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Activity of a Taxane Molecule Lacking a C-13 Side Chain
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ABSTRACT. Extensive structureactivity studies done with Taxol have identified the side chain at C-13 as
one of the requirements for biological activity. Baccatin Ill, an analogue of Taxol lacking the C-13 side
chain, has none of the biological characteristics of Taxol. Singeazido Taxol, a Taxol derivative with

a mrazido substituent in the C-2 benzoyl ring, has greater activity than Taxol, we questioned whether
2-mrazido baccatin 11l might be active. @-Azido baccatin Il inhibited the proliferation of human cancer

cells at nanomolar concentrations, blocked cells at mitosis, and reorganized the interphase microtubules
into distinct bundles, a typical morphological change induced by Taxol. In contragntaZ2do baccatin

I, 2-p-azido baccatin 1l was similar to baccatin Ill, having no Taxol-like activity, further indicating the
specificity and significance of the @etaposition substituent. Molecular modeling studies done with the

C-2 benzoyl ring of Taxol indicated that it fits into a pocket formed by His227 and Asp2Z4tabulin

and that the 2n-azido, in contrast to the g-azido substituent, is capable of enhancing the interaction
between the benzoyl group and the side chain of Asp224. The observation that the C-13 side chain is not
an absolute requirement for biological activity in a taxane molecule has enabled the development of a
new common pharmacophore model between Taxol and the epothilones.

Taxol is an effective antitumor drug approved for the identified the S-tubulin subunit as the site of specific
treatment of breast, ovarian, and lung carcinomas. The drugphotoincorporationi1—14). Domain mapping experiments
promotes microtubule assembly in vitro in the absence of revealed that the C-®enzamido group makes contact with
GTP, and the microtubules assembled by Taxol are stablethe N-terminal 31 amino acids 2) whereas the C-2
to depolymerization by cold or calcium, which readily benzoyl group interacts with residues 21233 of 3-tubulin
depolymerize normal microtubuled—4). In cells, Taxol (13). Our most recent studies indicate that 7-(benzoyldihy-
treatment results in a reorganization of the microtubule drocinnamoyl)-Taxol (7-BzDC-Taxol) cross-links to Arg282
cytoskeleton in interphase cells with the formation of bundles in S-tubulin (14).
of stable microtubules and a block at thg/l@ phase of the Structure-activity relationship (SAR) studies have pro-
cell cycle 6, 6). Low concentrations of Taxol (30100 nM) vided insight into the structural determinants that are
suppress microtubule dynamics in Caov-3 and A-498 cells important for the activity of Taxol. It is generally agreed
(7). Analysis of cell death from Taxol is complex and has that the A ring side chain at C-13, the C-2 benzoy! group,
led to the idea that at different concentrations of drug, death and an intact oxetane ring are all essential for both the
may result from distinct mechanism8)( cytotoxicity and stabilization of microtubules exhibited by

Extensive investigations have been made to unravel theTaxol (L5—17). In addition, substituents on the C-2 benzoyl
nature of the Taxetmicrotubule interaction. It is known that group have profound effects on the biological activity of
the binding site for Taxol exists in the microtubule polymer Taxol. Taxol analogues possessing bulky substituents (e.g.,
and that the drug binds specifically to microtubules with a Nz, CN, or OCH) at thepara position are inactive, whereas
stoichiometry approaching 1 mol of Taxol per mole of the same substituents at thretaposition result in consider-
tubulin heterodimerq, 10). Photoaffinity labeling studies,  able enhancement of microtubule polymerization compared
using either radiolabeled Taxol or Taxol analogues bearing to Taxol (18). 2-m-Azido Taxol, particularly, was found to
photoreactive groups at the C-2, G-®r C-7 positions, be substantially more active than Tax&B). Based on this

information, we questioned whether debenzoyhkRazido-
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Ficure 1: Molecular structures of Taxol, @razido Taxol, baccatin
Ill, 2-mrazido baccatin IIl, and p-azido baccatin Il

