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The T-Taxol Conformation
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T-Taxol is a proposal for the bioactive conformation of paclitaxel (PTX) derived from fitting ligand

conformations to the electron crystallographic (EC)

density. Although confirmed by a number of studies,

some structural ambiguities based on the interpretation of two solid-state REXGREF distances in a
fluorinated PTX derivative remain. An evaluation of the static and dynamic properties of the teblin

complex shows that smalk6L2° variations in calculated torsions and a justifiable increase of the REDOR
distance error ta=+0.7 A readily resolves key discrepancies around T-Taxol's service as the bioactive
conformation. In addition, conformational analysis reveals a rangéCef'°F separations compatible with

the REDOR measurements suggesting that the present PTX REDOR distances may not provide a precise

model for bioactive, tubulin-bound bridged taxanes.

In addition, we show that New York-Taxol (PTX-NY),

a recently proposed alternative to T-Taxol, is incompatible with both the EC density and the activity of a

highly active series of bridged taxanes.

Introduction

In the absence of a high-resolution structure, the determination
of the conformation of a ligand at its binding site within a protein
is an art. Between the extremes of well-defined models derived
from X-ray structures of 2.0 A or higher resolution and ill-
defined models constructed from pharmacophores, electron
crystallography (EC)provides 3-4 A resolution complexes.

In this resolution niche, EC densities for the ligands are often
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incomplete and sensitive to the placement of nearby protein sideFigure 1. **C—'F REDOR distances (X and Y) for 2fluoroben-

chains. Interpreting the density in terms of ligand conformation
depends both on model building and careful consideration of
other external factors such as structdeetivity relationships
(SAR), photoaffinity labeling, and specific internuclear distances
obtained from NMR analysis. The determination of the bioactive
conformation of the breakthrough anticancer drug Taxol (PTX,
1) in complex withg-tubulin is such a case.

1

Although there is a rich history of synthesis and biological
testing for PTX! only after the compound was successfully
introduced as a clinical drdglid a 3-D representation of the
protein-bound entity become available. Nogales, Wolf, and
Downing solved the EC structure of tlhs-tubulin dimer by
analyzing polymeric sheets of microtubules stabilized by zinc
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a Abbreviations: PTX, paclitaxel; PTX-NY, paclitaxel-New York; DTX,
docetaxel; NTX, nonataxel; 2FB-PT, 2-fluorobenzoyl paclitaxel; TB, tubulin;
t-Bu, tert-butyl; EC, electron crystallographic; SAR, structtiactivity
relationship; REDOR, rotational echo double resonance; LMMC, low mode
Monte Carlo; MD, molecular dynamics; ps, picoseconds; DMSO, dimethyl
sulfoxide; Dcr, dipolar C-F coupling; MM3*, MMFF, MMFF94s, and
AMBER, various molecular mechanics methods.

zoyl)paclitaxel 8) compared with proposals for thgtubulin-bound
conformation of PTX (A). Dihedral angles andé, correspond to the
C12-C13-O-Cland O-C1-C2-C3 torsion angles, respectively; for i-iii,
see below.

cations and the bound drddJnfortunately, although the 3.7 A
resolution structure presents the protein fold as a readily
discernible collection of;-sheets andx-helices, it was insuf-
ficiently resolved to define the conformation of PTX. Conse-
quently, the single-crystal X-ray structure of the related drug
docetaxel (DTX,2)° was positioned in the ligand density as a
placeholde This important but tantalizing result led to a
number of efforts to define the details of ligand conformation,
a factor important for further design and synthesis of improved
anticancer agents. A number of groups synthesized bridged
analogues based on various principles, but none of the early
attempts proved to match PTX’s profile against either the protein
(in vitro) or the cells®” As discussed below, the T-Taxol
conformer is unique in leading to the synthesis of bridged
analogues that surpass the biological activity of PTX.

The first structural analysis of tubulin-bound PTX came in
the form of a collaborative solid-state NMAREDOR study
by the groups of Schaefer, Bane, and Kingston, who reported
two distances between fluorine at thara position of the C-2
benzoyl group and th&C-labeled C-5amide carbonyl carbon
(X, 9.8 A) and the C-3methine carbon (Y, 10.3 A) (Figure
1)8 The uncertainties in both distances were estimated to be
+0.5 A

This work interpreted the REDOR distances in terms of the
hydrophobically collapsed polar conformer of PTX (Figures 1
and 2a)’ However, the inactivity of a bridged analogue that
enforces the same 3-D form fails to support it as the binding
conformer®® Subsequently, a model of the PFXubulin com-
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Figure 2. Two paclitaxel conformations displaying the distances
between the centroids of the C2-benzoyl phenyl ring and theahyl Figure 3. Spatial disposition of th€-3' terminal phenyl groups (at

and benzamido phenyl rings (A). (a) The polar conformation. (b) the left side of both structures in a and b) resulting from two LMMC
T-Taxol. conformational analyses of the fluorinated PT3 C-13 side chain

under conditions in which the-+C-5 and F-C-3 distances are within
+0.3 A of the REDOR values of 9.8 and 10.3 A, respectively. (a)

plex faithful to the EC density proposed another conformer, MMFF force field. (b) MM3* force field.

T-Taxol, which likewise conforms to the REDOR distance
constraint$? Simultaneously and independently, a refinement
of the EC tubulin-PTX structure (1JFF) at 3.5 A resolution
proposed a very similar ligand conformatitn.

