notable is compound282, which exhibits
an exceptionally high efficacy. TheKp for GDP-tubulin
assembly in the presence of282 is 12-fold greater than the
Kp with PTX. In addition, the microtubules formed in the
presence of equimolar concentrations of282 and258 were
observed to be shorter than those formed in the presence of
PTX. This was determined from the length distributions
performed on the electron micrographs of the microtubules
formed with the respective taxane (Figure 4). The “lag time”
for tubulin assembly as observed by apparent light scattering
appears to be significantly reduced in the presence of258
and 282 in comparison to PTX-induced assembly (Figure
5). These observations suggest that the macrocyclic taxanes
with the 3-atom tether result in more efficient tubulin
nucleation than PTX.

Low-Temperature GDP-tubulin Assembly.Figure 6 il-
lustrates that282promotes GDP-tubulin assembly at 12°C;
under the same conditions no significant assembly was

FIGURE 2: Competition between fluorescent N-AB-PT and macrocyclic taxane derivatives for PTX binding site on GMPCPP-microtubules.
The experiments were performed at 37°C as described under Materials and Methods. Relative fluorescence intensity of N-AB-PT (5µM)
bound to GMPCPP-microtubules (5µM) in the presence of varying concentrations of taxanes (0-40 µM) is plotted against logarithm of
the ligand concentration. A.282 (b), PTX (O), 289 (9) and221 (0). B. 282 (b), PTX (O), 216 (9), 234 (0), 195 (2), 222 (4).
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observed in the presence of PTX. Critical concentrations for
GDP-tubulin in the presence of 3-atom tethered macrocyclic
taxanes and PTX were determined at 12°C, 25 °C, and

37 °C (Table 2). As expected, the critical concentration of
GDP-tubulin increases with a decrease in temperature. At
12 °C, 257-induced GDP-tubulin assembly is similar to that
of PTX. The critical concentration of GDP-tubulin in the
presence of257 was only 1.3-fold lower than PTX under
these conditions. However, there is a 3-fold decrease in the
critical concentration of GDP-tubulin relative to PTX in the
presence of258 or 282.

One possible explanation for the different potencies is a
temperature dependence of the apparent association constant,
i.e., the affinity of PTX for microtubules may be affected
by temperature to a greater extent than the affinity of the
other ligands for microtubules. Therefore, the effect of the
temperature change on the apparent affinity of PTX and258
for GMPCPP-microtubules was evaluated in competition
experiments (Figure 7). Changing the temperature may affect
all components of the system, including the critical concen-
tration for tubulin assembly and the affinity of N-AB-PT
for microtubules. The goal of this experiment was not to
quantitatively determine affinity constants at the lower
temperature but to determine whether dropping the temper-

Table 1: Apparent Association Constants for Taxane Binding to GMPCPP-microtubules and Effect of Taxane Binding on GDP-tubulin Critical
Concentrationa

ligand Ka (×10-7 M) ∆G° b (kcal/mol) Ccr
c (µM) Kp

d (×10-5 M) ∆G° e (kcal/mol)

PTX 5.1( 0.4 -10.90( 0.04 1.8( 0.2 5.5( 0.7 -8.16( 0.07
282 14.8( 0.5 -11.60( 0.02 0.15( 0.02 68.0( 10 -9.69( 0.09
258 12.2( 0.3 -11.50( 0.02 0.47( 0.06 21( 3 -8.97( 0.08
257 11.0( 0.3 -11.40( 0.01 0.89( 0.1 11( 1 -8.59( 0.07
295 7.0( 0.9 -11.10( 0.08 2.2( 0.5 4.5( 1 -8.0( 0.1
289 4.6( 2 -10.9( 0.3 3.4( 0.5 3.0( 0.4 -7.77( 0.08
153 3.2( 1 -10.6( 0.2 2.06( 0.07 4.8( 0.2 -8.06( 0.02
278 1.7( 0.1 -10.3( 0.2 3.1( 0.2 3.2( 0.2 -7.82( 0.04
221 >0.0100
283 0.42( 0.04 -9.40( 0.05
214 0.27( 0.04 -9.10( 0.09 4.5( 0.5 2.2( 0.2 -7.58( 0.06
220 0.14( 0.04 -8.7( 0.2 4.1( 0.2 2.5( 0.1 -7.65( 0.02
234 10.8( 0.4 -11.4( 0.02 0.5( 0.2 18( 5 -8.9( 0.2
216 13.8( 0.7 -11.5( 0.03 0.15( 0.05 68( 24 -9.7( 0.2
222 7.9( 0.3 -11.2( 0.02 1.5( 0.1 6.7( 0.6 -8.27( 0.09
195 7.7( 0.3 -11.2( 0.02 1.2( 0.2 8( 1 -8.4( 0.1

