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AbstractÐThe relationship between conformation, 20-OH acetylation, and bioactivity of two ¯uorescent taxoids has
been investigated by a combination of NMR and ¯uorescence microscopy techniques. These taxoids present the
structure of taxol with the 7-OH group esteri®ed with the N-(40-¯uoresceincarbonyl)-l-alanine group and with the 20-
OH group free (taxoid 2) or acetylated (taxoid 3). The larger water solubility of 2 and 3 compared with taxol allowed a

detailed NMR study in DMSO-d6/D2O (3/7), showing that both taxoids adopt a similar collapsed conformation in
which the hydrophobic groups 2-O-benzoyl, 30-phenyl and 4-O-acetyl are in close proximity, with the ¯uorescein group
displaying unrestricted motion. On the other hand, while taxoid 2 retains essentially the ability of taxol to induce in

vitro microtubule assembly and to bind to cell microtubules, the 20-acetylated derivative 3 does not show immediate
activity. However, when taxoid 3 is left in the cell culture, the slow hydrolysis of the 20-acetate group in the medium
liberates the cytotoxic, microtubule-speci®c taxoid 2. The intense emission of this active derivative (2) allows the

accurate recording of the drug-cell interaction from the very initial steps using ¯uorescence microscopy. These experi-
ments show conclusively, for the ®rst time in cell cultures, that a free 20-OH group in taxol is essential for the recog-
nition of the drug by the binding site of cellular microtubules. # 1998 Elsevier Science Ltd. All rights reserved.

Introduction

The natural diterpenoid paclitaxel (Taxol1, 1) is one of
the most e�ective drugs in the therapy of ovarian can-

cer,1 metastatic breast cancer, head and neck cancer,
and lung cancer.2 Its bioactivity is connected with the
binding of the drug to microtubules of the cytoskele-

ton,3 but the details of this interaction at a molecular
level are largely unknown. From studies of the struc-
ture±activity relationship of taxol and analogues,4 it has
been demonstrated that the side chain at the position 13

and the stereochemistry of the groups at positions 20

and 30 are crucial for the biological activity. Moreover,
it has been reported that esteri®cation of the 20-OH

group with carboxylic acids results in loss of the in vitro

interaction with microtubules in solution but, interest-
ingly, the cell cytotoxicity is retained.5 This paradoxical
observation might be understood if the hydrolysis of the

acetate group takes place within the cells, an explana-
tion also supported by the observation that taxol deri-
vatives with the 20-OH group replaced by H, F or OMe

show 70±200 times lower cytotoxicity.6 The thera-
peutical relevance of the 20-OH group, and the possible
in vivo hydrolysis of its esters, triggered several synth-
eses of taxol prodrugs modi®ed at this position.7 How-

ever, to our knowledge no detailed studies on the place
where these prodrugs are hydrolyzed in cultures of liv-
ing cells have been reported.

A further essential aspect related with the bioactivity of
taxol is the 3-D conformation of the drug, both in aqu-

eous solution and bound to tubulin, the protein that
forms microtubules. The solution conformation of taxol
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has been elucidated by NMR spectroscopy both in
chloroform8 and in methylene chloride,9 but not in

water because of the low solubility of the drug. In the
cited solvents taxol forms aggregates stabilized through
intermolecular H-bonds, with a monomer unit in a fol-

ded conformation where interactions between aromatic
protons do not take place. It has been speculated10 that
this conformation might be similar to that at the

microtubule binding site. In DMSO/water mixtures the
taxol molecule adopts a very di�erent conformation,
characterized by a hydrophobic clustering (`hydro-
phobic collapse') involving the 2-O-benzoyl, 30-phenyl and
4-O-acetyl groups.11 Interestingly, one of the two con-
formers observed in the X-ray crystal structures of taxol12

and 10-deacetyl-7-epitaxol13 also shows this collapsed

form. The same structure has been observed in other active
taxoids in similar solvent mixtures.14±16 A water soluble
7-OH ether of taxol with the group 2-(N-methyl)pyr-

idinium acetate and with in vitro cytotoxicity similar to
that of taxol has shown the same clustering in D2O
solution.17 On the other hand, the same collapsed con-

formation has been observed for the in vitro-inactive 20-O-
acetyltaxol in 1/1 DMSO/water solution,18 suggesting
that the 20-OH group does not take part in the collapse,
although it is essential for the bioactivity of the drug.