Two studies have since emerged that question the T-Taxol
proposal on the grounds that the 1JFF structure does not meet
the requirements of the REDOR data when interpreted strictly
in terms of the+0.5 A error estimate (cf. Figure 13:13Both
investigations mistakenly attribute 1JFF distances to the T-Taxol
distanced* Interestingly, these reports point separately to the
collapsed polar conformer and a modified T-Taxol conformer,
respectively, derived from the same REDOR investigation as
that from the better models, although both pairs of distances
likewise fall outside the estimated error boundaries. The purpose
of the present work is to critically examine the various proposals
in light of the REDOR measurements to illuminate the limits
of the NMR data and to re-affirm the suitability of the T-Taxol
conformation as the bioactive form at thfetubulin taxoid
binding cleft!315

Variability of Unbound PTX Structures That Conform to Figure 4. Spatial disposition of th€-3' terminal phenyl groups from
REDOR Distances superimposing the baccatin cores of T-Taxol (blue), 1JFF (red), and
the polar conformation (green).
There are many different PTX conformations that closely

match the two intramolecular distances defined by the solid statehydrophobic contacts between the ligand and the protein. As a
NMR experiment. To examine the possible range of structures result, the REDOR outcome cannot distinguish between the
strictly meeting the REDOR measures, we have performed two T-Taxol and polar conformations (Figure 1).
low mode Monte Carlo conformational searckefor 2-(p- A subtler question concerns the spatial variability of the same
fluorobenzoyl)paclitaxel 3, Figure 1) using the MMFF and  two rings when the empirical structures for the bound confor-
MM3* force fields and an aqueous continuum-solvation mddel. mation are superimposed. Figure 4 depicts the situations for
Throughout the searches, the €-5 and F-C-3 distances were  T-Taxol® 1JFF!! and the polar conformation when the C-2,
constrained to the REDOR values (9.8 and 10.3 A, respectively). C-4, C-13, and C-15 baccatin core atoms are matéh€tearly,
A total of 602 and 598 structures were obtained with MMFF the first two T-type structures present a fundamentally different
and MM3*, respectively, within an energy window of 7 kcal/  orientation of the C-3phenyl rings compared with that of the
mol from the global minimum. The distance constraints were polar conformation. At the same time, none of the structures
removed, and the two sets of conformations were fully optimized adhere strictly to the 9:310.3 and 9.8-10.8 A ranges dictated
with the respective force fields. Forty-seven structures with by the+0.5 A error boundaries derived from the REDOR data,
MMFF retained the REDOR distances witht.3 A, whereas although the polar and T-Taxol forms come within 0.6/0.7 and
37 structures with MM3* did so. 0.7/0.4 A, respectively. The large 1JFF differential of-0157
Figure 3 displays a subset of the fully optimized conforma- A is undoubtedly a consequence of the low-resolution data (3.5
tions with retained REDOR distances for which the baccatin A) achieved during refinement.
cores have been superimposed. As will be discussed in detail ) o
below, only two distances have been measured. As a result, the! 12Xl and the C-13 Side Chain Dihedral Angles
conformational profile of the system is not well defined. Within Concerning T-Taxol itself, what are the origins of the
the boundaries of the search, the two phenyl groups emanatingobservation that the-F3C distances from the computationally
from C-3 (Ph and NHCOPh) are free to occupy a wide range refined structure fall near the lower boundaries of the error bars?
of locations. Consequently, although the NMR-determined This can be traced to small deviations in the EC13—0—
distances provide important intramolecular measures for two C1 and O-C1'—C2—C3 dihedral anglesg) compared to those
C-13 side chain atoms buried within the volume of the paclitaxel required for exactly meeting the REDOR constraints. In the
molecule, they are silent with respect to the 'Ct&rminal published T-Taxol structur¥,these are-103 and 70, respec-
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b

medium employed for the measurements. An illustrative study
in this respect examined a DMSO solvate of 10-deacetylbaccatin
[l by 13C NMR in the solid staté! Varying the temperature
from 23 to —120 °C resulted in a strong chemical-shift
dependence for the aromatic ring carbons of the C-2 benzoyl
group. The changes were interpreted as a result of the molecular
motion causing the conjugated=© and the phenyl groups to
significantly deviate from planarity. The baccatin Il wékk
suggests that the movement within the C-2 cente8, afhich
Figure 5. Spatial disposition of the-3' terminal phenyl groups from contains the fluorine label, may be significant. This is of interest
superimposing the baccatin cores of various T-Taxol forms. (a) bgcausg the mplecular m.otlor)s of labeled atoms 'can.reduce
T-Taxol? (blue), LJFF PTX (magenta), and the torsion angle variants Q|polar interactions resulting in apparent overestimation of
(i)—(iii) (red, green, and yellow) from Figure 1. (b) Snapshots from internuclear distances.

the MD trajectory of F-substituted T-TaxoB)(docked ing-tubulin.

Limits on the REDOR Experiment
tively. A separate reduction of the first dihedral angle by 14 to The Schaefer group’s double REDOR solid-state NMR
—89 or an enlargement of the secon_d by 12 6 aﬁowde_s measurement of F13C distances for quadruply label8qFigure
p“erfect agreement W.'th the REDOR distances (T-Taxol (i) and 1), bound to tubulin that was polymerized in vitro, encompassed
(i), respectively, in Figure 1). If l.)Oth angI'eslare'sm;lultaneously 8 million scans and required three months of acquisition time.
altered to—97° and 76, respectively, a diminutive“6change The experiment involved continuous dephasingBy (:3C-

for each, the structure is once again brought into perfect {15N}) and?SF (13C{1%F}) to ;

. ) ) ) Lo generate difference spectgaand
alignment W't.h thg solld-stat_e dlstances.(T-Taxol .('")’ F|gur.e AS respectively. ThAS'S, ratio measures the dipolar coupling
1). Or_1e possible interpretation of the distance dl_screpanmes,between thé3C andLSF atoms. Because the ratio depends only
then, is that the Kollman all-atom AMBER force fiéfdused on theSC—19F distance (cf), acquisition of the internuclear

in the I;’TX—ftut;t;llnt structulre r.efmem(talnt Ltjﬁ“fed torsuinfalu separations only requires the determination of A®S, value
parameters for the two angles in question that were not fully .~ single dephasing time.

optimized. Nonetheless, the smait 84 ¢-angle variations do In the REDOR analysis d3, the consideration of signal-to-

not aIt_er the fundamental_nature of the T-Taxol conform_atlo_n. noise in theAS'S, ratio led to the estimate of a 6% uncertainty
The differences are readily accommodated by the realization;, o ¢ 13¢ distances, that is-0.5 A8 Despite the enormous

that small torsional angle Va”‘.”‘“ons correqund to .amblent resources expended to generate the distances, there are inherent
wbratlon about_the corresponding energy minima. Figure 5a limitations associated with fitting a single-parameter curve to a
depicts the spatial consequences for the ph@nyl rings across single data point, the latter being a necessity in the analysis of