a All measurements were performed at 37°C as described under Materials and Methods.b ∆G° is the apparent free energy change associated
with binding of the ligand to GMPCPP-microtubules.c Ccr is the critical concentration of GDP-tubulin in the presence of the ligands.d Kp is the
apparent elongation constant.e ∆G° is the apparent free energy change at steady state.

FIGURE 3: Critical concentrations of GDP-tubulin in the presence
of taxane derivatives:282(b), PTX (O), and289(9) (molar ratio
of GDP-tubulin to taxane is 1:1). GDP-tubulin was allowed to
polymerize in the presence of taxane at 37°C. Concentration of
tubulin in the supernatant, after centrifugation at 90000g, was
measured using fluorescence spectroscopy as described under
Materials and Methods. Difference between the initial concentration
of tubulin and that in the supernatant yielded the polymerized GDP-
tubulin concentration.

FIGURE 4: The length distribution of the microtubules formed in
the presence of258 (dotted cylinders) and PTX (solid cylinders).
The lengths of the microtubules were measured from the electron
micrographs (not shown).

FIGURE 5: Assembly of GDP-tubulin monitored as increase in
apparent absorbance at 350 nm measured at 25°C in PME buffer
in the presence of the following:282 (b) 8 µM and 8µM GDP-
tubulin; 282 (9) 4 µM and 4 µM GDP-tubulin; PTX (O) 8 µM
and 8µM GDP-tubulin. (Arrow indicates the point of addition of
the taxane.)282-induced GDP-tubulin assembly exhibits a smaller
lag period and a greater extent of assembly in comparison to PTX.
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ature causes a differential change in apparent affinity of the
two ligands for microtubules. It is seen in Figure 7 that the
relative affinities are unchanged by the temperature differ-

ence. Therefore, the divergence in assembly promotion ability
does not seem to be caused by a difference in ligand binding
affinity.

Influence of Mg2+ Ions on GDP-tubulin Assembly.The
role of Mg2+ ions in taxane-induced tubulin assembly has
been studied previously (26, 53). An interesting observation
for the 3-atom bridged taxanes258 and282 is their ability
to successfully induce robust microtubule assembly in Mg2+

free, 0.1 M PIPES buffer. No assembly of GDP-tubulin with
PTX was observed under identical conditions. To further
investigate the role of Mg2+ ions in282-induced GDP-tubulin
assembly, critical concentrations of GDP-tubulin with282
were determined in 0.1 M PIPES at different Mg2+ ion
concentrations (Figure 8). It is interesting to note that, for
282, the critical concentration of GDP-tubulin remains
unchanged within experimental error. The Wyman plot
shows a straight line with a zero slope (Figure 8). This
absence of Wyman linkage between the assembly elongation
equilibrium constant,Kp, and Mg2+ ion concentration sug-
gests that the taxane282 is able to dispense the Mg2+ ion
requirement for GDP-tubulin assembly in 0.1 M PIPES.

The generally observed inability of the taxanes to induce
tubulin assembly in the absence of Mg2+ ions in 0.01 M
phosphate buffer has been attributed to the lack of tubulin
oligomers. The assembly state of GDP-tubulin under these
solution conditions was directly assessed, but no comparable
data exist for our usual buffer (0.1 M PIPES). We therefore
repeated the experiments using 0.01 M phosphate buffer
(Figure 8). Under these buffer conditions, both PTX and282-
induced assembly require Mg2+, indicating that tubulin
oligomers are necessary for282-induced GDP-tubulin po-
lymerization. A difference in the Mg2+ requirement for the
two ligands is still observed in phosphate buffer. The slopes
of the Wyman plots for282 and PTX are 2.0 and 2.85,
respectively, indicating that microtubules assembled with282
incorporate one less Mg2+ per dimer than microtubules
assembled with PTX. The difference in the slopes observed
may suggest that the tubulin conformation induced by282
differs from that induced by PTX.