As a part of our current studies on the mechanism of taxol
interaction with microtubules,19 we have previously

described20 the synthesis of a ¯uorescent, water soluble

taxoid with a ¯uorescein chromophore linked through
an l-alanine spacer at the position 7 (compound 2, see

formulas). Using an alanine ester at the 7-OH as a gen-
eral linker with an easily reactive NH2 group facilitates
the derivatization of the drug. This synthetic strategy

has also been reproduced with success in other labora-
tories.21 Taxoid 2 shows essentially the same bioactivity
as the parent drug and has allowed for the ®rst time the

direct visualization of the cell microtubule system by
¯uorescence microscopy of diverse normal and malig-
nant cells, providing new methods for the study of the
molecular mechanism of taxoid-induced microtubule

assembly and of the structure±activity relationship of
the drug.20,22 The present work is an application of the
¯uorescence microscopy technique to investigate at the

cellular level the e�ect of two structural parametersÐ
conformation and 20-OH acetylationÐon the taxol
activity. With this purpose we report the 3-D solution

Table 1. NOEs and their intensities (s, strong; m, medium; w,

weak) in the NOESY spectra of the ¯uorescent taxoids 2 and 3

in 3:7 v/v DMSO-d6/D2O (600MHz, 5±25 �C)

Proton pair Proton pair

o-H(a)/m-H(b) m 4-MeCO/H-13 w
o-H(a)/p-H(b) w 4-MeCO/H-14a m

o-H(a)/4-MeCO s 4-MeCO/H-14b m
o-H(a)/H-14a m 4-MeCO/H-20a w
o-H(a)/H-14b m 4-MeCO/H-20 s

o-H(a)/H-17 m 4-MeCO/H-30 m
o-H(a)/H-20a s H-5/H-6a m
o-H(a)/H-20b s H-5/H-6b m

m-H(a)/m-H(b) m H-5/H-7 s
m-H(a)/p-H(b) w H-5/H-18,H-19 w
m-H(a)/4-MeCO w H-5/H-20a m

o-H(b)/H-13 w H-5/H-20b m
o-H(b)/H-14a s H-6a/H-7 s
o-H(b)/H-14b s H-6a/H-10 w

o-H(b)/H-20 m H-6b/H-7 m
o-H(b)/H-30 s H-6b/H-19 s
m-H(b)/4-MeCO s H-7/H-10 s

H-2/H-3 s H-7/Me(Ala) w
H-2/H-13 w H-10/10-MeCO w
H-2/H-16 s H-10/H-16 m

H-2/H-19 s H-10/H-18,H-19 s
H-2(7)/H-20a s H-10/H-20a w
H-2(7)/H-20b s H-10/Me(Ala) w

H-3/4-MeCO m 10-MeCO/H-16 m
H-3/H-6b m 10-MeCO/Me(Ala) m
H-3/H-10 s H-13/H-14a s

H-3/H-13 w H-13/H-14b s
H-3/H-14a m H-13/H-17 s
H-3/H-14b m H-14a/H-20 w

H-3/H-19 m H-14a/H-30 w
H-3/H-20a w H-16/H-20a,H-20b m
H-3/H-20b w H-19/H-20a s

H-3/Me(Ala) w H-20/H-30 m
4-MeCO/H-5 m Me(Ala)/H(Ala) s
4-MeCO/H-7 w Me(Ala)/H-30F,H-50F m
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structure of 2 and its 20-O-acetyl derivative 3, as models
of taxol and its 20-O-acetylated derivative, but both with

larger water solubility and high intrinsic ¯uorescence
quantum yield. These properties give the unique oppor-
tunity to obtain accurate NMR data of a bioactive

taxoid in an aqueous environment, and to resolve in
time and space the interactions with the cytoskeleton.

Results and Discussion

Conformational analysis

The proton chemical shifts and the coupling constants

of the ¯uorescent taxoids 2 and 3 were recorded in 3/7
v/v DMSO-d6/D2O. The resonance signals of the taxol

moiety were assigned by comparison with the reported
assignments for a similar taxoid in water,17 assisted

by COSY, TOCSY and NOESY experiments. The
signals were independent of temperature in the 25±50 �C
range.

NOESY experiments were used in a subsequent step to
generate 3-D structures. The NOEs listed in Table 1

indicate the same average conformation for taxoids 2

and 3 in this solvent. Seventy NOEs were unambigu-
ously assigned to speci®c proton pairs and translated
into distance constraints. The strong NOEs between H-

13 and 17-Me, and between H-7 and H-10 indicate that
the A and B rings (see formulas) present boat and chair±
boat conformations, respectively. The observed key

NOEs between the protons in the groups 2-OBz, 30-Ph
and 4-OAc are remarkably similar to those described
previously for the hydrophobic clustering of these

groups in related taxoids in aqueous solvents.11,16±18

Additional evidence for the side chain conformation
required for hydrophobic contacts Ar-Ar-Me came

from the value of the J2030 coupling constant (7.5Hz in
both compounds), indicating a nearly trans relationship
between H-20 and H-30.