:jhe .rar:gi"c:):‘:ag_lgl)?s tW'm,E‘gb = 6-14. ItEvet? the isomlewh?tt dSchaefer et al. because each additional point would require at
evian structure appears 1o be a closely relaled o+ ihree additional months of machine time. As a result, we

member_of the T-taxom_l famll_y. The next section examines this have reexamined the error calculations and certain assumptions
perspective from the viewpoint of molecular dynamics (MD). underlying the REDOR measurements

Molecular Dynamics of T-Taxol in g-Tubulin REDOR Error Recalculation. The dipolar couplingDcr),
hence theAS/S ratio, between two NMR active nuclei is

. 'I_'h_e analys!s presented in the previous section e)_(ammedinversely proportional to the cube of the internuclear distance
individual static PTX structures to determine their viability as (rcs) between themDer ~ L1/r3. Using standard error analysis
T-Taxol representatives. In a second study, we adopted Afor the 9.8 A distance, the reported valueAS'S, (0.14), and

dynamic appr_oach to learn how thermal motion at room o 50, reported error, the error recalculation is as follows
temperature might alter the-fC separations when PTX is bound

to S-tubulin. Because His227 is believed to be in intimate

association with the bound drug, we treated the imidazole ring %(0.2)(AS/S)) %(0.2)(0.14)
in both its neutral and protonated states. The corresponding iLz + =4+ =46.7%
PTX—tubulin complexes were subjected to molecular dynamics V'er AS§ 0.14

for 5 ps at 300 K with the Tripos force fieRq,during which
time the FC-5 and F-C-3 separations were constantly where=r is the error in the calculated internuclear distance.
monitored. For neutral His227, the— distances fell in the Calculating the error in a similar manner for the 10.3 A distance
8.3-9.8 and 8.710.3 A ranges, respectively. For the protonated translates into 9.8 0.7 A and 10.3t 0.7 A, providing a slightly
side chain, the values oscillated more broadly between 6.8 andexpanded error window by comparison with that estimated
10.2 and 7.510.2 A. The Tripos force field, like AMBER, previously. In this context, the REDOR measurement accom-
delivers values at the low end of the 268 K REDOR error modates the structures previously published for both the polar
boundaries. To illustrate the relationship with the static T-forms conformation and T-Taxol (Figure 1).
depicted in Figure 5a, the corresponding view for snapshots of The REDOR dephasing curves corresponding to the reported
3 across the His-neutral trajectory are shown in Figure 5b. distance®and the recalculatedt0.7 A error are displayed in
Qualitatively, the conformational fluctuations are very similar. Figure 6. Although the measured ratios accurately fall on the
Apart from the actual numerical values of REDOR- theoretical curves represented by the solid lines, a critical
determined distances, the present case is an illustration of theelement inherent in the determiné¥C—1% distances is that
important fact that molecular structures above absolute zero arethe distance measurement relies on fitting a single-parameter
not static entities. Whether internal or external to a protein, small curve to a single data point. Although the0.7 A bracket
molecules are in constant motion, oscillating around the values represents the experimental error, there are a number of reasons
measured by structural analyses. The degree to which theyfor believing that even this range &1C—19F distances may be
experience motion is related to both the temperature and theoverly restrictive. The basis for this assertion follows.
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Figure 6. Experimental dephasing (from ref 8) féfC-5—% (@) and 3C-3—°F (a) and the calculated REDOR curves assuming a single
13C—19F distance to eacKC center. The solid lines correspond to #8€—1 distanceband the dotted lines represent #:6€.7 A error.

Conformer Distributions of 3. The REDOR curves are 05 - 13C{;FF}BRE$OR
calculated assuming a singlé&C—19F distance and the lack of e
significant molecular motion. However, the potential conformer 08
distribution of theC-3' terminal phenyl groups implied by the
MD simulations and the solid-state baccatin'AC spectrét is
consistent with the view tha® experiences dynamic confor- 06
mational equilibration in the solid state. An alternative viewpoint ]
arises from the observation that in the REDOR experiment the as/s,
tubulin-microtubule samples stabilized by the labeled 2-fluroben- 0.4
zoyl PTX (2-FB-PT) were rapidly frozen in liquid nitrogen (77
K) and lyophilized for 3-4 days8 It has been argued that such ]
freeze drying traps all conformations present in the solution prior 02
to flash freezing and thereby leads to microheterogeneity
accompanied by the lack of equilibrati&hHowever, raising ]
the temperature from 77 to 268 K-6 °C), where the REDOR 0.0 ]
experiment was conducted, can potentially reestablish intercon- °
version among a distribution of formd&2425Accordingly, the Time [ms]

C-2 and C-13 side chains furnishing the distance measurementgsigure 7. REDOR plots of *C-5—'F (@) and 3C-3—1%F (a)
may well oscillate around a cluster of interconverting structures dephasing with calculated curves for no distributier) and Gaussian
characterized by both high-amplitude torsional vibrations and distributions with _fuII-Wldth and half-maximum widths of 0.8 A (....)
interconverting conformations. As a result, the distributions and 1.6 A (). Distances from ref 8.

depicted by the MD simulations may contribute to the observed Taple 1. Full-Width at Half-Maximum of Calculated Gaussian

REDOR dephasing. Distribution as a Function offC—1%F
In principle, REDOR can disentangle conformational effects width of Gaussian distance Kce)

in the solid lyophilized sample. However, to deconvolute distribution (A) A
internuclear distances for a possible range of trapped conforma-  carbonyl 0 9.8
tions, several dephasing times need to be collected. Multiple 0.8 9.8
data points are required because dephasing for a distribution of i 16 9.9

. methine 0 10.3
distances depends on two parameters, namely, the mean (or 0.8 104
average) distance and the distributféin an attempt to estimate 1.6 105

the effect of C-2 and C*3ide-chain distributions on the shape
of the REDOR dephasing lines in the absence of multiple

measurements, we have modeled the dependence ofSiSe expressed above, this analysis is also consistent with the view
ratio in terms o’f Gaussian half-widths (Figure 7: Table 1; see that a+0.7 A error of the distance measurement resulting from