FIGURE 6: Assembly of 10µM GDP-tubulin in PME buffer in the
presence of 10µM: 282 (b) and PTX (O) monitored as increase
in apparent absorption at 350 nm. PTX fails to induce any
significant polymerization at 12°C. The ligand was added at the
time indicated by the arrow.

Table 2: Effect of Temperature and Taxane on the Critical
Concentration of GDP-tubulin

Ccr (µM)

ligand 12°C 25°C 37°C
PTX 7.3( 0.4 3.6( 0.1 1.8( 0.2
282 2.0( 0.5 0.33( 0.06 0.15( 0.02
258 2.4( 0.2 0.47( 0.06
257 5.5( 0.6 0.9( 0.1

FIGURE 7: A. Competition of258with N-AB-PT for PTX site on
GMPCPP-microtubules at 12°C (b) and 36°C (2). B. Competition
between N-AB-PT and PTX at 12°C (9) and 36 °C (2),
respectively.

FIGURE 8: Wyman plots for282 and PTX-induced GDP-tubulin
assembly as a function of Mg2+ ion concentration. Critical
concentrations of GDP-tubulin were measured in 0.01 M phosphate
and 0.1 M PIPES, each containing 1 mM EDTA. In 0.01 M
phosphate, measurements of critical concentrations were made at
MgCl2 concentrations (3 mM-7 mM), {PTX (b) and 282 (0)}.
Critical concentrations of GDP-tubulin in 0.10 M PIPES, at varying
MgSO4 concentrations (1 mM, 2 mM, and 5 mM){PTX (O) and
282 (9)}.
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Dynamic Effects of Bridged Taxanes onâ-Tubulin. The
individual complexes of PTX,258, and282with R,â-tubulin
as well as the unliganded protein were prepared for computa-
tion, solvated, and subjected to molecular dynamics (MD)
for at least 5 ns at 300 K with GROMACS as described
under Materials and Methods. The key changes in the vicinity
of the binding site are associated with the location and
conformation of the M-loop. Figure 9 summarizes the results
for the complexes at 4 ns, the time point at which each has
equilibrated and achieved stability. To ensure that the latter
were not arbitrarily chosen, average structures from the final
1 ns of simulation were generated and shown to mirror the
structural features of the 4 ns complexes. The M-loop of
the ligand-free protein depicted in purple collapses onto the
taxane binding site, and in this conformation presumably
blocks ligand binding. In the presence of PTX, however, the
loop (gray, Figure 9) adopts a less compact conformation
and serves as one of the boundaries for the taxane binding
pocket. With 258 as ligand, the M-loop (green) recedes
further, reaching its most modulated conformation (brown)
when interacting with282. The full set of equilibrated
complexes is portrayed in the Supporting Information (Figure
S1). Seen from this dynamic point of view, both PTX and
the bridged ligands have a dramatic but differential effect
on the conformation of the M-loop. It is precisely those
compounds exhibiting a 3-fold decrease in the critical
concentration of GDP-tubulin relative to PTX and inducing
significant microtubule assembly in Mg2+ free buffer (258
and282) that are predicted to alter the M-loop conformation
of â-tubulin to the greatest extent. In the following discus-
sion, this point will be expanded and a structural basis for
the effects outlined.

DISCUSSION

The initial hypothesis for this study was that restricting
the conformations of the side chains of PTX by tethering
the C-3′ phenyl to the C-4 acetyl group would result in an
increased affinity for the taxane binding site on microtubules.
In a previous report, we found that several taxane macro-
cycles were more cytotoxic and more potent inducers of

microtubule assembly than PTX, which seemed to support
the hypothesis (25). In the present study, we quantitatively
determined the apparent association constants of the ligand/
receptor interaction by competition experiments. Several
conclusions can be drawn from these data. First, most of
the hypotheses about interactions between the ligands and
the receptor site that were based on cytotoxicity data hold
true for receptor site binding. For example, themeta-linked
compounds283, 214, and219are 6-40-fold less cytotoxic
than PTX, while the correspondingortho-linked compounds
(153, 295, 278) are similar to PTX in cytotoxicity and
induction of tubulin assembly (25). The activity differences
are reflected in the apparent association constants: themeta-
linked molecules have an average affinity that is at least 10-
fold less than that of the correspondingortho-linked mol-
ecules.

