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The three-dimensional structure of a unique polymorph of the anticancer drug paclitaxel

(Taxols) is established using solid state NMR (SSNMR) tensor (13C & 15N) and heteronuclear

correlation (1H–13C) data. The polymorph has two molecules per asymmetric unit (Z0 = 2) and is

thus the first conformational characterization with Z0 4 1 established solely by SSNMR.

Experimental data are correlated with structure through a series of computational models that

extensively sample all conformations. For each computational model, corresponding tensor values

are computed to supply comparisons with experimental information which, in turn, establishes

paclitaxel’s structure. Heteronuclear correlation data at thirteen key positions provide shift

assignments to the asymmetric unit for each comparison. The two distinct molecules of the

asymmetric unit possess nearly identical baccatin III moieties with matching conformations of the

C10 acetyl moiety and, specifically, the torsion angle formed by C30–O–C10–C9. Additionally,

both are found to exhibit an extended conformation of the phenylisoserine sidechain at C13 with

notable differences in the dihedral angles centered around the rotation axes of O–C13, C20–C10

and C30–C20.

Introduction

Since its discovery in 1971, paclitaxel (Fig. 1) has become a

powerful and widely used anticancer agent. Its unique bioac-

tivity promotes the assembly and stabilization of microtu-

bules. Since these stabilized microtubules cannot retract after

chromosomal separation, cellular mitosis is terminated. Pacli-

taxel successfully treats a number of cancers,1 including breast,

ovarian and lung carcinomas.2 Additionally, paclitaxel has

demonstrated efficacy in treating cancers resistant to other

therapies,3 has been used to inhibit smooth muscle cell pro-

liferation and migration for treatment of restinosis,4 and

further applications of paclitaxel are presently under investi-

gation. Enormous clinical success has made paclitaxel the

focus of many studies.5 Despite this attention, relatively little

is known about the structure of tubulin-bound paclitaxel and

debate continues over which conformation constitutes the

bioactive form. Several models dominate the discussion, three

of which are considered herein: the nonpolar6–8 and polar9–12

forms, and the T-taxol13,14 conformation.

The nonpolar conformation, observed in nonpolar solvents

such as methylene chloride, is proposed to be the likely

bioactive conformation on the assumption that the paclitaxel

binding site on microtubules is hydrophobic.6 In this structure,

the C2 benzoyl group is found to be closer to the phenyl amide

group (B5 Å) than to the C30 phenyl group (B10 Å).7 In

addition, the H20–C20–C30–H30 torsion angle is B60.01.8

The polar form is observed in polar solvents such as water.9

Both NMR and molecular modeling studies of this form

demonstrate that the C30 phenyl group is positioned close to

the C2 benzoyl and C4 acetyl groups (B6 Å)9 and takes on an

H20–C20–C30–H30 torsion angle of B180.01.8 Ojima et al.10

proposed a particularly detailed polar model, the hydropho-

bically-collapsed (HC) form. HC is said to occur when ‘‘two

hydrophobic centers are sufficiently close to exclude an inter-

vening solvent molecule’’.11 This conformation with a different

binding mode was also found by Li et al.12 by fluorescence

Fig. 1 Structure and numbering of paclitaxel.
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spectroscopy and REDOR NMR studies of a fluorinated

paclitaxel derivative.

A third conformer, T-taxol, has recently emerged as a form

consistent with the electron crystallographic density studies of

paclitaxel bound to the a,b-tubulin dimer,13 and increased

bioactivity was observed in paclitaxel analogs synthetically

constrained to mimic this conformation.14 The T-taxol con-

formation shares characteristics of the nonpolar form and is

extended along the C13 sidechain. Additionally the C2 benzo-

ate group is equidistant from the phenyl rings in the C13

sidechain, resulting in a T-shaped conformation, and the

closest H–H separation between the C4 acetate methyl hydro-

gen and the ortho-proton of the C30 phenyl ring is small

(2.5–2.9 Å).

While these proposed conformations provide insight into

paclitaxel’s structure–activity relationships (SAR), structural

analysis via single crystal X-ray diffraction is unavailable

because paclitaxel does not form suitable crystals from sol-

vents that mimic biological conditions. In fact, there is only

one known crystal structure of paclitaxel (Fig. 2) containing

two molecules per asymmetric unit (i.e. Z0 = 2 referred to

herein as molecules 1a and 1b) and crystallizing in the P21
space group.15 Moreover, this polymorph is unstable and

contains the solvent dioxane, rendering it less useful for

biological studies.

This work investigates a second highly-stable microcrystal-

line paclitaxel polymorph16 (with Z0 = 2 referred to herein as

2a and 2b) that crystallizes in the P212121 space group but does

not produce crystals suitable for X-ray diffraction analysis.

The relatively-large size of this form, combined with two

molecules per asymmetric crystallographic unit, and the lack

of a single crystal make it unlikely that the structure of this

molecule can be determined through conventional diffraction

approaches. This study therefore utilizes solid state NMR

(SSNMR) spectroscopy to study paclitaxel’s structure. This

approach is an extension of recently developed SSNMR

methods which investigate compounds unsuitable for study

by traditional procedures.23

SSNMR has been used as a tool to investigate chemical

structure and is a sensitive indicator of hydrogen bonding,17

stereochemistry,18 conformation,19 steric forces20 and electro-

static interactions.21 Isotropic chemical shift values from

liquid NMR and rapid magic angle spinning SSNMR give

insight into certain molecular features (e.g. stereochemistry)

but, because of averaging effects, are often unable to provide

more subtle structural details. Comparatively, the chemical

shift tensor (CST) with three or six measurable shift values per

nucleus22 yields a three-dimensional map of regional electro-

magnetic influences. As such, it strongly reflects local geome-

tries and lattice effects, thereby serving as a sensitive probe of

structure and conformation. Complete molecular geometries

have now been predicted by combining the three chemical shift

principal values (CSPV) from the diagonalized shift tensor

with ab initio calculations.23 This approach was originally

utilized by Oldfield et al.24 and has since been extended and

proven to allow successful structural analyses in a variety of

molecules.18,19,23 Likewise, structural predictions have been

made utilizing dipolar coupling information combined with

computation,25 and also through the use of spin diffusion

models.26 These studies set a precedent for the use of SSNMR

spectroscopy in analyzing solids that would be inaccessible

using traditional diffraction procedures.

In this paper SSNMR CSPV data are combined with

computer modeling to establish the three-dimensional struc-

ture of paclitaxel 2. This computational/experimental ap-

proach employs construction of models to sample probable

molecular conformations. Through an extension to previous

methods,18 CSPV values are computed for each conformer

model, compared with experimental CSPVs, and the model

retained or eliminated at a statistical probability. This analysis

is possible due to the sensitivity of CSPVs to local features and

because the rigidity of paclitaxel’s baccatin moiety lessens the

burden of a global search of conformation. Furthermore, the
1H–13C heteronuclear correlation technique (HETCOR) es-

tablishes shift assignments,27 enabling statistical comparison

of CSPVs at multiple nuclear locations. It is therefore feasible

to ascertain the most probable conformations through

SSNMR data.

The proposed structural elucidation of paclitaxel 2 via

SSNMR is reliant on computer-generated structures. Prior

work has demonstrated that, while geometry can be computed

with relatively simple models,28 higher level calculations are

needed for computing NMR CST values.29 Thus, with its

substantial diversity of conformational models and relatively

larger size, paclitaxel presents considerable obstacles for mod-

eling. The effort of conducting a global search of paclitaxel’s

conformation is, therefore, aided by developing methods

which may address these challenges.