Methods). For the 9.8 and 10.3'AC—1°F distances, Gaussian fitting a single-parameter curve to a single data point is overly
distributions of 0.8 and 1.6 A give results essentially identical conservative.
to that for no distribution. As there is only a single REDOR  Lyophilization of the TB-—Ligand Complex. Another
data point, all three models (no distribution, 0.8, and 1.6 A potential source of difference between the solid state and EC-
distributions) are consistent with the distance data. refined distances arises from the8day lyophilization to which
The Gaussian curves are properly interpreted as the distribu-the tubulind NMR samples were subjected. The purpose of the
tion of conformations observed in the solid state with different process is to remove sufficient water to produce a solid but
13C—19 separations. The larger the full-width half-maximum leave one or two aqueous solvation shells around the protein
of the Gaussian distribution, the larger the disorder. The result intact. In addition, to protect the surface of the protein in the
of fitting the data to a distribution suggests that #86—1°F absence of bulk water, lyophilization is performed in the
distances would increase, at most, by 0.1 A (Table 1, see presence of a stabilization matrix. In the case of the tubulin
Methods). However, for these distributions and distances, the 2-(p-fluorobenzoyl) PTX complex, polyvinyl pyrrolydine was
raw distance error estimate is the san®,7 A. For reasons  employed. Following the dehydration treatment, the presence
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of intact microtubules was detected in the reconstituted lyo- g
philized sample by electron microscopy. .
Despite these precautions and controls, the actual number of 1 _
water layers remaining after lyophilizaton is unknown. Likewise, %
the nature and extent of water structure near regions of relative ’h
hydrophobicity, for example, near the taxoid hydrophobic cleft, ™ == )
is undefined. Given that PTX is believed to bind either at the
inne27 or at the outet® surface of the microtubule, one face
of the molecule is exposed to the agueous environment, whereagigure 8. (a) Superposition of PTX (blue), DTX (magenta), and NTX
the other concave nonpolar one may share the binding pocket(yellow) in the T-Taxot-tubulin binding site showing tubulin’s His227
with a small number of water molecul&s3®Consequently, any ~ sandwiched between the C-2 phenyl and'G@bstituents. (b) The
disruption or reorganization of the first solvation shell could spatial relationship of PTX and DTX with Asp26. Both Csitle chains

; He experience van der Waals contact with the residuetHlistances range
have an effect on how deep the ligand sits in the pocket, on from 2.2 to 3.0 A. DTX makes a productive NHD hydrogen bond

featurefs of Cor_]format'_on'_or on ligand mobility. _ with the carboxylate (1.8 A), whereas PTX does not (4.2 A).
Two interesting studies in this respect focus on a short peptide

and a protein. The first evaluated the solid-st&@ and >N structurally from PTX in replacing the benzamido side chain
NMR spectra of crystalline pentapeptide Leu- and Met-en- phenyl with theO-tert-butyl moiety. In addition, NTX employs
kephalins experiencing different degrees of hydratfdot only isobutenyl instead of the phenyl functionality at C-2 and'C-3
are the peptides’ backbones and side chains dynamic in the 0
to —100°C temperature range, but the conformational disposi- i -~ i
tion is influenced by dehydration. Significantly, REDOR ST TWH o o Moo
distances were shown to change by as much as 25% as a result ™~

of partial dehydration. Although the hydrated crystalline en-
kephalin system is not a mimic of the TBTX complex in

the solid state, the work nonetheless teaches that the modification
of the solvation shells near the binding site carries the potential 2
for the alteration of both the static and dynamic structural
features of the ligand. To evaluate motion in hydrated protein
microcrystals, the second investigation compared the X-ray
crystal structure and solution NMR analysis of ubiquitin with
solid-state NMR measurements of the same protein labeled

uniformly with 3C and™N nuclei* Reduced dipolar couplings into tubulin by superimposing the baccatin cores. Each model
were observed for residues with increased backbone mot|on,WaS subjected to cold MD (20 K) with the backbone held in a

as measured both by solution-state NMR and increased crystal-,. o . .
) fixed position to remove short ligargrotein contacts and
lographic B factors. The three measurements concur that sectorsb timized with the Tripos force field (Method®) Figure 8a
of hydrated proteins near room temperature {tpexperience iIIEstrates the overla c?fthe three structures in tHe '?’-conforma-
significant motion. In summary, both the enkephalin and . o P T
L . 2 . tion within the tubulin taxane binding pocket. Each structure
ubiquitin results provide an additional reason for not expecting

erfect agreement between REDOR- and EC-determined inter-'€S1d€s comfortably in the site and shows no evidences of high-
2uclear d%stances energy contacts with the proteihHowever, Figure 8b, depict-

L . ing the overlapped NHC(=0)-R moieties forl and2, shows
We do not propose that uncertainties in the solvation g b (=0)

properties of the protein binding pocket in any way invalidate that both the phenyl an@-t-Bu groups, respectively, are in

he REDOR Wa d h hat th van der Waals contact with the Glaf the Asp26 side chain.
the . measurements. We do suggest, however, t 'at therpe geometry around the carbamate oxygen atoms in both DTX
error estimates of:0.5 and+0.7 A are too narrow by this

. . -~ . d NTX positions th id t ita hyd bond
standard. Consideration of fitting the REDOR curve to a single an POSIans the amice groups to perme:a ycrogen o

. L . > between one of the Asp carboxylate oxygens and NH (1.8 A).
point, conformer distribution, molecular motion, and variations However. the shorter connector and the less flexible' C-3
in the nature of binding-site hydration relative to soluble or !

| ed . | lain the minor di - benzamido group for Taxol leads to an AspCOIAN distance
gngrzzgzeREggtsmgﬁg eé‘é' é’:éf&':g deir?g:gtr;rol(lasccl;;?gg(:les of 4.2 A, short enough to sustain a productive electrostatic
) - g ) interaction but too long to qualify as a hydrogen bond. The more
distances. In summary, tiéC—F REDOR distances are fully g to qualify ydrog

; L ) favorable interaction could well be the source of the72fold
supportive of the T-Taxol and PTX-NY binding conformations j,rease in activity in DTX and NTX in comparison with that
as they are of the polar and numerous other energy minimum; oy
conformations. A critical question is whether these conformers
are also consistent with the biophysical properties of other taxane
analogues. Accordingly, the bioactivity of docetaxel (DTX),
nonataxel (NTX), and a set of bridged taxanes is discussed

below.