A superposition of 10 structures of 2 with no violations
is shown in Figure 1(a). It is interesting that while the
molecular core is well de®ned, the ¯uorescein group may

adopt a variety of orientations with respect to the main
skeleton, consistent with the lack of observed NOEs for
this region. Some minor movements of the aromatic and

the 4-OAc groups are still possible and compatible with
the NOE data. Taxoid 3 has basically the same con-
formation as 2 (not shown), and the same hydrophobic
clustering is also evident.

As noted above, the hydrophobic clustering of the taxol
core observed herein for taxoids 2 and 3 parallels that

previously described for a variety of taxol deriva-
tives,11,16±18 in spite of the presence of the large ¯uor-
escein group. In fact, the overlay of the structures of 2

and 3 with that of the 7-O-[2-(N-methyl)pyridinium] salt
of taxol17 yields a close alignment (Fig. 1(b)).

Interactions with microtubules

The bioactivity of taxoids 2 and 3 was tested by placing
a tubulin solution under conditions in which the protein

assembles only if polymerization inducers are present.
Taxol (1, Fig. 2, panel A, trace a) and the ¯uor-
esceinated taxoid 2 (trace b), in approximately equimolar

ratio with tubulin, induced assembly. It was veri®ed by
electron microscopy that the generated structures were
microtubules (Fig. 2, panel B). Excess of taxoids 1 and 2

does not further increase assembly.22 In contrast, the
acetylated taxoid 3 (trace c) was inactive.

Figure 1. Equilibrium conformation in 3/7 DMSO-d6/D2O of

the ¯uorescent taxoid 2 (panel a), and the overlay of this

structure with that of taxoid 3 and with that of a water-soluble

7-OH ether of taxol17 (panel b). The 7-¯uoresceinalanyl group

of 2 and 3, and the ether group of the taxol ether, have been

omitted for clarity.
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The interaction of 2 and 3 with microtubules of the iso-
lated cytoskeletons of PtK2 cells was followed with
¯uorescence microscopy. Panels A and B of Figure 3

show cytoskeletons prepared by detergent solubilization
of the cell plasma membrane. Incubation with 2 (panel
A) results in a very neat visualization of the cytoplasmic

microtubules, whereas no speci®c staining occurs with 3

(panel B), but only a weak residual, non-speci®c labeling
of cell nuclei and nucleoli was observed.

Fluorescence microscopy was also used to record the
interaction of the taxoids with cells. Incubation of whole
cells with 2 (2 h) and glycerol treatment resulted in

staining of microtubules and centrosomes (panel C),
whereas incubation with 3 gave again non-speci®c
nuclear stain (panel D). The simplest interpretation of

the above results is that the acetylation of the 20-OH
group of 2 inactivates the taxoid by suppressing the
drug a�nity for the microtubule binding site, as noted

before for 20-O-acetyltaxol in tubulin solutions.5,18

Therefore, it can be concluded that the 20-OH group of

the ¯uorescent taxoid 2 is also essential for the inter-
action with microtubules at the cell level.

When cells were cultured with 3 for longer periods of
time (Fig. 3, panels E and F, 8 h and 24 h, respectively),
the ¯uorescence staining starts to appear, the centro-

some being the structure ®rst visualized, followed by the
complete microtubule network. This e�ect was speci®c
of the taxoid binding to the microtubules of the cyto-

skeleton, as observed with 2 at shorter times (not shown),
since the microtubule images can be completely erased
by further treatment with an excess of docetaxel, a com-
peting non-¯uorescent taxoid (Fig. 3, panel G). The

simplest explanation of these results is that 3 is hydro-
lyzed by the cell culture to taxoid 2, either by the culture
medium or/and by the cells. The ®rst possibility was

con®rmed by: (i) incubating 3 during 24 h in cell culture
medium containing fetal calf serum and treating cyto-
skeletons with the medium, which gave microtubules

images (similarly to panel A of Fig. 3), and (ii) HPLC
analysis of the culture medium, which evidenced the