Paclitaxel is well-known for possessing conformational

flexibility and paclitaxel analogs have displayed vastly differ-

ing geometries. In particular, the C13 phenylisoserine side-

chain, long identified as crucial to paclitaxel’s bioactivity,30

can adopt several conformations depending on the substitu-

ents at C20 and C30 and the nature of the surrounding

solvent.31 Energy methods alone have been found to be

insufficient for providing a consistent ranking of known side-

chain conformers.32 In spite of this conformational variation,

the baccatin III tetracyclic ring system that forms the major

portion of paclitaxel has been shown to be rigid.33 Prior

work34 has, therefore, suggested that studies of larger systems

containing baccatin III moieties could assume a ‘‘typical

structure’’ without introducing significant errors. Analyses of

the CSPVs of A–D rings of taxanes confirm this finding.34

Because the baccatin moiety provides a rigid segment of

Fig. 2 Conformers 1a and 1b present in the asymmetric unit of the

X-ray crystal structure of paclitaxel.15 The sidechain conformation in

both molecules is found in the orientation usually associated with

polar solvents.
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paclitaxel, the conformational freedom in this molecule is

considerably reduced, with the sidechains at C10 and C13

representing the only significant segments of unknown

geometry in paclixtaxel. Modeling that emphasizes these

sidechains greatly decreases the number of computations

otherwise required.

Complications caused by the molecular size of paclitaxel

were further alleviated by a systematic approach that exploits

the short-range nature of the NMR chemical shift tensor.

Because tensor values primarily reflect local structure,35

some parts of the molecule may therefore be conformation-

ally-frozen or even eliminated without influencing the tensors

in distant fragments. Typically, atoms more than three

bonds distant or a few Å from a given position have little

influence on tensors. This allows construction of a set

of structurally-truncated models that represent isolated

segments of paclitaxel, yet yield accurate CSPVs with a shorter

computation time (Fig. 3). This method was employed to

perform a global conformation search for 2 as well as to

calculate the values for single-crystal data for which no

published CSPVs exist.

While these treatments alleviate computational difficulties,

an additional challenge is presented in analysis of 2 due to

the two molecules in the asymmetric unit. When Z0 = 2, pairs

of resonances are observed at different frequencies for a

single molecular position because the two molecules are

geometrically inequivalent and experience different local

environments. Accordingly, pairs of CSPVs are obtained for

most positions. While prior methods18,34 can correctly assign

shifts to appropriate molecular position, additional data are

needed to assign a given tensor to a specific a or b molecule.

Recently, progress has been made in this area with the use of a

proton–carbon heteronuclear correlation (HETCOR) experi-

ment using Lee–Goldburg homonuclear decoupling.27 In this

work, shifts for 2 molecules with Z0 = 2 were assigned to the

asymmetric unit using HETCOR. In all cases the HETCOR

assignments were found to match established assignments

known from independent SSNMR data. Thus, HETCOR

was used herein to assign more than 70% of the CSPVs in

the C13 sidechain to a particular molecule in the asymmetric

unit.

Accurate assignment of shifts to the asymmetric unit

provides a distinct benefit in ascertaining conformation. Since

CSPVs from a single carbon may fit several models equally

well, it is advantageous to combine data from additional

nuclear positions. By combining CSPVs from neighboring

atoms within three bonds (i.e. the g position) of a given

carbon, one may effectively eliminate the ambiguity from a

CSPV comparison at a single position.36 When the CSPVs are

unassigned to a specific a and b molecule, however, combining

information from multiple positions is not an option and this

advantage no longer exists.

Experimental

All 1D 13C isotropic spectra of paclitaxel were acquired on a

Chemagnetics CMX400 spectrometer using the TOSS pulse

sequence37 and a 7.5 mm probe. Analyses were performed with

TPPM decoupling38 using a 1801 pulse of 8.3 ms and a phase

angle variation of �81 between adjacent pulse segments. The

spectra were acquired with a spectral width of 40.0 kHz, an

operating frequency of 100.621 MHz and a decoupling

frequency of 400.121 MHz. Other acquisition parameters

included 1H and 13C 901 pulses of 4.3 and 4.4 ms, respectively,
a pulse delay of 4.0 s, a spinning speed of 4.0 kHz, a cross-

polarization time of 3.0 ms, and a digital resolution of 9.7 Hz

per point. The spectra were referenced to the high-frequency

peak of adamantane at 38.56 ppm.

FIREMAT data were obtained using a spinning speed

of 950 Hz, a TPPM phase angle of �181, and a

cross polarization time of 1.5 ms. A total of 32 evolution

increments of 1920 scans each were collected with evolution

and acquisition spectral widths of 17.54 and 105.26 kHz,

respectively. A digital resolution of 8.2 Hz per point was

obtained in the acquisition dimension. The digital resolution

of the evolution dimension of 4.7 Hz per point was realized

after data replication and rearrangement employed in the

FIREMAT analysis.39 Tensor principal values were extracted

using previously described software and techniques.39 All

other parameters were identical to those listed for the TOSS

analysis.

The HETCOR analysis was performed on a wide-bore

600 MHz Varian Infinity spectrometer using a 4.0 mm

probe and the pulse sequence of van Rossum et al.40 Spectra

were acquired at 13C and 1H frequencies of 150.834 and

599.796 MHz, respectively. Other acquisition parameters

included 13C and 1H spectral widths of 35.997 and

15.107 kHz, a spinning speed of 13.0 kHz, a B1 decoupling

field strength of 119.0 KHz, a pulse delay of 4.0 s

and TPPM decoupling38 in the acquisition dimension.

Lee–Goldburg 1H–1H decoupling41 was used during the

evolution period and consisted of a 1.9 ms 901 1H pulse and

Fig. 3 Models of truncated paclitaxel used in the calculations of conformers of 2. Note that, since little variation exists between the X-ray

determined dihedral angles of the baccatin core in multiple analogs, the need to define conformation of the complete ring system is eliminated.

Thus, models contain selected regions for A, B, C, andD rings obtained from 10-deacetyl baccatin III and no model includes the complete baccatin

moiety.
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four Lee–Goldburg cycles per evolution increment. A total of

128 evolution points of 128 scans each were collected for an

experimental time of 18.3 h. The digital resolution in the

evolution and acquisition dimensions were 118.0 and

32.7 Hz per point, respectively. A dataset with a short cross

polarization time of 70 ms was acquired to identify protons

covalently attached to carbons. Three additional datasets were

subsequently acquired with longer cross-polarization times of

130, 180 and 240 ms, to identify 13C sites at increasingly greater

distances from a given 1H. The 1H dimension was referenced

to a non-spinning sample of liquid DMSO in a sealed capillary

at 2.49 ppm. The 13C dimension was referenced to the high

frequency peak of adamantane at 38.56 ppm. All reported

proton shifts were scaled by 0.577 as required for Lee–

Goldburg homonuclear decoupling.40

A total of 650 conformationally-varied model structures

were constructed on a computer to systematically sample all

feasible sidechain and C10-acetyl conformations. Similar

modeling of the baccatin III moiety was avoided by assuming

a typical structure of the A–D rings based on prior work.34

All sidechain structures were geometry optimized with certain

conformational constraints (see discussion below in

Computational modeling) using the AM1 method42 and

NMR shift tensors were subsequently computed at the

B3PW91/D95** level of theory43 using Gaussian 03.44 Prior

work on the closely related molecule 10-deacetyl-baccatin III

found errors in the computed principal values to be

4.22 ppm.34 Conversion of shielding to shift was determined

by making plots of sp2 and sp3 carbon shielding versus shift

for the principle values of 10-deacetyl-baccatin III previously

published.34 The plots were linear and gave conversions of

shift = (shielding � 186.86)/(�1.0215) with r2 = 0.986 for sp2

carbons and r2 = 0.984 and shift = (shielding � 185.88)/

(�1.0285) for sp3 carbons. The fact that a least-squares

fit gives a slope different than unity indicates a systematic

error in the computed tensors. These errors are accounted

for by using the slope values listed and provide the best-fit

for the data. The systematic errors in the computations

are different (larger) in sp2 carbons than the sp3 sites due

to the challenge of treating electron correlation effects. The

use of separate slope and intercept values for sp2 and

sp3 carbons is intended to correct for this difference.

Insufficient 15N tensor values were available to determine

slope and intercept conversion values as done for 13C.