The 3-atom tethered macrocycles are more cytotoxic than
PTX. These derivatives (257, 258, and 282) also bind to
microtubules with apparent affinities higher than PTX.In
ViVo, PTX and282 both cause bundling of microtubules in
PC3 and A2780 cells (Figure 10). The assembly of GDP-
tubulin induced by these derivatives is more robust than that
induced by PTX, as is evident from the low critical
concentration values observed with these derivatives (Table
1) and their abilities to induce GDP-tubulin assembly in the
absence of Mg2+ ions and at 12°C.

The tremendously improved assembly promotion activity
observed with the taxanes257, 258, and282 prompted us
to investigate the impact of the 3-atom tether on other known
taxanes that exhibit improved activity over PTX. For
instance, the C-3′ amide substituent in DTX results in greater
microtubule affinity and enhanced elongation constant than
that of PTX-induced microtubules (37). Performing this
substitution in a highly active macrocyclic taxane in our
series, however, either had no effect on the affinity or
efficacy of the ligand (compare282with 216) or decreased
both activities slightly (compare257 with 195) (Table 1).
Similarly, it is known that certain substituents on themeta-
position of C-2 benzoyl of PTX enhance microtubule
assembly properties and increase the cytotoxicity (54-56).

FIGURE 9: Four â-tubulin proteins overlapped following 4 ns molecular dynamics (MD) treatment at 300 K. M-loops at upper left; no
ligand (purple); PTX (gray);258 (green);282 (brown). Paclitaxel is shown in the taxane binding site, the purple M-loop having moved in
to fill the binding pocket.
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However, adding a methoxy groupmetato the C-2 benzoyl
produced essentially no effect on the association in these
taxanes. These structural modifications in fact decrease the
Kp values for three of the four ligands (234, 222, and195).
It therefore seems that, in this series, the structure of the
macrocycle is a more important determinant of activity than
substituents outside the ring.

Correlating Apparent Affinity with Efficacy.The data
represented by Figure 11, derived fromortho-substituted C-3′
analogues (Figure 1), have been plotted as two separate
trends. The dataset clustered about the solid trend-line
represents a classic SAR in which protein affinity increases
as a function of reduced bridge length, introduction of
unsaturation, and the replacement of the C-3′ benzamido
phenyl with OtBu. The acyclic parent, PTX, clearly con-
tributes to this correlation. At logKa ∼ 8, however, a second
trend-line (dashed) materializes. At this point, the macro-
cyclic taxanes are more effective promoters of tubulin
assembly than would be predicted based on their apparent
affinities for microtubules. Compounds282 and 258 are

extreme in this respect, able to induce robust GDP-tubulin
assembly at the low temperature of 12°C and dispense with
the Mg2+ ion requirement for tubulin assembly in 0.1 M
PIPES. These bridged compounds, as well as216and234,
are more highly tailored to forming stable microtubules than
any other taxane studied to date. By contrast, PTX is unable
to induce GDP-tubulin assembly under the same solution
conditions, even when a 3-fold higher concentration of PTX
is employed (data not shown).