His227 ¢ =

Given the different steric requirements for the hydrophobic
termini at C-2 and C-3or 1, 2, and4, we decided to examine
the relative disposition of the analogues in the binding site
associated with T-Taxol (Figures 2b, 4, and 5). The latter two
structures were modified from the T-form of PTX and docked

A related analysis in a Taxol-resistant epidermoid tumor line
with the acquired Asp26Glu mutation likewise employs the
T-Taxol model to explain the PTX versus DTX-resistance
profile in the resistant cel®. Again, the DTX NH has been
proposed to form a strong hydrogen bond with the Glu
carboxylate, whereas PTX is prevented from doing so by steric
Docetaxel and Nonataxel congestion.

Docetaxel (DTX,2) is a clinically effective anticancer agent .
that is twice as effective as PTX at stabilizing microtubules and Bridged Taxanes
killing murine P388 leukemic cel® Nonataxel (NTX4) is a Four research teams have prepared a wide range of bridged
nonaromatic taxane derivative that is 2-fold more cytotoxic PTX analogues based on several conformational themes in an
than PTX in a number of cell liné8.Both DTX and NTX differ attempt to lock the molecules into the actual binding conforma-



T-Taxol Conformation

tion.87 The only design approach that has been able to match
and surpass the biological action of parent PTXn both
cytotoxicity and in vitro microtubule assembly assays is that
based on the T-Taxol conformatiéf® In this conformer, a short
separation of 34 A between the methyl of the C-4 OAc and
the ortho position of the C-®henyl suggested that short bridges
between these centers would constrain the molecule largely to
the T-taxane shape. A generic representation of the bridged
series is given by, whereas (C-2 para-X = H) exemplifies

a structure with at least a 20-fold greater potency than PTX in
the A2780 ovarian cancer cell line and a 2-fold greater effect
in the microtubule assembly ass&y.

Conformational analysis @ (C-2 para-X = H), employing
the MMFF94s force field/ yielded 93 conformers, 12 of which
fall into the T-family by the measure of the distances between
the centroids of the C-2 and C-®henyl rings (Methods,
Conformational Searches). The C-2 benzoyl phenyl was supple-
mented with g-F atom, and the £C-3 and F-C-5 distances
that were measured ranged from 8.8 to 9.8 and 7.4 to 10.0 A
respectively. These values average to approximdtel lower
than the REDOR distances. A more specific measure for the
T-form is the distance between centroids of the C-2 benzoyl
phenyl ring and the C-:3phenyl and C-3benzamido phenyl
rings. Unlike the C-3and C-5 centers with the potential to
relocate within the van der Waals surface boundaries of the
bound taxane ligand, these three rings are in direct contact with
the protein amino acid side chains composing the binding
pocket. Not a single example of the New York conformer, PTX-
NY (see below), was found among the 93 conformer§.of

As mentioned above in connection with Figure 3, the REDOR
distances tolerate a wide variation in the positions of the two
terminal C-3' phenyl groups. The reverse situation appears to
be mutual. Namely, the terminal phenyl rings in taxane
derivatives can be located in T-form locations although permit-
ting a range of G F distances. Four of thp-fluorinated C-2
phenyl conformers 06 (C-2 para-X = F) were docked into
fS-tubulin and, although displaying shorter—€ separations
within the van der Waals volume of the molecule, they
nonetheless sustain phenyl centro@kntroid distances very
similar to that of T-Taxol (9.4t 0.1 and 10.Gt 0.3)1° Figure
9 illustrates one of the four conformations in the tubttfiaxane
pocket following an extensive MD treatment (see Methods)
superimposed on the EC structure of PT the same pocket.
This highly active and constrained T-taxoid paclitaxel analogue
(6) (C-2 para-X = F) does not appear to place its Cghenyl
rings precisely in the same locations as those of PTX. The rather
broad hydrophobic cleft is tolerant of small phenyl displace-
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Figure 9. T-taxoid conformation of C-4 to C*®ridged taxané (C-2
paraX = F) docked in thes-tubulin taxane binding site (magenta).
The EC structure of PTX is shown in blue. The surrounding side chains
show little change between the structures.

between the C-2 benzoyl phenyl group and an alkyl replacement
of the C-3 benzamido moiety? The tubulin polymerization
assay ranked one compound to be as effective as PTX, although
the compound fell considerably short of PTX in the cytotoxicity
assays. The authors interpreted the results as confirmation of
the T-conformer.

An alternative interpretation of the binding conformation of
PTX has been forwarded by Ojima and co-workeéimen the
basis of the observation that a photoactive C-7 benzodihydro-
cinnamyl derivative of PTX labeled the M-loop @ftubulin
exclusively at Arg2829 A Monte Carlo conformational analysis
of the covalent proteinlabel complex delivered a number of
conformers. The one that best matched the REBPARIR data
(PTX-NY, X = 9.4, Y=10.0 A, Figure 1) was selected as the
tubulin-bound PTX conformatioft- In the spirit of the T-Taxol
design study? short distances were measured between the C-4
acetyl methyl and the C*2arbon and between the C-14 center
and the C-3benzamido phenyl. The analysis led reasonably to
the design of structurésand8 (SB-T-2053), respectively, which
bridge the model’'s contiguous centers. The compounds were
prepared and tested against a variety of cell lines and subjected
to the microtubule stabilization assay.