Thus a slope of unity was assumed and the computed chemical

shielding values of the nitrogen in the C13 sidechain

were converted to shift according to the 15N shift of liquid

CH3NO2 given by Jameson, et al.45 as shift = �(shielding +

135.8). All shift values were converted using the ico-

sahedral method of Alderman et al.46 which provide the

proper weight to each shift component for CSPV measurement

under magic angle turning. In the assessment of calculated

structure to experimental data, an icosahedral distance was

used as the rms error according to a previously described

procedure.21

Structures of highest probability were selected by comparing

computed tensor principal values to experimental data using a

statistical method described earlier.18,23 Enhancements to this

method are described herein.

Results and discussion

13
C Shift assignments when Z0 4 1

Structural analysis via NMR requires correct assignment of

chemical shifts to a specific molecular location. This is parti-

cularly difficult in paclitaxel, however, since two molecules per

asymmetric unit are present.16 Thus, in addition to assignment

of a shift to a molecular position, an assignment to the correct

asymmetric unit is needed.

Typical assignment methods, such as comparison to solu-

tion shifts or computed shifts,47 are therefore not germane

since each position gives two resonances with nearly identical

shift values. In a limited number of cases, the solid-state

INADEQUATE, UC2QF-COSY or spin diffusion methods48

have been used to obtain assignments to the asymmetric unit.

However, these techniques are usually applicable only to

solids with isotopic labelling, short relaxation times or mod-

erate molecular weights. In practice, these methods have only

been applied to compounds with molecular weights less than

390 g mol�1 and are therefore less suited for analysis of

paclitaxel with a formula weight of 853.9 (B1708 for Z0 = 2).

An alternative is the 1H–X HETCOR experiment49 which has

recently been demonstrated to provide sufficient resolution to

assign shifts to a specific molecule of the asymmetric unit.27

Shift assignments in paclitaxel were made through a series of
1H–13C correlation spectra and were acquired with gradually

increasing cross-polarization (CP) times and a pulse sequence

that transfers magnetization via dipolar couplings.49d Protons

bonded to carbons were identified by collecting a 70 ms CP

spectrum that only allowed magnetization transfer over very

short distances and was therefore dominated by bonded
1H–13C pairs. In subsequent spectra, with CP times of 130,

180 & 240 ms, a total of 28 through-space correlations not

observed at 70 ms were found, corresponding to the positions

illustrated in Fig. 4.

Fig. 4 The 28 1H to 13C correlations that provide shift assignments in

paclitaxel. The correlations shown in red provide assignment of 13

atoms to the asymmetric unit (i.e. 2a or 2b). The correlations in black

provide assignment of shifts to specific molecular positions, but have

poor resolution in either the 1H or 13C dimension and cannot provide

assignments to the asymmetric unit. Insufficient 1H and 13C resolution

at most aromatic positions prevents assignment of the 13C atoms in the

phenyl groups.
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Analysis of these data provided shift assignments to all

molecular positions (Table 1) except phenyl sites due to

dynamic behavior (discussed below) and severe isotropic over-

lap. At many nuclear positions, 13C line doubling was ob-

served in the 1D spectrum. At 13 of these sites (C1, C3, C4, C5,

C8, C9, C12, C13, C16, C18, C19, C10 & C20) the 1H lines were

also found to be well resolved in the spectra. An example of

the resolution typically achieved for these doubled lines is

illustrated in Fig. 5 for carbons 18 & 19. This resolution

allowed these 13 shifts to be assigned to a specific molecule

of the asymmetric unit (Table 2). Admittedly, errors at this

stage would render later structural conclusions irrelevant.

Thus, assignments to the asymmetric unit were made only

when both the 1H and 13C signals for all correlated signals were

clearly resolved. Prior efforts to make such assignments using

this conservative approach have been successful in all cases.27

Assignments used herein are therefore considered to be correct.

The assignments of shifts to specific positions can be

independently verified at certain sites by comparing the CSPVs

with those previously reported for 10-deacetyl baccatin III

where an X-ray structure was available.34 NMR tensor data

for 2 were acquired from prior studies16 and are listed here in

Table 3. In all cases a close match of CSPVs at corresponding

positions in paclitaxel and 10-deacetyl baccatin III was found

and verifies that the 1H–13C assignments reported here are

correct (Table 3).

Computational modeling

Computer generated model structures were created from seg-

ments of the paclitaxel molecule (Fig. 3). Each model was

selected in order to give accurate tensor values of nuclei in

selected regions of paclitaxel. The rotation angle in the C10

acetyl group was established using model one. Model two was

used to evaluate many of the C13 phenylisoserine sidechain

conformations. This model constrains the A and B rings to

conformations found in X-ray diffraction of 1a. Inclusion of

the A and B rings was found to be necessary for correct

modeling at the C12 and C13 positions. Model two allowed

determination of dihedral angles involving the C13–O, C10–O,

and C10–C20 bond axes. Model three was created in order to

accurately explore the conformational features beyond the C30

nuclei while still retaining an accurate representation of steric

interactions within the C13 sidechain. This model contains the

A ring and allows dihedral angles involving the C30–C20,

O2–C20, N–C30, C40–N, C30ipso–C30 and C40ipso–C40 bond

axes to vary.

The systematic approach of a global conformational search

of 2 was conducted by fixing the dihedral values of known

structural features such as the tetracyclic ring system and

performing a geometric optimization on the remaining mole-

cular segments to obtain coordinates for shielding calcula-

tions. Shifts were calculated from computed shielding values

Table 1 Partial 13C and 1H shift assignments in solid paclitaxel

Position d 13C/ppm d 1H/ppm Correlations 1H - 13Ca

1 79.1, 79.5 — —
2 75.5 2.84 —
3 47.8, 48.4 2.13, 2.22 C3–H to C1, C2, C4 & C8
4 80.5, 82.9 — —
5 84.8, 86.3 2.65, 2.43 C5–H to C4
6 37.2, 38.5 0.46, 0.78, 1.28, 1.53 C6–H to C5
7 73.8, 74.2 2.39, 2.34 C7–H to C6 & C8
8 58.6, 59.7 — —
9 204.0, 206.0 — —
10 76.3, 77.2 2.19, 2.22 C10–H to C11
11 132.6, 135.2 — —
12 139.8, 144.3 — —
13 70.5, 72.4 2.71, 2.82 C13–H to C10 & C12
14 35.2, 36.6 1.03, 1.29, 1.18, 1.47 —
15 43.9 — —
16 21.8, 23.0 0.70, 0.63 C16–H to C8, C15 & C18
17 26.2 �0.01 C17–H to C15 & C16
18 13.3, 14.1 1.03, 1.19 C18–H to C12
19 10.3, 11.5 1.03, 1.21 C19–H to C8 & C9
20 77.4 2.45 & 2.83 C20–H to C4
21 167.1, 168.1 — —
23b — — C23–H to C2 & C15
29 20.7, 21.6 1.45, 0.83 C29–H to C28
31 23.1, 23.2 1.19, 1.19 C31–H to C30
10 170.7, 173.4 — —
20 71.5, 72.3 2.81, 2.63 C20–H to C10

30 55.8 2.76 C30–H to C20 & C32
40 165.5, 166.1 — —
30-ipso 142.1, 142.2 — —
32b — — C33–H to C20 & C30

a Assignments for C40, C14 and C21 could not be clearly determined from the 1H–13C correlation data. Assignments were therefore made either by

analogy to tensor principal values from 10-deacetyl baccatin III (carbons 14 and 21) or by the observation of a quadrupolar broadening from 14N

that varied with field strength (carbon 40). b Assignments for carbons 2, 20 and 30-ipso were verified by a correlation to a nearby aromatic proton.

However, the extensive degeneracy in the carbon spectrum prevented accurate determination of the carbon shifts for these aromatic carbons

(C23 and C32).
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(see the Experimental section), and these models were com-

pared with experimental CSPVs at the relevent nuclei using an

F-test.50 F-Values for each predicted structure were obtained

as F = (di/d)
2 where di represents the rms icosahedral distance

of the ith conformer model from experiment, and d represents

the model in the set which most closely matched experimental

data. Inclusion of nuclei for the F-test was based on criteron

described herein. The remaining torsion angles were examined

by beginning at the rigid taxane core rotating the C13–O bond

in 30.01 increments over the 3601 range. At each point, the

chosen angle was fixed and the remaining structure allowed to

relax (via geometry optimization) before chemical shielding

values were computed. The best-fit C13–O dihedral angle was

retained (The F-test results of this rotation are shown in

Fig. 6) and the process continued for the next flexible bond

(i.e. O–C10). This modeling was continued along the phenyl-

isoserine sidechain until all conformational combinations had

been explored and the overall best fit determined. In cases

where a greater level of refinement was required, rotations of

10.0 or 15.01 were explored. The C10 acetyl conformation was

established using a rigid model (model one) and sampling the

dihedral angles about the C10–O bond axes in 301 increments.