A notable feature of the highly efficacious compounds is
the steeper slope of the inhibition curves. The average slope
of the sigmoidal curves for216, 282, 234, and258 is 2.6(
0.4, which indicates that there is some cooperativity in ligand
binding to the microtubules. In contrast, the average slope
for compounds on the solid trend line in Figure 11 (153,
289, PTX, and295) is 1.1( 0.3, so the association of these
taxanes with microtubules can be properly described as an
association of a ligand with identical and independent sites
on the microtubule lattice. Cooperative ligand binding cannot
be accurately described with the same analyses. The deviation

FIGURE 10: Immunofluorescence images of PC3 (a, b, c) and A2780 cells (d, e, f) after treatment with PTX and282 for 24 h. PC3 cells:
a, untreated; b, 2µM PTX; c, 2 µM 282. A2780 cells: d, untreated; e, 10µM PTX; f, 10 µM 282.
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from linearity for theKa-Kp plot may be attributed to the
presence of cooperativity in one set of ligands and the
absence of cooperativity in others. Sorting out the various
parameters involved in cooperative binding will require direct
measurements of ligand binding to microtubules rather than
competitition experiments (57). In the interim, the trends in
the apparent affinity constant values reveal a fundamental
difference in the ways that different classes of taxanes affect
microtubule structure. In subsequent sections, we propose
that the conformation adopted byâ-tubulin when bound to
257, 258, and282 is influenced by dynamic as well as static
properties of the taxane analogues. In turn, this phenomenon
appears to lead to more effective protofilament association
and subsequent microtubule stability.

Fluctuations in Bridged Taxanes.While a great deal of
effort has gone into defining the bioactive conformation and
binding mode of paclitaxel and its analogues (58, 59), the
relative behavior of PTX,258, and282as depicted by Figure
9 and reflected by the SAR of Figure 11 suggests both static
and dynamic aspects in the binding event rarely considered
for ligands with such similar structures. A critical static
element is registered by Figure 12a. In the latter, theR-carbon
backbones of the taxane-tubulin complexes after 4 ns of
MD were superposed and then the protein structure was
hidden. The baccatin cores of the PTX,258, and282 ligands
occupy the same volume, but the C-2 benzoyl phenyl groups
are displaced as shown by the red ellipse. It is noteworthy
that the displacements are in the same direction as the M-loop
translations of Figure 9. Measurement of the distances
between C-4 and C-3′ in the individual taxanes (Figures
12b-d) reveals another parallel; namely, the distances
increase in the order PTX< 258 < 282, stretching the
molecules along the approximate long axis. This static effect
alone suggests that overall molecular length may reposition
the taxane ligands in the binding site and promote M-loop
transposition.

Overlaying the influence of ligand shape is a dynamic
effect suggested by the MD behavior of the taxanes in the
absence of protein. Figure S2 (Supporting Information)
compares the overall RMSD for PTX,257, 258, and 282

relative to T-Taxol in the electron crystallographic structure
of PTX bound toâ-tubulin over the 11 ns time course of
the simulation. PTX assumes a number of conformations
finding T-forms at least four times, while257 samples at
least two different conformations. By contrast,258and282
are stable as T-Taxol conformers over the duration of their
MD trajectories demonstrating a much reduced conforma-
tional flexibility. The latter is highlighted in terms of
molecular fragments in Figure 13 by depicting the RMS
fluctuation of each atom in the taxanes across the MD
trajectories relative to the respective starting structures. PTX
is most mobile with the C-4 acetate, the phenyl rings, and
particularly the untethered C-3′ phenyl group exhibiting the
largest fluctuations. While molecular flexibility falls in the
order PTX,257, 258, and282, the C-4 acetate and the C-3′
phenyl centers experience the greatest degree of motional
damping from PTX/257 to 258/282(Figure 13) as expected
for the termini of the short bridges connecting distal parts
of the PTX framework.

Along this analogue series, two molecular features rein-
force one another. That is, the greater the molecular flexibility
(Figure 13), the more globular the taxane ligand (Figure 12).
The least flexible structures are thus the more extended;
namely,258and282. This observation correlates closely with
the ability of these structures to enforce the greatest con-
formational change in theâ-tubulin M-loop. The conse-
quences for microtubule stabilization as reflected by maximal
elongation constants,Kp, are discussed below.