Figure 2. Assembly of puri®ed tubulin 20 mM into microtubules induced by 22mM taxoids. Taxoids were added at 4 �C and the

samples were warmed from 4 to 37 �C at zero time and cooled again as indicated by the arrows (panel A). Trace a, taxol; trace b,

taxoid 2; trace c, taxoid 3. Panel B shows a representative electron micrograph of one microtubule assembled with 2. Bar=50 nm.
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conversion of 3 to 2 (not shown). These results suggest
that 3 could also be hydrolyzed in vivo to 2 in blood

plasma, similarly to a prodrug.7

Conclusions

The ¯uorescent taxoids 2 and its 20-O-acetylated deri-
vative 3 present the same collapsed conformation in an

aqueous environment, with the groups 2-O-benzoyl, 30-
phenyl and 4-O-acetyl in close proximity, as deduced

from their 1H NMR data. This conformation is also
identical to that of the parent drug taxol. Taxoid 2 is

fully bioactive, inducing the assembly of tubulin in
solution and interacting with individual microtubules
and with the cytoskeleton of whole cells, but taxoid 3

is totally inactive, indicating that a free 20-OH group
is essential for cytotoxicity. A slow hydrolysis of the
20-acetate group of 3 takes place in the cell culture to

yield taxoid 2, the appearance of which, directly
observedwith ¯uorescencemicroscopy for the ®rst time for

Figure 3. Fluorescence photomicrographs of the comparative binding of taxoids 2 and 3 to microtubules of PtK2 cells. Isolated

cytoskeletons: A, B. Whole cells: C±G, observed un®xed (see Experimental). Cytoskeletons were incubated (30min, room temperature,

PEM±PEG bu�er) with 1 mM of 2 (panel A) or 3 (panel B). Cells were incubated (37 �C, in reported culture medium) with 1 mM of 2

for 2 h (panel C) or 3 for 2 h (D), 8 h (E), or 24 h (F) (the inset shows the mitotic spindle of a dividing cell). Cells in panel G were

treated as in F and further incubated for 5 h after addition of 50 mM docetaxel, that replaced the ¯uorescent taxoid. Bar=10mm.

J. JimeÂnez-Barbero et al./Bioorg. Med. Chem. 6 (1998) 1857±1863 1861



an active taxoid, revealed that centrosomes and, later,
the microtubules of the cytoskeleton are the structures

initially labeled by the bioactive, ¯uorescent taxoid 2.

Experimental

7-O-[N-(40-Fluoresceincarbonyl)-L-alanyl]taxol (2). It

was obtained as described elsewhere.20 1H NMR
(600MHz, 3/7 v/v DMSO-d6/D2O, 298K, ref. HDO at
4.71 ppm): d 8.37 (H-30F), 8.14 (o-H of Ph(a)), 8.09 (H-
50F), 7.93 (o-H of Ph(c)), 7.88 (p-H of Ph(a)), 7.78 (m-H

of Ph(a)), 7.71 (p-H of Ph(c)), 7.62 (m-H of Ph(c)), 7.56
(o-H of Ph(b), m-H of Ph(b)), 7.47 (H-4F, H-5F), 7.36
(p-H of Ph(b)), 7.20 (H-1F, H-8F), 6.74 (H-60F), 6.72
(H-2F, H-7F), 6.40 (H-10), 6.10 (H-13), 5.64 (H-2), 5.60
(H-7), 5.50 (H-30), 5.20 (H-5), 4.85 (H-20), 4.64 (CH of
Ala), 4.35 (H-20a), 4.29 (H-20b), 3.88 (OH), 3.68 (H-3),

2.69 (H-6a), 2.41 (4-CH3CO), 2.30 (10-CH3CO), 2.01
(H-6b), 1.99 (H-14a), 1.93 (H-18), 1.85 (H-19), 1.76 (H-
14b), 1.49 (CH3 of Ala), 1.20 (H-17), 1.16 (H-16). HPLC

analysis as reported.22

20-O-Acetyl-7-O-[N-(40-¯uoresceincarbonyl)-L-alanyl]taxol
(3). It was obtained as described for taxoid 2,20 but

starting from 20-O-acetyltaxol5 instead of taxol. MS-
FAB+ (m-nitrobenzyl alcohol), m/z: 1325.4369 [MH+],
(calculated for C73H69N2O22 1325.4342). 1H NMR

(600MHz, 3/7 v/v DMSO-d6/D2O, 298K, ref. HDO at
4.71 ppm): d 8.31 (H-30F), 8.12 (o-H of Ph(a)), 8.06 (H-
50F), 7.86 (o-H of Ph(c)), 7.84 (p-H of Ph(a)), 7.76 (m-H

of Ph(a)), 7.69 (p-H of Ph(c)), 7.61 (m-H of Ph(c)), 7.57
(o-H of Ph(b), m-H of Ph(b)), 7.39 (H-4F, H-5F), 7.29
(p-H of Ph(b)), 7.15 (H-1F, H-8F), 6.67 (H-60F), 6.46
(H-2F, H-7F), 6.39 (H-10), 6.00 (H-13), 5.60 (H-2, H-7),