After the most probable conformations were determined by

this study, an additional computational model was con-

structed which, by combining model one and model three,

simulated a major portion of the paclitaxel molecule. The

baccatin core and the high-probability dihedral values listed in

Table 6 were used as fixed values for each retained conforma-

tion and a geometry optimization was performed on the

remaining structure. Theoretical chemical shift values were

then computed for these structures to provide an overall

comparison with experimental shift and to ascertain a simple

ranking of retained conformers. The subsequent theoretical

Table 3 Chemical shift principal values for carbon and nitrogen in
paclitaxel 2

Carbon
no.

Paclitaxel conformer 2a Paclitaxel conformer 2b

13C
diso d11 d22 d33

13C
diso d11 d22 d33

1a 79.5 94.3 84.3 60.0 79.1 94.5 83.5 58.9
2 75.5 96.6 80.4 49.6 75.5 96.6 80.4 49.6
3
a 48.4 58.5 46.7 40.0 47.8 58.0 46.2 39.3

4
a 82.9 98.9 92.8 56.9 80.4 95.6 90.3 55.6

5
a 84.8 106.7 99.7 46.7 86.3 109.4 100.6 48.8

6 37.2 58.8 37.3 15.6 38.5 58.6 37.6 19.3
7 73.8 92.3 78.6 50.6 74.2 92.0 79.6 50.9
8a 59.7 80.7 53.2 45.1 58.6 78.8 52.2 44.9
9
a 204.0 284.2 234.0 93.8 206.0 284.7 241.5 91.8

10 76.3 107.5 70.5 50.9 77.2 97.3 91.5 42.8
11 132.6 232.3 128.0 37.6 135.2 236.4 134.1 35.0
12a 139.8 238.1 139.7 41.6 144.3 243.9 147.2 41.9
13a 72.4 104.7 73.5 39.2 70.5 100.9 71.8 38.8
14 35.2 60.6 37.8 7.2 36.6 61.0 39.5 9.2
15 43.9 53.8 44.6 33.3 43.9 53.8 44.6 33.3
16

a 23.0 38.5 24.1 6.4 21.8 37.7 22.7 5.2
17 26.2 49.3 31.5 �2.2 26.2 49.3 31.5 �2.2
18

a 14.1 26.5 12.6 3.2 13.3 26.0 11.3 2.7
19a 11.5 20.1 11.5 2.7 10.3 19.1 9.4 2.3
20 77.4 110.6 71.6 49.6 77.4 110.6 71.6 49.6
21 167.1 253.0 135.0 113.4 168.1 252.7 139.2 112.4
22 128.9 221.1 144.6 20.9 128.9 221.1 144.6 20.9
28 171.5 262.7 139.1 111.9 170.7 262.1 137.5 112.4
29 20.7 37.4 29.5 �4.9 21.6 34.9 31.0 �1.0
31 23.1 41.4 31.2 �3.5 23.2 40.3 30.4 �1.1
10a 170.7 262.1 137.5 112.4 173.4 265.5 137.4 117.5
20a 72.3 85.2 79.4 52.2 71.5 89.1 65.7 59.8
30 55.8 70.8 56.1 40.7 55.8 70.8 56.1 40.7
40 166.1 242.5 160.7 95.1 165.5 241.1 163.1 92.3
40ipso 131.7 221.2 143.7 30.1 134.5 224.4 152.8 26.3
30ipso 142.1 238.1 170.6 17.7 142.2 230.2 172.0 24.5
N �254.4 �155.7 �285.7 �321.9 �267.8 �177.7 �293.1 �332.6
a These sites were assigned to a specific molecule (2a or 2b) of the asymmetric

unit from 1H–13C heteronulcear correlation data as noted in Table 2. All other

shifts were assigned to molecular positions but not to a particular molecule of

the asymmetric unit. Isotropic shift values were obtained from a separate

CPMAS spectrum and not derived from the FIREMAT data.

Table 2 Assignments of 13C shifts to the asymmetric unit in solid
paclitaxel. Symbols a, b and c denote H/C correlations that were best
observed at 130, 180 and 240 ms cross-polarization contact times,
respectively

Position Molecule A Molecule B Correlations 1H - 13C

1 79.5 79.1 —
3 48.4 47.8 C3–H to C1,a C4,a & C8a

4 82.9 80.5 —
5 84.8 86.3 C5–H to C4a

8 59.7 58.6 —
9 204.0 206.0 —
12 139.8 144.3 —
13 72.4 70.5 C13–H to C10c & C12c

16 23.0 21.8 C16–H to C8b & C18b

18 14.1 13.3 C18–H to C12c

19 11.5 10.3 C19–H to C8b & C9c

10 170.7 173.4 —
20 72.3 71.5 C20–H to C10b

Fig. 5 An illustration of the resolution typically achieved in the
1H–13C HETCOR spectra of paclitaxel. The data shown were col-

lected using a 130 ms cross polarization time. Positions C18 and C19

show the doubling of lines observed at many sites and the resolution in

both the 1H and 13C dimensions needed to assign shifts to a specific

molecule of the asymmetric unit.
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shift values were then plotted against experimental shifts and

are given in Fig. 7.

Statistical methods

The extent to which chemical shift principal values of indivi-

dual nuclei reflect conformational change is largely dependent

upon its proximity to the region of variation. In principle,

CSPV comparison at multiple nuclear locations would

increase statistical accuracy. In practice, however, a balance

must be reached that includes analysis of data from multiple

nuclear sites to reduce ambiguity, yet restricts the total number

of sites examined to eliminate positions that are too remote to

reflect conformational changes.

A set of procedural guidelines was thus employed in select-

ing nuclei for comparison with computational models. First,

there must be a peak assignment to the a or b conformer to

ensure that the CSPVs being compared correspond to the

correct molecule in the asymmetric unit. Next, those nuclei

adjacent to or near the bonds forming rotation axes are

preferred. Except in special cases such as p conjugation, where

the electronic environment extends through conjugated bonds,

the analysis was also limited to nuclei at the a, b and g
positions from the rotation axis. In particular, those nuclei

that exhibited a strong conformational preference (i.e. those

that have a large range in the rms distances between models

and experimental CSPVs) gave more sensitive comparisons in

the analysis. Finally, it was noted that when each model was

optimized, an unusually large conformational variety was

found in the remaining flexible portion of the molecule. The

influence of this diversity diminishes with decreasing proximity

to the nucleus in question and an effort was made to minimize

this effect on the tensors. Thus, in addition to those nuclei

which formed the bond axis of the dihedral under considera-

tion, only CSPV information from nuclei in the rigid portion

of any particular conformation was used (i.e. only those

segments having their torsional angles fixed).

Conformer models were retained unless the F-value from

CSPVs of at least three combined nuclear sites allowed their

exclusion with at least 80% confidence. Previous conforma-

tional studies have shown this confidence level to be

sufficient18 and, in practice, most conformer models of pacli-

taxel were eliminated with a far greater statistical confidence

than this modest value. An illustration of the selectivity

obtained is given in Fig. 6 where the dihedral

C10–O–C130–C12 is determined with high accuracy for both

molecules in the asymmetric unit, 2a and 2b. Comparable

accuracy is obtained at other positions. Due to the size of the

grid search used in this study, this SSNMR approach yielded

structures with dihedral errors of approximately �15.01.
Dihedral values which could not be ascertained with this value

are noted in Table 6.