zoyl-2-(m-azidobenzoyl)-baccatin 11l (2a-azido baccatin ll)
and 2p-azido baccatin Il were prepared from baccatin I
as follows. Reaction of 10-deacetyl baccatin 1l with a 3-fold
excess of chlorotriethylsilane (TESCI) and imidazole at room
temperature for 1.5 h gave 7-TES-10-deacetyl baccatin lll,
which was acetylated at C-10 (acetyl chloride and pyridine,
0 °C, 36 h) to give 7-TES baccatin Ill. Silylation of 7-TES
baccatin Il (TESCI, imidazole, DMF, rt, 24 h) gave 7,13-
di-TES baccatin Il (67% overall yield). Removal of the
2-benzoyl group with Red-Al20) afforded 2-debenzoyl-7,-
13-di-TES baccatin Il (66%), and this was acylated with
eitherm- or p-azidobenzoic acid in the presence of dicyclo-
hexylcarbodiimide and pyrrolidinopyridine in toluen&8(
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evaluated were added to MTP and incubated af@7o
follow their effect on microtubule assembly. To study
microtubule depolymerization, the water bath temperature
was switched from 37 to 4C after the assembly reaction
had reached equilibrium. Aliquots were taken from each
reaction and loaded on 300 mesh EM grids for electron
microscopy studies that were made at a magnification of
8.3x, 20x, and 50«.

Cells and Cytotoxicity AssaySKOV3, a human ovarian
cancer cell line, SKVLB, a vinblastine-selected resistant cell
line derived from SKOV3, A549, a human nonsmall cell lung
cancer, and AT12, a Taxol-selected resistant cell line from
A549, were used for experiment&4). SKOV3 and SKVLB
were maintained in alpha-MEM plus ribonucleotides, deoxy-
nucleotides, 15% fetal bovine serum, and 1% penicillin
streptomycin (Gibco Labs) at 37C in 5% CQ; 1 uM
vinblastine (Sigma Chemical Co.) was present in SKVLB
cell culture medium. A549 and AT12 cells were grown in
RPMI 1640 with 10% fetal bovine serum and 1% penicilin
streptomycin (Gibco Labs) at 3T in 7% CQ. AT12 was
maintained in 12 nM Taxol. SKVLB overexpressed P-
glycoprotein, whereas the AT12 cells expressed no detectable
P-glycoprotein 24). Cells were seeded into either 6-well
plates or 96 well-plates at densities ofxd 10* cells/well
and 1x 10* cells/well, respectively, and allowed to attach
for 24 h, at which time drugs were added to each well and
cells were incubated for an additional 72 h. Cell number was
determined either by the MTS-based colorimetric method
(Promega) or by counting with a Coulter counter. TheylC
value is defined as the concentration of drug that inhibits
cell growth by 50%. The results represent the average of
three independent experiments done in duplicate.

ImmunofluorescenceNIH3T3 cells were grown to sub-
confluency on glass coverslips in 35 mm plastic Petri dishes,
and then incubated with drugs for 14 h. Cells were extracted
with 0.5% Triton X-100 in microtubule stabilizing buffer
(PEM: 100 mM PIPES, 2 mM EGTA, and 2 mM Mggl
pH 6.8) for 4 min, fixed in 3% formaldehyde in PEM for 40
min, blocked with 20% normal goat serum (NGS) for 30
min, and incubated with 1:108-tubulin monoclonal anti-
body for 1 h. FITC-conjugated goat anti-mouse IgG (Cap-
pal)(1:200) was used as the secondary antibody. Samples

21) to give the corresponding 2-aroyl analogues. Deprotection were mounted on glass slides (Fisher) in 30% glycerol in

of the 2-aroyl analogues (HF/pyridine, rt, 1.5 h) gaver2-
azido baccatin Il (58%) or P-azido baccatin Il (59%).
The baccatin Il analogues were chromatographically ho-
mogeneous, and had cle&th NMR spectra consistent with
their structures.

Microtubule protein (MTP) was prepared from calf brain
by two cycles of temperature-dependent assembiyas-
sembly @2) and stored at-70 °C in MES buffer (0.1 M
MES, 1 mM EGTA, 0.5 mM MgCJ, pH 6.6) containing 6
M glycerol. The concentration of tubulin in MTP was
approximately 85%. GTP and anti-moy&€ubulin mono-
clonal antibody, T-4026, were obtained from Sigma Chemi-
cal Co.