Bridged Taxanes, the M-Loop, and Kp. As outlined above,
the taxane series PTX,257, 258, and 282 increases in
molecular length (Figure 12), decreases in molecular mobility
(Figure 13), and displaces the M-loop from its position in
unligandedâ-tubulin (Figure 9) in the order given. The
operation of the ligands in the taxane binding cleft is best
described by the panels of Figure 14, snapshots taken at the
end of the protein ligand MD trajectories. Figure 14a shows
that 282 resides near the luminal or interior surface of the
microtubule. A 90° rotation of the protein (Figure 14b)
illustrates that282 spans the space between helix 1 (H1, at
left in red) and the M-loop (at right in red). As pictured
dramatically by the space-filling model in Figure 14c, the
benzamido phenyl is pushed up against H1, while the C-2
phenyl ring is pinioned against the M-loop. This tight packing
of the benzamido phenyl against H1 is facilitated by
hydrogen bonds between Asp26 inâ-tubulin and both the
benzamido NH and 2′-hydroxyl hydrogens. A similar
hydrogen bond between the benzamido NH and the backbone
of helix H1 was observed for258, but not for PTX. It should
be recalled that282 is the most rigid bridged T-taxane that
forces the MD-positioned M-loop furthest from the body of
the protein (Figure 9). This contrasts with the more flexible
PTX which binds in the more compact T-Taxol form. Also
sandwiched between H1 and the M-loop, PTX sits somewhat
deeper in the pocket and is less “right-shifted” toward the
loop. The less pronounced molecular translation is partly the
result of the conformational mobility of the unbridged
molecule which is able to place its C-2 phenyl group in a
narrow subpocket orthogonal to the disposition of the
â-tubulin M-loop (Figure 14d). As a consequence, this loop
is folded around the paclitaxel B, C, and D rings rather than
being oriented outward toward the adjacent protofilament.

FIGURE 11: Correlation between ligand induced polymerization of
GDP-tubulin (logKp) and apparent affinity constant (logKa) for
the ortho-linked taxane derivatives. The relationship between
affinity and efficacy changes when the size and flexibility of the
C-3′ phenyl to C-4 acetate bridge are decreased. The lines illustrate
the trends in the data.
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The latter underpins the remarkable observation that the
cytotoxicity of certain bridged taxanes is dominated by
microtubule elongation (Kp) rather than apparent affinity (Ka,
Figure 11). It is well-known that protofilament-protofila-
ment interactions in microtubules are mediated by M-loops
in contact with H1-S2 (the N-loop) and H2-S3 loops in a
â-tubulin subunit within an adjacent protofilament (22, 60)
as modeled in Figure 15. It has also been suggested that
PTX’s microtubule stabilizing effect is likely to involve
reshaping of the M-loop to induce a conformation that favors
productive protofilament interaction (22, 23, 61). In order
to achieve strong lateral contact, the M-loop needs to be
extended away from theâ-tubulin subunit and into the space
between protofilaments. In order to maintain this contact, a
restraint on conformational refolding of the M-loop would
be ideal. We suggest that the rigid structures of compounds
258 and 282 serve this purpose by directing the M-loop

toward the adjacent protofilament and by hindering both the
loop’s mobility and the establishment of a pool of rapidly
equilibrating conformers. Depleting the latter conformational
ensemble of forms that place the M-loop near the surface of
the homeâ-subunit eliminates torsional isomers that cannot
furnish productive lateral interactions. Compounds such as
258 and 282, once docked into microtubules, act as rigid
rods to hold the M-loop away fromâ-tubulin and further
facilitate persistent contact with the secondary structure on
the neighbor protofilament. The space-filling representation
of the blue M-loop in Figure 15 illustrates this idea for bound
but flexible PTX. We presume that structure282 translates
the M-loop slightly further into the inter-protofilament space,
while offering the loop no opportunity to escape by confor-
mational redistribution. In this way, the lateral interface is
stabilized and microtubule depolymerization is suppressed.

Reshaping of the M-loop by the most potent bridged
taxanes may reverberate through the microtubule lattice,
allowing these taxanes to associate with microtubules in a
cooperative manner. The idea that taxanes with similar struc-
tures can affect the architecture of microtubules in distinctly
different ways is not unprecedented. PTX and DTX, which
differ primarily in the substituent bonded to the C-3′ nitrogen
(benzoyl and OtBu, respectively), promote the formation of
different microtubule lattices (62-64). Microtubules as-
sembled in the presence of PTX have a significant population
of 12-protofilament microtubules, while those assembled in
the presence of DTX consist of mainly 13- and 14-
protofilament microtubules, like those assembled in the
presence of GTP. Microtubules assembled in the presence
of DTX, however, can be reduced to 12-protofilament
microtubules by addition of PTX to the solution (65). The
exchange of ligand in the taxane binding site is accompanied
by a reorganization of the microtubule without disassembly
of the polymer. In a similar fashion, the tubulin conformation
change caused by compounds such as282and258may affect
the conformation of adjacent tubulin dimers, reshaping the
lattice in a manner that favors taxane binding.