While many studies have sorted conformational results by

energy, gas phase calculated energies have questionable rele-

vance to solids and may give a less reliable method of assess-

ment unless experimental data such as SSNMR can be

included. Such a combination may retain conformers that

are not necessarily favorable in terms of energetics of an

isolated molecule. This result can be partially understood by

recalling that experimental NMR shifts are influenced by

lattice structure. This may occur as a result of long range

Fig. 6 F-Test of rms distances between CSPVs calculated for differ-

ing conformers of model two and experimental CSPVs of paclitaxel 2

at the nuclear positions C12, C13 and C10 in evaluation of the dihedral

C10–O–C13–C12.

Fig. 7 Comparison between experimental CSPVs and the computed CSPVs of the best-fit model conformers at nuclear locations affected by the

C13 sidechain and the C10 acetyl moiety. CSPVs for these graphs were calculated from a combination of model one and model three (Fig. 3) using

the values obtained in this study for 2a (left) and 2b (right) given in Table 6. The additional substructures discussed in the section, ‘‘An evaluation

of intramolecular hydrogen bonding’’ are omitted here but included in Fig. 8.
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lattice effects or crowding by the lattice to give conformations

not preferred in the gas phase. It is, therefore, not surprising

that there are notable deviations between matches with NMR

data and computed energies for isolated molecules. These

deviations may be observed in the data of Fig. 8 wherein the

relative energies for retained structures were plotted against

the NMR fit (at positions affiliated with the phenylisoserine

sidechain: C13, C18, C10, C20 and C30). Energy differences

were calculated relative to the structure with the lowest

electronic energy (i.e. 2a-ii). No correlation was found between

energy and chemical shift (R2 = 2 � 10�5 and R2 = 0.0538 for

2a and 2b, respectively).

It is worthwhile to note that the spread of relative energies

among the retained isomers is rather large. In some instances,

the deviations observed are of such a magnitude that it would

be tempting to give a lower probability ranking or to omit

energetically unfavorable isomers. However, there remains

significant uncertainty regarding contributions from lattice

energy. Unless lattice energy can be included, it may be unwise

to reject structures which give a suitable match to tensors. In

future work, a more careful consideration of energy factors

may be desirable.

Dynamic behavior in paclitaxel

Variable temperature analysis of 2 over a 170-1C range reveals

that many of the aromatic carbons exhibit dynamic behavior

in the solid (Fig. 9). Nevertheless, the observation of two
1H–13C dipolar correlations involving the phenyl ring at C30

(Fig. 4) even at very short contact times (e.g. 70 ms) suggests
that this ring is rigid. These results were confirmed in matches

of NMR shift with computed conformers and the values may

be viewed in Table 6. Prior work on 10-deacetyl baccatin

III34,51 has demonstrated that the benzoyl ring at C2 exhibits

dynamic disorder involving oscillations of the phenyl ring

about a two-fold rotation axis through C22 and C25. A

comparison of the C21 tensors in paclitaxel with those in 10-

deacetyl baccatin III shows a very close match of correspond-

ing tensor values (s = 2.7 ppm), implying that the benzoyl

geometry in paclitaxel is very similar to that found in 10-

deacetyl baccatin III. The C21 site is expected to be a sensitive

indicator of phenyl ring orientation due to their close proxi-

mity and the fact that the C21QO moiety has p-electrons that
delocalize into the ring. We, therefore, propose dynamic

disorder in the benzoyl moiety of paclitaxel comparable to

that found in 10-deacetyl baccatin III. Likewise, the phenyl

group at C40 is proposed to have dynamic disorder based on

the fact that no 1H–13C correlations are found involving any

of these phenyl sites. The CSPV data from C40 best fit model

structures with the phenyl ring rotated �451 or +451 from

coplanarity with the C40QO bond. These data suggest that the

C40 phenyl experiences stochastic jumps between these �451
positions. The proposed structures displayed in Fig. 12 and 13

do not include these phenyl motions.

Theoretical models were constructed to sample the energetic

cost for this motion of the C40 phenyl. These models, similar in

Fig. 8 Energy difference (in kcal mol�1) versus CSPV variance (ppm2)

of paclitaxel 2a and 2b conformers retained with high statistical

probability by this study. CSPVs examined were for the nuclear

positions C13, C18, C10, C20 and C30. This plot includes the alternate

hydrogen bonding substructures discussed in the section, ‘‘An evalua-

tion of intramolecular hydrogen bonding’’ and features the models

wherein the dihedral angle C–C40ipso-C40QO was set at +45.01 (this

study found a value of�45.01 to be an equally probable CSPV match).

Here, CSPV fit and gas phase calculated energy values appear to be

uncorrelated.

Fig. 9 The 13C spectrum of paclitaxel over a 170-1C temperature

range, emphasizing the aromatic carbons near 130 ppm. Significant

changes with temperature are observed in the aromatic region indicat-

ing dynamic behaviour at these positions. This motion is proposed to

occur primarily at the C40 and C2 phenyls based on 1H–13C correla-

tion data and 13C tensor data. The C30 phenyl appears to be static and

likely gives rise to the aromatic lines observable at all temperatures. All

other positions (e.g., the region near 80 ppm) display less significant

changes and therefore are considered to be nearly static.
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composition to model three, sampled various degrees of tilt in

the C40 phenyl ring. Geometry optimized structures had

electronic energies computed at the B3LYP 6-31+G(2d,2p)

level of theory and the results (displayed in Fig. 10) show the

nature of this energy barrier. Here, the lowest energy con-

formation is reached when the dihedral C–C40ipso-C40QO is

at 30.01. This may seem to counter the intuitive sense that the

ring should be planar with the C40QO but when

C–C40ipso–C40QO is at 0.01, there is a repulsive interaction

between at least one phenyl hydrogen and the N30 hydrogen.

This interaction likely dictates the overall conformation of the

C40 benzamide moiety.

CSPV comparison between ab initio conformers and paclitaxel

The ab initio conformation search utilized an array of more

than 600 conformer models. Of these, most were eliminated

through comparison with experimental values and only thir-

teen possessed a highly probable statistical match with experi-

ment; five structures were retained as corresponding with the

CSPVs of conformer 2a (labelled i through v and shown in

Fig. 12) and eight for conformer 2b (labelled i through viii and

displayed in Fig. 13). These structures (Table 6) could not be

eliminated by comparison with chemical shift principle values

and provided statistically-indistinguishable agreement with

shift tensor data. The accuracy of CSPV matches for all

thirteen computed structures is displayed in Fig. 7 as ab initio

computed CSPVs versus experimental CSPVs for affected

nuclei. Distances (rms) between computed CSPVs of those

nuclei (correctly assigned to the asymmetric unit) affiliated

with the sidechains at C10 and C13 and experimental data

gave matches of 3.05 ppm (2a-iii) to 4.88 ppm (2a-v) for 2a and

3.03 (2b-iii) to 5.19 ppm (2b-ii) for 2b. A rudimentary ranking

according to CSPV match at these same positions (C9, C12,

C13, C18, C10, C20 and C30) for 2a and 2bmay be given. These

are (from worst to best fit for C–C40ipso–C40QO at +45.01)

2a-v 4 2a-i 4 2a-ii 4 2a-iv 4 2a-iii and 2b-ii 4 2b-viii 4
2b-iv 4 2b-v 4 2b-i 4 2b-vi 4 2b-vii 4 2b-iii.

The retained ab initio models for 2a and 2b conformers

share many structural similarities with one another (Fig. 12

and 13). The most evident region of likeness between the two

has already been established as the rigid baccatin core. Con-

formers 2a and 2b were also structurally similar to one another

in the orientation of the phenylisoserine sidechain attachment

at C13. Another region of likeness includes the conformation

of the C10 acetyl group. The orientation of this later moiety

(with the torsion angle defined as C30–O–C10–C9) was re-

flected in the CSPVs of nuclei C9, C10, C11, and C12 which

differs in torsion angle from known conformers of paclitaxel

by 122.0 to 165.01 15 (Table 9).