Tubulin Polymerization Assajssembly and disassembly
of microtubule protein (MTP) was monitored spectropho-
tometrically (UVIKON, Research Instruments Int., San
Diego, CA) by recording changes in turbidity at 350 nm at
37°C (22, 23). MTP was diluted to 1 mg/mL in MES buffer
containirg 3 M glycerol. GTP and the compounds to be

PBS containings-phenylenediamine (1 mg/mL) and ob-
served with a Zeiss Axioskop microscope.

Competition StudiesDrug competition tests were per-
formed using the method developed by Bollag et2).(In
their paper, the rationale and experimental design for this
competition assay were fully discussed. MTP (0.4 mg/mL)
was incubated at 37C with 0.4 mM GTP and 7.5 nM Taxol
for 20 min. One hundred nanomolaiH]Taxol (specific
activity, 19.3 Ci/mmol) and the indicated concentration of
the competing compound were added simultaneously to the
microtubules. This concentration of tritiated Taxol binds to
2.5% of the available Taxol binding sites. These conditions
induce the maximum microtubule assembly and provide an
approximate constant number of Taxol binding sites over
the range of drug concentrations used in the displacement
assay 25). After 30 min of incubation at 37C, microtubules
were collected by ultracentrifugation, and the pellet was
washed twice with MES buffer containing 3M glycerol.
Radioactivity was determined in a liquid scintillation counter.
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Cell Cycle AnalysisA549 cells were grown to subcon-
fluency and then incubated with the indicated concentration
of drug for 24 h. Cells were trypsinized, collected by
centrifugation, resuspended, and fixed in 70% ethanol at 4
°C for 1 h. After centrifugation, cells were washed twice
with PBS and resuspended in 1 mL of PBS containing 20
ug/mL propidium iodide and 5 Kunitz units of DNase-free
RNase A. The samples were incubated afG7or 30 min
and analyzed using a FACS flow cytometer.

To determine the mitotic index, cells were grown to
subconfluency and treated with drug for approximately 15

h. Cytospin slides were prepared, and the samples were fixed

and stained witl-tubulin monoclonal antibody. Cy3-labeled

goat anti-mouse IgG (Jackson Immuno Research Co.) was

used as the secondary antibody, and DNA was stained with
Yo-Pro-1 (Molecular Probes). Samples were observed with
a Zeiss Axioskop microscope. For each sample, more than

2000 cells were counted to determine the percentage of cells

in mitosis.
RESULTS

2-m-Azido Baccatin Il Promotes Tubulin Polymerization
in the Absence of GTP and Stabilizes Microtubules Against
Cold TreatmentWhen 10uM 2-mrazido baccatin Il was
added to MTP at 37C, microtubule assembly was induced
in the absence of GTP (Figure 2A, trace 4). The microtubules
formed were stable against normal destabilizing conditions,
such as cold treatment.®-azido Taxol (Figure 2A, trace
6) exhibited stronger activity than Taxol in the assembly
assay, consistent with the results previously reporfied) (
19). After 60 min of incubation, 1&M 2-m-azido baccatin
Il showed ~40—50% of the microtubule polymerizing
activity demonstrated by 14M Taxol. Electron microscopy
confirmed the formation of microtubules in the presence of
2-mrazido baccatin I1l, with morphology essentially identical
to those formed with Taxol (data not shown). This activity
is impressive since 10M baccatin Il (Figure 2A, trace 1)
and 10uM 2-p-azido baccatin Il (Figure 2A, trace 3), both
of which lack the C-13 side chain, are essentially inactive
in the same assay. The activity ofn2azido baccatin Il is
concentration-dependent as shown in Figure 2B. This in vitro
tubulin assembly data indicated thatr2azido baccatin IlI
was binding to microtubules.