FIGURE 12: Geometric characteristics of PTX and bridged taxanes docked inâ-tubulin and subjected to molecular dynamics. (a) Relative
orientation of C-2 benzoyl phenyl groups following superposition of the protein complexes depicted in Figure 9. (b) Distance between C-4
and C-13 in PTX. (c) The expanded C-4 to C-13 distance in bridged258. (c) Maximal C-4 to C-13 distance achieved by282.

FIGURE 13: Relative atom fluctuations following molecular dynam-
ics for PTX and three bridged taxanes in a box of water at 300 K
for 11 ns. Movements are plotted as the average RMSD from atomic
positions in the optimized geometries of the individual molecules;
important functional groups are identified; PTX (black),257(red),
258 (green),282 (blue).
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CONCLUSIONS AND FUTURE PROSPECTS

From the standpoint of microtubule assembly, taxanes
synthetically bridged between the C-4 acetate methyl and
the C-3′ phenyl groups fall into two classes. The first class
containsmeta-bridged and long-linkedortho-bridged mol-
ecules collected in Figure 1, as well as the multitude of
untethered analogues prepared over the past 25 years, PTX
and DTX among them (66). The compounds represented by
this wealth of material exhibit significant conformational

mobility particularly in the C-13 side chain, and the action
of some of them can be traced to modest microtubule
elongation capacity (Kp < 106) and affinities within a factor
of 2 relative to PTX (Ka < 108, Table 1 and Figure 11). The
second much smaller category encompasses four, maybe five
relatively elongated taxanes (216, 234, 257, 258, and282;
Figure 1) characterized by the lack of significant dynamic
behavior (Figure 13), little or no conformational freedom,
high microtubule elongation constants (Kp > 106; Table 1

FIGURE 14: The binding sites of282 and PTX in complex withâ-tubulin following molecular dynamics at 300 K for 4 ns in a box of
35,000-39,000 water molecules. The C-2 benzoyl phenyl groups are identified within ellipses. (a)282 sandwiched between H-1 and the
M-loop and exposed to the microtubule lumen. (b) Rotation of the latter by 90° to show the tight van der Waals interaction between the
C-2 phenyl and the M-loop. (c) Representation of H-1 and the M-loop as space-filling boundaries for282 in the binding pocket. (d) PTX
sequestered between H-1 and the M-loop shown in space-filling format.

FIGURE 15: Four subunit component of a 13-protofilament microtubule illustrating the interaction between two vertically oriented
protofilaments. In theâ-subunits, two PTX molecules (space-filling) and two M-loops (blue) are highlighted. The space-filling M-loop
associated with theâ-subunit at lower right is in van der Waals contact with a PTX molecule to the right and the H1-S2 and H2-S3 loops
to the left.
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and Figures 11 and 12) and ostensible cooperative binding
to microtubules. These same compounds are some of the
most cytotoxic taxanes known with the ability to overcome
taxane-resistant cell lines (24, 25). We propose that the
substances operate within theâ-tubulin taxane binding site
by holding the M-loop in an open orientation with a
conformation that strengthens the contact between adjacent
microtubule protofilaments to an extent unachievable with
the more flexible PTX ligand. An important consequence
of this proposal is the potential for designing other highly
active analogues with reduced resistance profiles. Such
molecules would seem to need to incorporate three charac-
teristics: (1) molecular geometries able to precisely span the
space between helix 1 and the M-loop (cf. Figure 14); (2)
molecular rigidity to prevent the M-loop from folding out
of the inter-protofilament regions; and (3) sufficient func-
tionality to result in effective binding within theâ-tubulin
taxane cavity. Application of these ideas is under active
pursuit in our laboratories.
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