Another similarity between 2a and 2b, already mentioned in

the previous section (and in Table 6), is the equally-probable

NMR fit for dihedral angles of �451 at the C–C40ipso–C40QO

torsion angle. Despite this CSPV match, the electronic energy

of the model 2b-ii with C–C40ipso–C40QO oriented at �45.01
is 13 kcal mol�1 greater than its counterpart at +45.01. It is

also 39 kcal mol�1 greater than the most energetically favorable

model in the set (2b-vii with C–C40ipso–C40QO at �45.01). This
energetic difference is partially accounted for by a steric inter-

action between the hydrogens in C18 and at least one ortho

phenyl-hydrogen in the ring at C40 for the model 2b-ii and

emphasizes the risks of using energy data alone.

Of equal interest to the structural similarities between the

best-fit conformers of 2a and 2b are the overall geometries of

each. Conveniently, these conformations may be analyzed

using perviously established definitions of known paclitaxel

conformers (i.e. the polar, nonpolar and T-taxol forms).6–14 In

this comparison, it is of particular significance that the C13

sidechain conformation in the region spanning C13 to C30 was

established for 2 with high statistical confidence by the present

study. This is a nontrivial result since the sidechain torsion angles

involving C30–C20, C20–C10 and O–C13 bonds are primarily

responsible for the orientation of the sidechain to the remainder

of the paclitaxel structure.9 This orientation, crucial in defining

the structure–activity relationships of paclitaxel, provides a means

to discuss 2a and 2b in terms of current definitions.

One feature frequently used to distinguish the differing

conformers of paclitaxel is the relationship of the C13 side-

chain to the tetracyclic baccatin core. In particular, the

juxtaposition of the phenyl moieties in the C13 sidechain with

the C2 benzoyl may be used to designate overall structure.

This relationship may be quantified by the improper torsion

angles13 O–C2–C30–N (f1) and O–C2–C30–C(Ph) (f2) as

shown in the Newman diagram of Fig. 11. These values are

measured for conformers 2a and 2b and given in Table 4. Also

shown are the radial distances between the benzoyl moiety at

the C2 terminus and the pair of phenyl rings in the C13

sidechain (r1 and r2).

Evaluation of known conformers in terms of f1, f2, r1 and

r2 provides approximate definitions for the polar and nonpolar

forms. One feature of the polar conformation is that the angle

f1 is negative and f2 is positive. Conversely, the nonpolar

conformation is expected to have a positive value for f1 and a

negative value for f2. The structure of T-taxol may therefore

be considered to have nonpolar characteristics, as has been

reported,13,14 while both conformers in paclitaxel 1 share

characteristics with the polar form. By this criterion, 2a-iii,

2a-v, 2b-v and 2b-vi correspond to the polar form while the

remaining structures may be considered nonpolar.

It is apparent by the values of r1 and r2 for the models

retained for 2a and 2b that hydrophobic collapse between the

Fig. 10 Energy difference (in kcal mol�1) between theoretical models

constructed to sample the rotation about the dihedral

C–C40ipso–C40QO.
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C2 benzoyl moiety and the phenyl rings in the C13 phenyl-

isoserine sidechain was not observed. In the instance of

hydrophobic collapse, either r1 or r2 would be expected to be

small (i.e. 3.0 to 6.0 Å). In the ring separations given herein for

2a and 2b, however, r1 ranges in values from 9.3 to 14.5 Å,

while the range for r2 is 9.4 to 12.1 Å (Table 4). This is

remarkably similar to the structural feature of T-taxol wherein

ring-to-ring distances between these phenyl rings is nearly

equidistant at 9.4 Å (r1) and 10 Å (r2).
13,14

In addition to these characteristics of known paclitaxel

conformers, another key feature distinguishing the polar

conformation from the nonpolar form (as described by Ojima

et al.8) is the measurement of the dihedral given by

H20–C20–C30–H30 with the value for the polar form at 180.01

and the nonpolar at 60.01. For the structures retained for

paclitaxel 2a and 2b these measurements are given in Table 5.

Of the thirteen structures, four (2a-iii, 2b-v and 2b-vi) may

be classified in this manner as polar, eight (2a-i, 2a-ii, 2b-i,

2b-ii, 2b-iii, 2b-iv, 2b-vii and 2b-viii) may be categorized as

nonplar, and two (2a-iv and 2a-v) have a dihedral value that

does not come within a 301 range of either form. It is

interesting to note that those structures considered polar by

this analysis included those forms also determined to be polar

by evaluation of the improper torsion angles f1 and f2

(Table 4).

Table 6 lists key dihedral measurements for the five struc-

tures of conformer 2a and the eight structures of conformer

2b. Of particular interest for 2a is that conformational diver-

sity is found only in dihedral angles involving rotation about

the C30–C20 and N–C30 bonds. At all other positions, the

structures for 2a tend to be conformationally similar to one

another. The less reliable gas phase energy assessment ranks

Table 5 Values of the H20–C20–C30–H30 dihedral for each of the
retained conformer models of paclitaxel 2. All dihedral angles are
defined as in a Newman projection where the first atom listed is the
proximal value and clockwise rotation is defined as positive

Structure H–C20–C30–H (in degrees) Forma

2a-i 38.1 Nonpolar
2a-ii 58.2 Nonpolar
2a-iii 150.3 Polar
2a-iv 1.9 —
2a-v �144.4 —
2b-i 61.4 Nonpolar
2b-ii 61.0 Nonpolar
2b-iii 62.7 Nonpolar
2b-iv 61.5 Nonpolar
2b-v �179.4 Polar
2b-vi 179.0 Polar
2b-vii 89.9 Nonpolar
2b-viii 87.0 Nonpolar

a The reference polar and nonpolar forms are defined to have

H20–C20–C30–H30 dihedral angles of approximately 180.0 & 60.01,

respectively.
Table 4 A comparison of improper torsion angles O–C2–C30–N (f1)
and O–C2–C30–C(Ph) (f2) for the nonpolar and polar forms of
paclitaxel (as summarized by Snyder et al.13), T-taxol,13 the published
structure of paclitaxel15 1, and form 2 described herein. Ring-to-ring
distances (in Å) between the C2 benzoyl phenyl and the benzamido
(C40 phenyl) (r1) and C30 phenyl (r2) centers, respectively (Fig. 11)

f1/deg f2/deg r1/Å r2/Å

Nonpolar 42.0 �85.0 4.7 9.8
Polar �52.0 28.0 11.6 5.7
T-Taxol 80.0 �58.0 9.4 10.0
1a �51.1 65.0 13.3 9.9
1b �57.1 25.8 5.3 11.4
2a-i 146.9 �83.2 12.1 11.3
2a-ii 165.6 �53.4 12.9 10.8
2a-iii �104.9 42.4 14.0 9.4
2a-iv 117.9 �126.0 11.7 11.8
2a-v �25.3 100.3 12.3 10.1
2b-i 172.9 �46.9 14.0 10.9
2b-ii 161.4 �48.1 12.7 9.9
2b-iii �178.1 �48.1 14.5 11.0
2b-iv �177.8 �48.4 11.7 10.9
2b-v �56.5 71.7 13.0 10.7
2b-vi �56.6 71.0 12.8 10.7
2b-vii 2.5 �153.9 9.3 11.9
2b-viii �10.1 �179.0 9.3 12.1

Fig. 11 Newman projection for paclitaxel conformation illustrating

the improper torsion angles given by O–C2–C30–N (f1) and

O–C2–C30–C(Ph) (f2) and ring-to-ring distances between the C2

benzoyl phenyl and the benzamido (C40 phenyl) (r1) and C30 phenyl

(r2) centers, respectively.