2-m-Azido Baccatin 1l Is Cytotoxic to CellsAfter
observing the Taxol-like activities of 2+azido baccatin IlI
in vitro, we examined the effect of the compound on cultured
cell lines. Four cell lines were used for the experiments:
SKOV3 (a human ovarian cancer cell line), SKVLB (a
P-glycoprotein-expressing SKOV3-derived cell line main-
tained in 1uM vinblastine), A549 (a human nonsmall cell
lung cancer cell line), and AT12 (a non-P-glycoprotein-
expressing A-549-derived cell line maintained in 12 nM
Taxol). The results of these experiments are summarized in
Table 1. For SKOV3 and A549, the igvalues for 2m+
azido baccatin Ill were 323 and 68 nM, respectively, while
the values for Taxol were 7.5 and 2.7 nM, respectively. The
data indicate that like Taxol, B+azido baccatin Ill inhibits
the proliferation of cultured cells. The cytotoxicity ofrg2-
azido baccatin Il is approximately 2515-fold less than that
of Taxol. These data are consistent with the in vitro micro-
tubule polymerization activity of 2r-azido baccatin IIl.
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Ficure 2: Effect of 2m-azido baccatin Il on in vitro microtubule
assembly. MTP was diluted to 1 mg/mL in MES buffer containing
3 M glycerol. GTP and compounds to be evaluated were added to
MTP and incubated at 37C to follow turbidity changes at 350
nM as an indication of microtubule mass. To study the stabilizing
activity of compounds, the temperature in the cuvettes was switched
from 37 to 4°C after the assembly reaction had reached equilibrium.
(A) 1, baccatin lll, 10uM; 2, GTP, 1 mM; 3, 2p-azido baccatin

I, 10 uM; 4, 2-mrazido baccatin 1lI, 1«M; 5, Taxol, 10uM; 6,
2-mrazido Taxol, 10uM. (B) 1, Control (DMSO); 2, 2nazido
baccatin Ill, 10uM; 3, 2-mrazido baccatin Ill, 2QuM; 4, 2-m-
azido baccatin Ill, 3QuM; 5, 2-mrazido baccatin Ill, 4Q:M; 6,
Taxol, 10uM.

75 100

Table 1: Cytotoxicity of 2a+Azido Baccatin Il in Taxol-Sensitive
and -Resistant Cell Lines

ICs0 (NM)2
compound SKOV3 SKVLB A549 AT12
baccatin 11l >1000 >10000 >1000 <10000
2-mrazido baccatin Il 323 9700(30) 68 300(4.4)
Taxol 7.5 7800(1040) 2.7 22.8(8.4)
2-mrazido Taxol 0.5 550(1100) 0.3 0.73(2.4)

a|Csq, drug concentration that inhibits cell division by 50% after 72
h.? Cells were maintained in 12 nM Taxol during cross-resistance
experiments¢ Ratio of 1G for resistant cell lines (SKVLB and AT12)
to that for sensitive cell lines (SKOV3 and A549).

Baccatin Ill showed no obvious inhibitory effects at con-
centrations up to kM. It has been reported thatr@-azido
Taxol is more potent than Taxoll®, 19). The obvious
difference between baccatin Il andn2azido baccatin IlI
suggested that the-azido substitution on the C-2 benzoyl
ring has an enhancing effect on biological activity. It is of
interest to note that Bxazido baccatin Ill demonstrated
considerably less cross-resistance to SKVLB than Taxol or
2-mrazido Taxol, suggesting that it is a poorer substrate for
P-glycoprotein. The latter would be compatible with the
reduced hydrophobicity of B+azido baccatin 11l compared
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FiGure 4: 2-m-Azido baccatin Il arrests cells at the® phase
of the cell cycle. A549 cells were exposed to drugs for 24 h prior
to fixation and propidium iodide staining. Samples were analyzed
with a FACS flow cytometer after the addition of M sample
of either baccatin Ill, 2n-azido baccatin Ill, 23-azido baccatin
Il, or DMSO.

FiGure 3: 24m-Azido baccatin Il induces microtubule bundle — _ _
formation in cultured cells. NIH3T3 cells were treated with drugs Table 2: Mitotic Index of Cells Exposed torg-azido Baccatin If

for 14 h and then prepared for immunofluorescence. Microtubules -
were stained with anti-mouggtubulin and FITC-conjugated goat no. of mitotic cells/

. ' e conditions total no. of cells counted mitotic index (%
anti-mouse 1gG. (A) Control (DMSO); (B) baccatin 1lI, 1aM; n - itotic index (%)
(C) 2-mazido baccatin Ill, uM; (D) 2-m-azido baccatin IIl, 10 control 96/2382 4.03
uM; (E) Taxol, 1uM; (F) 2-mrazido Taxol, 1uM. baccatin Ill, 1uM 251/2454 10.23