O
0 HPE T o
8

Compound? with a bridging point from C-4 OAc similar to
that in5—6 proved to be completely inactive. In contrast, C-14
to C-3 analogue8 was shown to be as effective as PTX in
inhibiting tubulin depolymerization, although in several breast
and colon cancer cell lines it is20-fold less cytotoxic than
the parent drug.

o A O oH
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- o™ H
H o]
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ments along this wall as suggested by the molecular dynamics The study by Ojima and co-workers rejects the T-Taxol
portrait in Figure 5b and the lack of significant side-chain conformer on the basis that 1JFF-PTX does not conform to the
displacement from PTX t6 (C-2 para-X = F) (Figure 9). The REDOR distanceX-13However, as pointed out in Figure 1 and
same does not appear to be true along the floor of the pocketimplied by the subsequent discussion, the T-Taxol form and
when a longer bridge falls outside the parent Taxol molecular the PTX-NY models appear to be very similar but both differing
volume38 somewhat from 1JFF PTX. In an effort to analyze the New York
In support of these ideas, a very recent report by Dubois and construct, we performed a 5000 step low mode Monte Carlo
co-workers implemented a taxoid design based on bridging conformational search for the 15-membered ring8othat
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Figure 11. The structures of tubulin-bound Taxol (yellow) and 2-FB-
PTX-NY (green) superimposed in thetubulin binding site. (a) The
T-Taxol%45 2F ,ps—Fcaic density map is shown as a blue 3-D contour.
(b) The 1JFF Taxét 2Fqps—Fcac density map is likewise shown as a
blue 3-D contour.

'

Figure 10. Superposition of;-tubulins from the optimized protein
ligand complexes containing T-Taxol (blue) and brid@eted). The
active-site side chains (blue/red) show little change, whe3éaseated
a little higher than T-Taxol in the binding pocket.

encompasses both the C-13 side chain and the C-14 to C-3 ) :

benzamido bridge. The resulting conformational pool contains _ '\ ) -

105 structures, 28 of which sustain the T-Taxol geometry. One ﬂ LA T

of these was docked into the taxane site fefubulin and A £ Phe272

subjected to a series of molecular dynamics steps at 20 K toFigure 12. (a) Difference mapsHops—Fca) for the 2-FB-PTX-NY

remove unfavorable steric contacts (Methods). The simulation structure. Green corresponds to unfilled density and red corresponds

. . to incorrectly filled density. (b) PTX-NY in Figure 11 (blue) supple-
was continued at 350 K for 5 ps to model the behavior of - -, by a Chi-CH, tether as irb (X = Y = Z = CHp; magenta)

compounds in the protein. followed by MD in the tubulin binding site. Red arrows indicate the
As is evident from Figure 10, the side chains of the protein movement of the C:2DH of the bridged analogue, a structure displaced
around the binding pocket, colored red and blue, change veryfrom the binding site by a clash of the bridge with Phe272.
little. Compound8 is almost identically seated to T-Taxol with
the exception that the linker relocates the'®&nzamide group  powerl%36 Although the density in question is incomplete and
somewhat less deep in the pocket. And as observed for bridgedweak in regions (e.g., between C-2 and the terminal benzoyl
6, the C-3 phenyl rings are shifted somewhat from those of phenyl)iC it is strong and discriminatory with respect to the
PTX. Nonetheless3 displays distances between the centroid conformation of the C-13 side chain. Figure 11, comparing
of the C2-benzoyl phenyl and the C-13 terminal phenyls, very T-Taxol and 1JFF Taxol against the New York conformer
similar to those found for T-Taxol in the EC-refined model constructed from published torsion angtésis illustrative.
(C-3 benzamido Ph: 10.0 vs 9.4 A; C-Bh: 9.6 vs 10.0 A}° Figure 11a depicts the T-Taxol and the PTX-NY structures
A characteristic feature of the complex is that the’ @RI group superimposed in the tubulin binding site simultaneously dis-
is associated with the backbone NH of Gly368 as it is in the played with the Eq,s—Fcqc0mit mag for the ligand. The strong
EC model. This contrasts with a proposed reorientatiohthe EC density displayed as a blue grid along the C-13 side chain
OH functionality in PTX-NY (see below). More recently, the from C-1 to C-3 illustrates that T-Taxol (yellow) perfectly
Ojima group has prepared a truncated C-4 to’' @afane and matches the experimental data. In contrast, the conformationally
argued that this represents another example of the PTX-NY inverted C-2 center in PTX-NY (green) falls well outside the
conformation? Re-analysis illustrates that this structure is density45 A comparison of the New York conformer with the
likewise readily accommodated by the T-Taxol geométry. PTX structure derived from the EC-refined complex 1JFF
Clearly, the distribution of forms represented by the structures delivers the same result (Figure 11b). As emphasized above,
in Figure 5b is accessible to bridged taxanes with very similar although T-Taxol and the 1JFF variation sustain somewhat

but nonidentical spatial requirements. different C-13 torsions and internal distances (Figure 1), the
] structures fundamentally occupy the same space ifi-théulin

New York Conformation and the Electron taxane binding pocket. A third test of the New York confor-

Crystallographic (EC) Density mation’s ability to fit the density was carried out by performing