Table 6 Dihedral values (in degrees) for model conformers matching experimental CSPVs of paclitaxel structures 2a and 2b. All dihedral angles
are defined as in a Newman projection where the first atom listed is the proximal value and clockwise rotation is defined as positive. The symbols a,
b and c denote errors of �20.0, �30.0 and �45.01, respectively, in the predicted angle. All other dihedral angles have an error of �15.01 or less

Torsion angle 2a-i 2a-ii 2a-iii 2a-iv 2a-v 2b-i 2b-ii 2b-iii 2b-iv 2b-v 2b-vi 2b-vii 2b-viii

C30–O–C10–C9 �45.0 �45.0 �45.0 �45.0 �45.0 �60.0 �60.0 �60.0 �60.0 �60.0 �60.0 �60.0 �60.0
C10–O–C13–C12 �165.0 �165.0 �165.0 �165.0 �165.0 �60.0 �60.0 �60.0 �60.0 �60.0 �60.0 �150.0 �150.0
C20–C10–O�C13 180.0 180.0 180.0 180.0 180.0 150.0 150.0 150.0 150.0 150.0 150.0 180.0 180.0
O–C20–C10QO 180.0b 180.0b 180.0b 180.0b 180.0b 105.0 105.0 105.0 105.0 105.0 105.0 �15.0c �15.0c
N–C30–C20–C10 30.0 60.0 150.0 0.0 210.0 60.0 60.0 60.0 60.0 180.0 180.0 90.0 90.0
C40–N–C30–C20 60.0 �15.0 �120.0 �120.0 �120.0 0.0 0.0 �105.0 �105.0 �105.0 �105.0 �135.0 �135.0
OQC40–N–C30 15.0 15.0 15.0 15.0 15.0 15.0a �170.0 15.0a �170.0 15.0a �170.0 15.0a �170.0
C–C30ipso–C30–C20 �75.0 �75.0 �75.0 �75.0 �75.0 �60.0b �60.0b �60.0b �60.0b �60.0b �60.0b �60.0b �60.0b
C–C40ipso–C40QO �45.0 �45.0 �45.0 �45.0 �45.0 �45.0 �45.0 �45.0 �45.0 �45.0 �45.0 �45.0 �45.0
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model 2a-ii as the most energetically likely among conformers

retained for 2a. The energy difference between the remaining

four models and 2a-ii ranges between 4.3 and 12.0 kcal mol�1.

The overlay in Fig. 12 demonstrates the conformational

similarity in the five models retained for 2a.

Conformer 2b had more matches with model structures than

for 2a. An evaluation of the computed energy of the final

structures show that 2b-vii is the lowest energy. Four of the

remaining structures were energetically unfavorable and all

possess the dihedral OQC40–N–C30 = �170.01 (2b-ii, 2b-iv,

2b-vi and 2b-viii). These unfavored structures differ in energy

from 2b-vii by 10.95–39.27 kcal mol�1. In contrast, the struc-

tures 2b-i, 2b-iii and 2b-v feature the dihedral OQC40–N–C30

= 15.01 and generally have energies close to 2b-vii (3.15 to

11.9 kcal mol�1 different). However, it is unlikely that the

OQC40–N–C30 dihedral is the sole source of the energy

differences since model 2b-viii differs from 2b-vii only at the

OQC40–N–C30 dihedral angle, yet is energetically similar to

2b-vii.

It is of interest that several of the 2b structures share

conformational features with the T-taxol conformation. As

mentioned previously, like T-taxol, they have extended C13

sidechain moieties and most have nonpolar characteristics

with the C400–benzamidophenyl shifted significantly away

from the C2 benzoyl center.14 Additionally, the mechanism

by which T-taxol is said to bind to microtubules is related to

the location of b-tubulin’s His-227 in the taxoid binding

pocket created by the space between the C2 benzoyl and C40

benzamide. Therefore, the methyl hydrogens from the acetyl at

C4 in T-taxol and the o- and m-hydrogens of the C30 phenyl

are close (2.5–2.9 and 4.3–4.9 Å, respectively).14 These dis-

tances are similar to the range reported for four of the eight

structures for 2b (2b-i, 2b-ii, 2b-iii, and 2b-iv) and are shown in

Table 7 and Fig. 14 along with these values for all probable

conformers.

Ambiguity in conformational assignment of paclitaxel was

limited to the C30 sidechain moieties. Conformational uncer-

tainty here was due to the quadrupolar coupling of the 14N to

the C30 and C40 nuclei, which split these carbon resonances.

The resultant larger error in chemical shift tensor values at

these locations prevented unique conformational assignment.

While the nitrogen CSPVs were extremely sensitive to con-

formation, there was no experimental assignment of nitrogen

shift to a specific molecule of the asymmetric unit. A statistical

match of nitrogen shifts with computed CSPVs of models with

partially solved features of 2a and 2b in a method already

described18 revealed a probable assignment and these values

are listed (Table 3).

An evaluation of intramolecular hydrogen bonding

In the present structural analysis, the differences in CSPVs

have been attributed primarily to differences in molecular

conformation in structures 2a and 2b. However, hydrogen

bonding can also have a significant influence at certain posi-

tions such as N3052 and carbons doubly bonded to oxygen.53

The approach used herein provides information regarding

Fig. 12 Five conformer models providing high probability matches

to the experimental CSPVs of paclitaxel 2a. This overlay features a

C–C40ipso–C40QO dihedral angle of �45.01, but +45.01 is equally

probable.
Fig. 13 Eight conformer models providing probable matches to the

experimental CSPVs of paclitaxel 2b. The above models display

C–C40ipso–C40QO angle of �45.01 while +45.01 provides an

equally-probable solution.

Table 7 H–H separations (in Å) between the C4 acetate methyl group and the ortho- and meta- positions of the C30 phenyl ring and the C40

benzamide. Comparison is to ‘‘T-taxol’’ conformer values. Instances where the values are unavailable are indicated by an asterisk (*)

T-Taxol 2a-i 2a-ii 2a-iii 2a-iv 2a-v 2b-i 2b-ii 2b-iii 2b-iv 2b-v 2b-vi 2b-vii 2b-viii

C40o–C4 * 6.4 6.7 5.7 7.1 5.7 7.8 5.9 7.3 6.6 4.4 5.4 4.3 3
C40m–C4 * 8.7 9.2 8.0 9.6 8.0 10.2 6.7 9.7 7.8 6.5 6.8 6.6 2.8
C30o–C4 2.5–2.9 4.8 4.7 5.0 5.2 5.7 4.0 3.7 3.8 3.8 4.1 4.1 4.1 4.8
C30m–C4 4.3–4.9 6.4 6.2 7.0 6.7 7.9 5.2 4.6 4.7 4.7 6.2 6.2 6.4 7.3
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intramolecular hydrogen bonding, since O� � �O and O� � �N
distances are provided from the retained model structures. A

visual assessment of these structures allows feasible hydrogen

bonds to be determined at a given site. In certain structures

more than 1 bonding arrangement is possible. Indeed, by

exploring all possible placements of the 20 OH donor hydro-

gen, 8 of the 13 structures were found to have 2 alternative

hydrogen bonding arrangements. Structure 2a-v, in fact, has a

conformation that allows for 3 alternative hydrogen bonded

structures involving the 20 OH. In these cases, many of the

alternative structures appear to be equally favorable in terms

of O–H� � �X (X = O or N) geometry. All these new structures

were statistically indistinguishable from their parent structures

based on a comparison of tensor values at positions C10, C20,

C30 and C13. One structure (2b-vii2) possessed an electronic

energy that was 1.35 kcal mol�1 lower than the previously

obtained low energy value for the set (2b). Thus, a total of 24

structures were ultimately retained: 13 obtained from the prior

analysis and 11 differing primarily in placement of the 20 OH

proton from one of the original 13. These 11 new substructures

retain most of the conformational features of their parent

structures and are, therefore, denoted in terms of these struc-

tures (i.e. 2a-i2, 2a-iii2, 2a-iv2, 2a-v2, 2a-v3, 2b-i2, 2b-ii2,

2b-iii2, 2b-vi2, 2b-vii2 and 2b-iii2). The CSPV variances and

electronic energies for these structures are included among the

data shown in Fig. 8.

All 24 of the retained structures of paclitaxel have at least 1

intramolecular hydrogen bond (Table 8). Structure 2a-i with 3

internal bonds has the most extensive intramolecular hydrogen

bonding, while 12 structures (2a-iii, 2a-iv, 2a-v, 2b-iii, 2b-iv,

2b-v, 2b-vi, 2a-i2, 2a-iii2, 2a-iv2, 2a-v3 and 2b-i2) have only one

such bond. The O20–H� � �O13 hydrogen bond is observed in

the majority of the structures (16 out of 24) and the H at O20

acts as a hydrogen bond donor in 84.4% of the bonds

observed. The extensive occurrence of the 20 OH hydrogen

in internal hydrogen bonding demonstrates that it is optimally

situated to form intramolecular bonds in paclitaxel and im-

plies that it will be less likely to form hydrogen bonds to

microtubules. This is because OH groups that act as intramo-

lecular hydrogen bond donors tend to be much less available

for intermolecular hydrogen bonding.55 This comparison also

allows conjecture regarding the difference between 2a and 2b.