2-mazido Bac, .uM 338/2370 14.26
. . 2-mrazido Bac, 1«M 1827/2288 79.85
to Taxol. In the Taxol-resistant AT12 cell line that does not Ty 1,Mm a 1634/2325 7028
express P-glycoprotein, the resistance of all three compoundsz-m-azido Taxol, 1uM 1897/2375 79.87
was similar. aNIH3T3 cells were exposed to drugs for 15 h and then prepared
2-m-Azido Baccatin Ill Induces Microtubule Bundle as cytospin slides. The cells were stained v@ttubulin antibody and

Formation in Cultured CellsMicrotubule bundle formation ~ CY3-labeled goat anti-mouse IgG. DNA was stained with Yo-Pro-1.
Samples were examined with a Zeiss Axioskop microscope, and for

is an identi_fying featu_re of Taxol-treated cells. To confirr_n each sample, more than 2000 cells were counted.
that 2m-azido baccatin 11l possessed the same mechanism
of action as Taxol in cells, the morphological changes that ) ) )
occurred in NIH3T3 cells incubated withre-azido baccatin ~~ 10#M 2-m-azido baccatin Ill, the Ml increased from 4% to
Il were analyzed. As shown in Figure 3, exposure of the 89%,_suggestlng that the majority of cells were blocked at
cells to 10uM 2-mrazido baccatin Il (Figure 3D) resulted ~ MItOSIs.

in the formation of extensive microtubule bundles, which ~ 2-m-Azido Baccatin Il Competitely Inhibits the Binding
were similar to the Changes induced by Taxol (Figure 3E) of [SH]TaXOI to MicrotubulesPrevious studies have indicated
and 2mazido Taxol (Figure 3':) In Contrast, baccatin Il that Taxol binds to Specific sites (]ﬂ’-ltubulin. To determine
(Figure 3B) at 1QquM did not alter the intracellular micro- whether 2mrazido baccatin 1l also binds to those Taxol-
tubule network. This suggested thatn®azido baccatin ~ binding domains, drug competition studies were performed.
Il has the same mode of action as Taxol, i.e., binding to At 100 uM, 2-mrazido baccatin Il inhibited 50% of the
cellular microtubules and disrupting normal microtubule Pinding of PH]Taxol to microtubules (Figure 5), being 30
organization. 15-fold less potent than Taxol. Baccatin Ill at concentrations
up to 200uM had no inhibitory effect on the binding of
[®H]Taxol to microtubules. These results indicated that-2-
azido baccatin IIl binds to the same or overlapping sites as
Taxol on the microtubule. However, in the absence of the
C-13 side chain, the binding affinity is reduced.

2-m-Azido Baccatin Il Arrests Cells at Mitosis and
Increases the Mitotic Index of the Cell Populatiofihe
disruption of normal microtubule function by Taxol, resulting
in cell cycle arrest at the mitotic phase of the cycle, is well
accepted. In FACS analysis studies, A549 cells treated with
5uM 2-mrazido baccatin Ill for 15 h were arrested at mitosis scyssioN
(Figure 4). A549 cells, treated with eithegd baccatin Il
or 5uM 2-p-azido baccatin I, could not be differentiated We report that 2n-azido baccatin Ill, a Taxol analogue
from control cells. The determination of the mitotic index lacking the C-13 side chain but withnasazido benzoyl group
(MI) in NIH3T3 cells incubated with 2rn-azido baccatin |1l at the C-2 position, possesses all of the activities that are
further confirmed that this compound blocked the cells characteristic of Taxol. It promotes microtubule assembly
in mitosis (Table 2). Ml is defined as the percentage of in the absence of GTP, stabilizes microtubules, and com-
mitotic cells in the total cell population. In the presence of petitively inhibits the binding ofJH]Taxol to microtubule
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FiGurRe 5: 2-m-Azido baccatin 11l competitively inhibits the binding
of [3H]Taxol to microtubules. Preformed microtubules (0.4 mg/
mL) were incubated with 100 nMPi]Taxol and competing drug
for 30 min at 37°C. Microtubules were collected by centrifugation,
and the radioactivity was determined with a liquid scintillation
counter.

protein. The compound is cytotoxic and arrests cells at the
mitotic phase of the cell cycle. Althoughr&-azido baccatin

Il is less potent than Taxol, the fact that it is biologically
active reveals valuable information on the binding of Taxol -y i
to tubulin. atlAnS

Previous SAR studies of Taxol and a series of analogues \ \j \Th|/2?4
have demonstrated that in the absence of the C-13 side chain -((
baccatin Il is an inactive compound®). The removal of v ~
the C-2 benzoyl group also results in a loss of biological S\
activity. Taxol analogues with substituents (e.gs, GN, or
OCH;) at themetaposition on the C-2 benzoyl group are
more active than Taxol. The same substituents aptra __ _His227
position lead to a significant decrease in Taxol activitg, ( /
19).