The recent paper by Ojima and colleagues, proposing alow-temperature molecular dynamics on the tubtRTX-NY
conformationally modified C-13 T-Taxol structure as the complex using the structure depicted in Figure 11 (green, PTX).
bioactive form (PTX-NY)'3 comments that the low resolution ~ Slight movements of the ligand in the pocket were observed,
of the tubulin-PTX complex density map eliminates the but it essentially retained the same conformation and binding-
possibility for distinguishing between T-Taxol and the New pocket orientation. The correspondingogs—Fcaic 0mit map is
York variation. It is accurate to state that during the initial qualitatively and quantitatively similar to that pictured in Figure
structure-building process, the EC density alone was not 11 (Supporting Information).
sufficient to provide an unambiguous solution to the PTX  To examine this point further, Figure 12a presents the
binding problen? The follow-up refinement that delivered 1JFF  difference map¥ (Fops—Fca) for PTX-NY, as depicted in
came closé! whereas modeling and NMR combined with the Figure 11. Where model atoms lie outside th€,—Fcaic
EC density yielded a well-defined structure with predictive contours, thd=ops—Fcac map portrays them within the negative
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(i.e., red) contours. Positive (i.e., green) contours highlight the measurement the0.7 A window would appear to be too
correct locations for the same atoms. Thus, the green regionconservative.
represents the experimental density that is unfilled by the model Of equal importance is the fact that the solid-state measure-
structure, whereas the red grid corresponds to a spatial locationments monitor intramolecular atomic separations deep within
that is improperly filled with the C-13 side chain. A similar the molecular volume of bound PTX. Conformational searches
exercise for the molecular dynamics relaxed form of the show thatthe REDOR distances can be maintained by a variety
tubulin—New York PTX complex yielded the same result of conformations with a wide spatial dispersion of the 'C-3
(Supporting Information). Taken together, the maps clearly phenyl rings (Figure 3), which are groups that are in contact
distinguish the two conformations and affirm that T-Taxol is with the protein side chains when the molecule is bound. A
the conformer that best fits the EC density. better measure of the overall shape of the bioactive conformation
Finally, as mentioned above, the T-Taxol conformer has been of PTX would seem to be the distances between the centroids
used to design highly active taxane analogues with short bridgesof the terminalC-2 andC-3' aromatic rings (Figure 2). On the
as a result of HH distances measured at 28.9 A between  basis of this criterion, active taxoids 6, and 8, all fit the
the C-4 acetate methyl group and the ortho position of thé C-3 T-Taxol model, whereas the polar conformation is ruled out in
phenyl. For example, compourl (X—Y—Z = CHy-CHy), agreement with the inactivity of a set of constrained analogues
incorporating a two carbon tether between these centers, isthat mimic it’
2—13-fold more cytotoxic than PTX depending on cell line and ~ The T-Taxol model should not be regarded as a structure
5-fold as effective in the tubulin aggregation as¥ag.the New characterized by an immutable set of intramolecular distance
York proposal predictive of this taxane modification? The relationships. Molecular dynamics suggests the presence of a
corresponding HH separations in the MD-optimized structure distribution of forms near room temperature (Figure 5b), a
described in the previous paragraph were measured to be 3.5 distribution that cannot be determined from the single-point
5.3 A. Although these quantities might possibly motivate REDOR measurement portrayed in Figures 6 and 7. Although
bridging between the two centers in question, an inspection of the taxane binding site is reasonably well defined, it nonetheless
PTX-NY reveals that the location of the C-QH group would accommodates certain small variations in the placement of the
interfere with such a bridge. To test this idea, we converted the ligand’s hydrophobic groups at the molecular periphery. Thus,
New York conformer shown in Figure 11 in®(X—Y—Z = variations in the location of C-®henyl rings along the wall of
CH,-CHy) and performed low-temperature MD followed by the taxane binding pocked are tolerated for both super active
MMFFs optimization in the tubulin binding site. Whereas and moderately active bridged PTX analogues (&@nd8,
protein-free optimization of the bridged species caused a major respectively) in comparison with PTX (Figures 9 and 10). These
conformational reorganizatid,the rather tight binding site  Observations are also consistent with the proposal that the
captures the structure in a less reorganized form (Figure 12b,biological properties of DTX Z) and NTX @) are readily
magenta). Nonetheless, the ligand still attempts to relieve strainaccommodated by the T-conformation (Figure 8).
by uncoiling. The red arrows in Figure 12b illustrate the torquing  In this work, we have shown that the T-Taxol binding model
of the C-2 C—OH group in response to steric encumbrance. is as compatible with REDOR-derived intramolecular distances
Equally important, the path of the bridge in the New York form as it is with PTX SAR, photoaffinity labeling results, and
runs beneath the baccatin core and is directed toward the dee@cquired mutation-resistance profif€<rucially, the model has
hydrophobic cleft of the protein. Consequently, this conforma- led to the design and synthesis of bridged PTX analogues that
tion encounters an unfavorable steric contact with Phe272, match and surpass the bioactivity of paclitaxel it8&f Equally
pushing it further out of the pocket in comparison with the supportive, the T-Taxettubulin model is able to rationalize
unbridged form Figure 12b). As we have shown previously, a the capacity of epothilones A and B to assemble and stabilize
bridge-Phe272 interaction of this type leads to reduced activity purified yeast microtubulesSaccharomyces cersiag) in
for the corresponding taxan&sAccordingly, the New York contrast with PTX’s inability to do séf In a follow-up study
conformation in complex with tubulin cannot account for the by the Himes group, the same model provided guidance for the

superior activity of the analogues bf mutation of five yeast tubulin binding-site residues that restored
paclitaxel's tubulin assembly activity.
Summary and Conclusions Although the structure of the T-Taxetubulin complex

. ) o . employed for analogue designs was derived from electron

Important pieces of data in the verlflca.tlon of conformational crystallography (EC) with Z# and paclitaxel stabilized shed#d?
god.els of PTX bound tg-tubulin are two intramoleculdfC— the telltale bioassays were performed with genuine microtubules,

F ligand distances determined by double REDOR solid-state gispelling the notion that the binding pockets in polymerized
NMR ® The separations of 9.8 and 10.3 A, initially associated pyin in the two polymeric forms are fundamentally different.
with an uncertainty o#-0.5 A, are characterized by several pyrthermore, as it pertains to the bioactive taxane conformation,
noteworthy features because they pertain to PTX conformation. e stress that proposals for alternative models (conformations
First, the corresponding T-Taxol conformer values differ by 0.7 54 binding modes) strive, at a minimum, be consistent with
and 0.4 A, respectively, the first difference falling outside the the array of data encompassing biophysical measures (the EC
original error estimate by 0.2 A. One interpretation of the density and REDOR distances), biological outcomes (SAR,

discrepancy can be traced to two torsions in the C-13 side chain.agiolabeling, and resistant mutants), and the constraints imposed
Alteration of both by a diminutive 6restores perfect agreement by super-active bridged analogues (e).

with the measurement. Second, a reconsideration of the signal-
to-noise in theASS, ratio yields a 6.7% uncertainty in the  Methods

distances leading to a value#D.7 A rather than an error value Conformational Searches.Two 15 000-step low mode Monte
of £0.5 A. This places the published distances of both T-Taxol ¢4yl conformational searchéwising MMFF and MM3* force

and the polar PTX conformation within the expanded error fields and an aqueous continuum solvation médeére performed
boundaries. Third, in view of the fact that data analysis of the for 2-(p-fluorobenzoyl)paclitaxel 3) using MacroModel version
resource-expensive REDOR experiment relied on a single 8.6 The F-C-5 and FC-3 distances were constrained to the
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REDOR values (9.8 and 10.3 A, respectivély3n energy cutoff
of 7.0 kcal/mol was used. The search provided 602 and 598 fully
optimized MMFF and MM3* conformations, respectively. Distance

Alcaraz et al.