It is observed that the O20–H� � �O10 interaction is exclusive to

structure 2b, occurring in nearly half of the structures. Like-

wise, the O20–H � � �O40 pairing occurs primarily in 2a. Thus,

one explanation of the differences between 2a and 2b is that

the 20 OH is used as a donor to O10 in 2b and as a donor to O40

in 2a. However, since these differences are not found in all

structures, it cannot be unambiguously proposed as the sole

explanation.

Comparison of paclitaxel 2 with 1 and related analogs

As a final observation, it is interesting to contrast the con-

formational differences between paclitaxel 2 obtained entirely

from matches with CSPVs (Table 6) with those analogs of

paclitaxel which have known X-ray structures. The following

paclitaxel analogs were therefore used as a basis for compar-

ison with the results given here for paclitaxel 2: docetaxel56

(taxotere) 3, 10-deacetyl-7-epitaxol57 4a and 4b, 7-mesylpacli-

taxel33 5, taxine A acetone solvate54 6, and 20,30-O,N-iso-

propylidene-7-O-(triethylsilyl) paclitaxel58 7.

Of these structures, 3, 4a and 4b are hydrophobically

collapsed and 5 shares features with both the polar and

nonpolar conformations. Molecular conformations obtained

from the crystal structures of these analogs are illustrated in

Fig. 15 with dihedral values given in Table 9. These values may

be contrasted with Table 6 which contains corresponding

values determined by this study for structure 2.

An interesting difference between these analogs of paclitaxel

and conformers 2a and 2b is in the dihedral angle of the C10

acetyl. Conformers 2a and 2b share the dihedral value

C30–O–C10–C9 = 300.01. This differs by 122.0 and 165.01

from values measured for known crystal structures.

Fig. 14 The observed range for H–H separations between the C4

acetate methyl protons and the ortho and meta H’s of the C30 phenyl

ring in models 2b-i, 2b-ii, 2b-iii and 2b-iv. The model shown in this

figure is 2b-i.

Table 8 Summary of hydrogen bonding parameters in the 13 best-fit structures of paclitaxel

D–H� � �A D–H (Å) H� � �A (Å) D� � �A (Å) D–H� � �A (1) Occurrence

N30–H� � �O10 0.97 2.9 3.06 89.8 2a-i

N30–H� � �O20 1.0 2.36–2.85 2.72–2.93 84.8–102.11 2b-vii, 2b-vii2, 2b-viii, 2b-viii2

O20–H� � �N30 0.97 2.70–3.12 3.05–3.33 86.8–101.7 2b-ii, 2b-iii2

O20–H� � �O10 0.97 2.17–3.25 2.67–3.34 86.12–111.7 2b-i, 2b-ii, 2b-vii, 2b-viii, 2b-vi2

O20–H� � �O40 0.97 1.97–3.00 2.74–3.7 130.0–142.7 2a-i, 2a-ii, 2a-v2, 2b-i

O20–H� � �O13 0.97 2.22–2.78 2.52 – 2.99 84.3–101.7 2a-i, 2a-ii, 2a-iii, 2a-iv, 2a-v, 2b-iii, 2b-iv, 2b-v, 2b-vi,
2a-vi2, 2a-iii2, 2a-iv2, 2a-v3, 2b-i2, 2b-vii2, 2b-viii2
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Attachment of the C13 sidechain also showed between 30.0

and 95.01 difference between the C10–O–C13–C12 dihedral

angle in 2a and 2b and the crystal structure paclitaxel analogs.

Experimental agreement with paclitaxel analogs for the

C20–C10–O–C13 torsion angle is found in this study and

torsion around the C20–C10 for 2b agrees with certain X-ray

values within the margin of error. Values for the

C30–C20–C10–O dihedral in 2a are unprecedented, however,

giving torsion angles at least 90.01 different from these ana-

logs. Similarly, 2a finds only partial agreement with these

X-ray analogs in dihedral angles around the C30–C20 bond.

In contrast, 2b matched known analogs at the dihedral invol-

ving the C30–C20 bond axis.

Conclusions

The high-probability assignment of structure in paclitaxel has

been demonstrated using CSPV data at multiple nuclear

locations in conjunction with model conformers. These models

required only fragments of the paclitaxel structure due to the

fact that CSPVs are dominated by the local molecular en-

vironment.

Assignment of chemical shift to the correct molecule in the

asymmetric unit (a or b) is achieved through the use of a

heteronuclear correlation technique and makes possible the

analysis of CSPVs at multiple sites. Of the over 600 paclitaxel

conformational models analyzed, fewer than 5% were found

to match experiment.

The structures retained for 2a and 2b have varying simila-

rities to the polar and nonpolar forms, although all possessed

extended C13 sidechain conformations. Furthermore, half of

the models retained for 2b showed striking similarities to the

conformation known as T-taxol, a structure elucidated from

electron crystallography models and reported to be highly

bioactive. To date, no diffraction structure has been reported

for this conformer.

Fig. 15 Paclitaxel analogs determined by previous X-ray studies are given as a basis of comparison with paclitaxel conformers determined by this

study. The conformers are docetaxel (taxotere) 3
56 and 10-deacetyl-7-epitaxol 4a and 4b.57 These display the hydrophobically collapsed

conformation of paclitaxel. 7-Mesylpaclitaxel 533 shares conformational features with both the nonpolar and polar forms. Also shown is taxine

A acetone solvate54 6 and 20,30-O,N-isopropylidene-7-O-(triethylsilyl) paclitaxel 7.58

Table 9 Selected torsion angles for paclitaxel and its analogs where 2 is the paclitaxel molecule assigned herein. All dihedral angles are defined as
in a Newman projection where the first atom listed is the proximal value and clockwise rotation is defined as positive. Since all analogs do not
include every stereochemical feature of paclitaxel, certain torsion angles are unavailable for comparison; these are marked with an asterisk (*)

Torsion angle 1a 1b 3 4a 4b 5 6 7

C30–O–C10–C9 95.4 89.1 —* —* —* 76.3 —* 105.1

C10–O–C13–C12 �92.1 �100.9 �101.0 �111.1 �102.8 �99.5 —* �93.1
C20–C10–O–C13 179.8 �176.9 168.0 �176.5 �166.4 �166.4 �166.1 �158.0
O–C20–C10QO 93.3 41.1 -2.2 55.9 46.7 21.7 46.4 16.8

N–C30–C20–C10 176.0 178.6 56.5 �176.3 168.7 61.4 164.4 135.1

C40–N–C30–C20 �117.8 �155.2 �141.4 �109.2 �143.1 �98.6 67.1 174.1

OQC40–N–C30 1.3 �0.9 12.9 �6.3 �3.8 1.5 —* �179.0
C–C30ipso-C30–C20 166.6 102.4 83.6 133.8 107.5 118.1 135.4 115.0

C–C40ipso-C40QO 28.4 �3.1 —* 29.7 �38.7 30.0 —* 71.1
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This analysis of paclitaxel is the first complete conforma-

tional characterization by SSNMR for which Z0 4 1.27,48

Prior analyses have only discovered fragments rather than

complete structure.

While the approach described is computationally-intensive,

it has the advantage of searching the complete conformational

space for heavier atoms. Thus, successful execution of the

CSPV comparison reduces the chance of becoming trapped in

local minima and provides structures that are difficult to

determine by other methods. It must be emphasized that

accuracy in this approach is strongly dependent on correct

assignment of experimental shifts and the availability of

measured principal values.

The structures proposed in this study represent favorable

conformations of paclitaxel and add to the information

already available from solution analysis and other studies.

Taken together, these data help define the conformational

space available to paclitaxel.
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