Photoaffinity labeling studies have disclosed information
on the nature of the interactions between Taxol and tubulin. : :
The photoreactive Taxol analogues;p3azido Taxol and FiGURe 6: Molecular modeling studies indicate that His227 and
2-m-azido Taxol, photolabeled the N-terminal 31 amino acids Asp224 off-tubulin are the key amino acid residues involved in
and amino acid residues 22233 of 3-tubulin, respectively the binding of the C-2 benzoyl side chain of Taxolgdubulin.

Molecular modeling work was done with the Insight Il (v.97.0)
(12, 13). The 7-benzophenone Taxol analogue phOtO'Cross'software (Molecular Simulations Inc.). Tubulin structure was taken

linked to Arg282 inf-tubulin (14). A model of thea.,3- from Nogales et al. (PDB file code: 1TUB2). The baccatin I
tubulin dimer fitted to a 3.7 A density map has been obtained molecule carrying bothm- and p-azido groups was built by
by Nogales and collaborators utilizing electron crystal- modifying the Taxotere X-ray structur89) and docking it into

; T the structure of3-tubulin through superimposing its baccatin 111
Iography €6, 27). In the model obtained from zinc |ndu_ced core with that of the Taxotere molecule in the tubulin structure.
microtubule sheets, Taxotere was located at one side 0faming acid residues 217233 of 5-tubulin are in white, and His227
p-tubulin that is believed to be in the microtubule lumen and Asp224 are highlighted to show their proximity to the C-2
(27, 28). The model places the taxane ring near the M loop benzoyl ring (A). The coordinates for epothilone B were retrieved
and the C-2 benzoyl group near the H6 and the-H& loop from the Cambridge Structural Database (Refcode: TIPFON).
(26) Epothilone B and the 2sazido baccatin Il molecules were

) superimposed to show their structural similarities (B).

epothilone B

H .
'

2-m=azido baccatin I

Using the coordinates published by Nogales and col-
laborators, we did molecular modeling studies to obtain S-tubulin (28). Due to steric hindrance, an azido group at
information on the binding of 2r-azido baccatin Il to the para position on the C-2 benzoyl ring would not fit into
tubulin. The 2mazido baccatin Ill molecule was docked the binding domain formed by His227 and Asp224. To
into S-tubulin by superimposing its baccatin Ill ring with  strengthen this binding model, we synthesizeg-&zido
the baccatin Il core of the Taxotere molecule. This places baccatin Il and found that it was inactive both in the in
the C-2 benzoyl ring into a pocket formed by His227 and vitro tubulin polymerization assay and in blocking cell cycle
Asp224 (Figure 6A). The C-2 benzoyl ring is packed against progression. It has been hypothesized that the increased
the imidazole ring of His227, and the-azido group on the  activity of 2-m-azido Taxol is due to an enhanced interaction
C-2 benzoyl ring extends over Asp224. This model is between the substituted C-2 benzoyl group and the C-13
consistent with photoaffinity labeling data since both amino side chain 19). It is difficult to explain within this hypo-
acids are part of the peptide labeled Bi]f2-mrazido Taxol. thesis why the dramatic change in activity occurred when
We suggest that the addition of an azido group atrtieta the azido group was moved from tineetaposition to the
position enhances the interaction between the C-2 ring of para position. Photoaffinity-labeled compounds with azido
baccatin 1l and Asp224, therefore increasing the overall groups on the C-2 benzoyl and C-Benzamido rings
binding affinity of the taxane ring fof-tubulin. Asp224 is interacted with distinct and distant peptide fragments on
the most conserved residue of the Taxol binding domain in g-tubulin. We believe that Taxol binds te-tubulin with
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