As the molecular dynamic simulations proceeded, the binding
pocket of tubulin expanded slightly to better accommodate the
ligand, though the only significant change was the position of the

constraints were removed, and the two sets of conformations wereHis227 side chain. The unprotonated N in the imidazole ring

fully optimized in their respective force fields. This resulted in 47
and 33 structures from MMFF and MM3*, respectively, that
matched both REDOR distances witht0.3 A.

A 10 000 step low mode Monte Carlo conformational search
using the MMFF force field in MacroModel and a cutoff of 10.0
kcal/mol was performed for bridged T-Taxol analogégC-2
paraX = H). A total of 93 optimized conformations was obtained,
and the global minimum was found 62 times. Twelve of these
structures fall into the T-Taxol family on basis of the observation
that the centroids of the C-®henyl rings fit the T-form within
20% of the distances found for the centroids of the corresponding
T-Taxol phenyl rings, that is, the ranges for the 12 conformers:
C-2 benzoyl to benzamide phenyl, 791.2 A (T-Taxol 9.4 A9);

C-2 benzoyl to C-3phenyl, 8.9-9.4 A (T-Taxol 10.0 A9). Not a
single example of the New York conformation PTX-NY was located
among the conformers of the optimized dataset.

Finally, a 5000 step low mode Monte Carlo conformational
search with an energy cutoff of 7.0 kcal/mol was performed for
New York construc8 using the MMFF94s force field in Macro-
Model. A total of 105 optimized conformations was obtained, 28
of which conform to the T-Taxol conformation. The global
minimum was located 40 times. Again, no conformations cor-
responded to the New York variation. A single MMFF94s
conformer showed a C-13 side chain orientation similar to that in
the latter (Figures 11 and 12) and Cghenyl centroid distances
within 20% of the T-form (as that above). However, the torsion
angles around C-Xirected the C-20H away from the bridge
and, therefore, away from His227 as well when the molecule docked
into the protein. This observation is consistent with the behavior
of unbridged PTX-NY when subjected to MD within the taxane
binding pocket; see the following section.

Molecular Dynamics. The PTX-tubulin complex® was sub-
jected to molecular dynamics for 5 ps at 300 K using the Tripos
force field in Sybyl version 7.6¢° The imidazole ring of His227

attempted to form a hydrogen bond with the'@H of the ligand
(~3.3 A). When the constraints were released and the model
allowed to follow a dynamic pathway at slightly higher tempera-
tures, the electrostatic interaction between the@a and His227
was not maintained. Although the ligand stayed within the pocket
for the most part, the C-13 side chain, especially the Ph rings, slowly
drifted outward and started to lose the PTX-NY conformation
(Supporting Information).

REDOR Dephasing Calculations.The REDOR curves were
calculated using the formula by Muell&For the REDOR curves
with distance distributions, individual REDOR curves were calcu-
lated every 0.1 A. These curves were summed together and
weighted according to a Gaussian distribution.

o,f-Tubulin —Taxol EC Density Maps The superposition of
T-Taxol and PTX-NY was derived from that depicted in Figure
3A of Ojima et alt®® The 2Fe-Fc and Fe-Fc electron density
maps were generated with CNS %.asing the 1JFF tubulintaxol
structure and the corresponding structure factofaxol parameters
and topology were obtained by employing the University of
Uppsala’s HIC-UP server, v. 911852 For aesthetic purposes, a
solvent mask was applied to the resulting 2fFe electron density
map for all densities over 1.5 A from the protein and the ligands.
The analysis and the images were obtained using the programs O,
v. 9.0.7% and Pymol, v. 0.98%
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was treated both in the neutral and protonated states during thetubulin complex binding site subjected to low-temperature MD

separate simulations.

Docetaxel (DTX,2) and nonataxel (NTX4) were modified from
T-Taxol and docked into the PT>4¢ubulin complex by superimpos-
ing the baccatin cores using Sybyl version 7.0. Each model was
subjected to molecular dynamics at 20 K for 5 ps with the protein
backbone held as a fixed aggregate. During this treatment, the
energy gradually fell until it leveled off during the final picosecond.
Because the DTX and NTX complexes were so similar to the
starting PTX complex, no further MD was warranted. With the
backbone still held fixed, the ligand and the tubulin side chains
were then optimized with the Tripos force field.

2-FB-PT was arranged in the PTX-NY conformation with
MacroModel version 6.5 by using the C-13 side chain dihedral
angles provided by Figure 5 in ref 13b (Figures 11 and 12). This
molecule was then manually docked into the 1JFF protein binding
site. Molecular dynamics simulations were performed with the
MMFF94 force field in Sybyl version 7.0 by allowing movement
of the ligand and all of the side chains surrounding it within a 10
A sphere at 20 K with a time step of 0.5 fs and a dielectric constant
of 4.5 for 5 ps. Three constraints were enforced to maintain the
PTX-NY conformation throughout the MD simulations:; d
(F—C(0))=10.0£ 0.2; & (F-C3) = 9.4+ 0.2; and C20H—
His227-N= 2.5-3.5 A. The model was regarded as stable because
the last 3 ps of the simulation resulted in an overall RMS deviation
of 0.35 A for the ligand and an energy variation of less than 3
kcal/mol. At this point, the constraints were removed, and a full
optimization of the site was performed using MMFF94s. The
optimized complex was then subjected to higher-temperature MD
to determine if the hydrogen bond distance would be maintained

without the constraints. The same parameters were used, but the

temperature was increased from 20 to 300 K dyrén4 ps MD
run.

simulation and optimization and the coordinates of the EC-refined
B-tubulin—PTX structure described in ref 10. This material is
available free of charge via the Internet at http://pubs.acs.org.
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