5.49 (H-30), 5.20 (H-5), 5.59 (H-20), 4.65 (CH of Ala),
4.42 (H-20a), 4.23 (H-20b), 3.80 (H-3), 2.65 (H-6a), 2.42
(4-CH3CO), 2.25 (10-CH3CO, 20-CH3CO), 1.99 (H-6b),

1.91 (H-14a), 1.90 (H-18), 1.81 (H-19), 1.55 (H-14b),
1.48 (CH3 of Ala), 1.12 (H-16, H-17). HPLC analysis as
reported.22

NMR experiments. 1H NMR spectra were obtained at
600MHz on a Bruker AMX and at 500MHz on a Var-

ian Unity spectrometer at 298K in a 3/7 v/v DMSO-d6/
D2O solution. In this solvent mixture 2±3mg/mL of
¯uorescent taxoid could be dissolved. The COSY spec-
trum was recorded in the absolute mode with a data

matrix of 256*1K to digitize a spectral width of
4000Hz; 16 scans were used with a relaxation delay of
1 s. The 2-D TOCSY experiment was performed using a

data matrix of 256*2K to digitize a spectral width of
4000Hz; 16 scans per increment were used, with a
relaxation delay of 2 s. MLEV 17 was used for the

100ms isotropic mixing time. The 2-D NOESY experi-
ments were performed using a data matrix of 256*2K to

digitize a spectral width of 4000Hz; 16 scans per incre-
ment were used with a relaxation delay of 2 s. Mixing

times were set at 300, 400, and 500ms.

Molecular modeling. Initial distance constraints were

derived from 100 and 150ms NOESY spectra. NOEs
were translated into distance constraints by visual
inspection. Strong, medium and weak cross peaks led to

upper bound constraints of 3, 4, and 5AÊ , respectively. A
pseudoatom correction was also added to the distance
limits when a methyl group was involved in the con-
straint. Lower bounds between non bonded atoms were

set to the sum of van der Waals radii. Twenty structures
built from the reported coordinates of 7-O-[2-(N-
methyl)pyridinium]taxol acetate17 were used as input

with constraints taken from the NOESY spectra. A
simulated annealing was applied to these structures,
with the CVFF force ®eld of the INSIGHTII/DIS-

COVER 95.0 program (Biosym Technologies, USA).
After an initial restrained energy minimization (REM)
with 5000 conjugate gradient iterations, the structures

were heated up to 700K in 2 ps and, at this temperature,
2 ps of restrained molecular dynamics (RMD) were
performed. The structures were then cooled in 100K
steps every 2 ps down to 100K, where 4 ps of RMD

were carried out. The energy of the ®nal structures was
minimized (REM) by 10000 conjugate gradient itera-
tions. To test the protocol, the NMR constraints were

removed and the structures minimized using up to 5000
conjugate gradient iterations, and no substantial di�er-
ences were observed. A similar approach, starting from

the coordinates reported by Williams et al.,18 yielded the
same results.

Microtubule assembly. Tubulin was puri®ed from calf

brain and assembled with taxoids as described else-
where,23 with modi®cations.24 The protein was equili-
brated in 100mM 2-(N-morpholino)ethanesulfonic acid-

NaOH bu�er, 0.1mM guanosine triphosphate, pH 6.5,
by chromatography in a 0.9�20 cm Sephadex G-25
column at 4 �C. The assembly of microtubules was

monitored turbidimetrically at 350 nm in a water-
jacketed cell in a Varian 635 spectrophotometer, and by
electron microscopy of samples negatively stained with

2% uranyl acetate, in a Phillips EM 400 electron
microscope.

Cell experiments. PtK2 mammalian epithelial-like kid-

ney cells were grown and cytoskeletons obtained as
described before.25 Coverslip-attached cells or cytoske-
letons were directly mounted without ®xation in 0.13M

glycine pH 8.6 bu�er containing 0.2M NaCl and 70%
glycerol, and observed through a 63� Plan-Apochromat
objective with a Zeiss Axioplan epi¯uorescence micro-

scope with ¯uorescein-speci®c ®lters. The images were
acquired with a Photometrics 200KAF-1400 cooled
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CCD camera and IPLab Spectrum software, and
printed with Adobe Photoshop.
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