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Taxol, a plant product extracted from the bark of the
Western yew, Taxus brevifolia,! is a potent inhibitor of
cell replication that blocks cells in the mitotic phase of the
cellcycle.2 Unlike colchicine and the vinca alkaloids, which
prevent microtubule assembly, taxol promotes the po-
lymerization of stable microtubules.® This action of taxol
renders microtubules resistant to depolymerization and
inhibits their normal functions.

The molecular mechanism(s) through which taxol exerts
its effects, both in vivo and in vitro, has been the subject
of extensive research during the past decade; however,
little is known regarding the binding site for taxol on the
microtubule. To this end, a photoaffinity (PA) analog of
taxol was synthesized and is currently being investigated
for its ability to covalently bind to microtubules. Eluci-
dation of the taxol-microtubule binding domain is of
importance in the design of new drugs and analogs with
taxol-like activity.

Chemistry. Synthesis of PA Analog. Tubulin is
sensitive toirradiation at 254 nm.# Therefore, we selected
a photoaffinity probe with a UV maximum at a higher
wavelength. The 5-azido-2-nitrobenzoic acid probe, with
amaximum absorption at approximately 310 nm,5 may be
a suitable candidate for tubulin photoaffinity binding.
Since the 2’-hydroxyl group of taxol is involved in binding,
we utilized the 7-hydroxyl group, which can be esterified
without loss of activity.® Thesynthesis of the photoaffinity
analog compound 3 is depicted in Scheme I

Taxol, la, was first protected at the reactive C-2’
hydroxylgroup. Dueto thesensitivity of the azidefunction
being introduced, we chose the allyloxycarbonyl (alloc)
group, which can be readily removed with Pd(0) and
tributyltin hydride.” The C-7 hydroxyl group was then
acylated with 5-azido-2-nitrobenzoic acid and dicyclo-
hexylcarbodiimide (DCC). Finalremoval of the alloc group
wastroublesome. Under the typical literature conditions,’
we found that triphenylphosphine was consumed by the
substrate to produce a bright yellow product, which
inactivated the catalyst. Presumably the phosphine is
too nucleophilic and reacts competitively with the very
electrophilic aryl azide to form a yellow phosphinimine.
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When a much less nucleophilic phosphine was used, i.e.
tri-2-furylphosphine,® no competing side reaction took
place and the desired product was obtained in high yield
(supplementary material is available).

Biological Activity. In Vitro Polymerization. Un-
der physiological conditions, microtubule assembly re-
quires GTP, whereas in the presence of taxol this
requirement is eliminated. The kinetics of microtubule
assembly was determined in the presence of the PA analog
(Figure 1). The PA analog was capable of enhancing the
assembly of microtubules in vitro. The initial slopes for
taxol and the PA analog, in the absence of GTP, were
0.033 and 0.008 AU/min, respectively. Furthermore,
polymers induced by both taxol and the PA analog were
stable to depolymerization by calcium whereas those
assembled in the presence of GTP were not. Electron
microscopic studies further revealed that the polymers
formed by the PA analog were similar to those obtained
in the presence of taxol (data not shown).

Competition Assay. The ability of the PA analog to
inhibit the binding of [H]taxol was determined as
previously described.®1° The PA analog competed with
[3H]taxol for its binding site on the polymer with an
apparent K; of 10 uM compared to 2 uM for taxol (Figure
2). Similar studies that corroborated these results were
done by HPLC as previously described.!® These data
suggest that the PA analog and taxol bind to a common
or overlapping region on the microtubule, but that the PA
analog binds with a lower affinity compared to taxol.

Cytotoxicity. The cytotoxicity of the PA analog was
compared to that of taxol. This assay gives information
that correlates well with tubulin polymerization and
binding data.!! The EDg, (drug concentration that inhibits
cell division by 50% after 72 h of incubation) of the PA
analog for the murine-like macrophage cell line, J774.2,
was 0.16 uM compared to 0.05 uM for taxol.

Immunofluorescence. To determine whether the PA
analog, like taxol, induces the formation of stable micro-
tubule bundles in cultured cells, the immunofluorescent
localization of tubulin was assessed (Figure 3). The PA
analog induced microtubule bundle formation and mim-
icked the effect of taxol in the cell? (Figure 3). To be
certain that the PA analog, and not a metabolite or
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Figure 1. Polymerization of microtubules in vitro: Calf brain
tubulin was prepared by two cycles of assembly—disassembly (2X
MTP) according to the method of Shelanski et al.!® Taxol was
obtained from the National Cancer Institute, dissolved in 100 %
dimethyl sulfoxide, and stored frozen at -20 °C. The maximum
final concentration of dimethyl sulfoxide was 1%. This con-
centration has no significant effect on tubulin polymerization.
2X MTP protein was incubated with 10 uM taxol (- - =) or 10 uM
PA analog (—) in the absence of GTP, or with 1 mM GTP alone
(- -). The assembly of microtubules was measured at 37 °C by
a change in optical density at 350 nm. At the time indicated,
CaCl, (Ca?*) was added at a final concentration of 4 mM.
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Figure 2. Competition Assay: a competition assay was per-
formed using 2X MTP in the presence of 2 uM [*H]taxol (0.34
ug, specificactivity = 2.64 uCi/ug) and 1 mM GTP, with increasing
amounts of unlabeled taxol or PA analog. [*H]Taxol was
prepared by an exchange procedure, using tritiated water,
developed by Amersham International, Arlington Heights, IL.
After incubation at 37 °C for 60 min, the reaction mixture was
centrifuged in an airfuge for 30 min at 28 psi. The pellets were
washed three times in reaction buffer (0.1 M MES, 1 mM EGTA,
0.5 mM MgCl,, 1 mM GTP, pH 6.6) with a 5-min centrifugation
at 28 psi between each wash, resuspended in 0.1 N NaOH, and
analyzed for radioactivity and protein content using the BCA
protein assay (Pierce Biochemicals, Rockford, IL).

breakdown product such as taxol, was responsible for the
formation of stable microtubule bundles, cells were
incubated with 10 uM taxol for 8 h, lysed, and extracted
with methylene chloride as previously described.! HPLC
analysis confirmed that the PA analog remained stable
for the duration of the experiment and that taxol was not
present.

Discussion. In this study, the synthesis and charac-
terization of a C-7 substituted photoreactive taxol analog
have been described. This analog was synthesized in order
to explore the specific taxol binding site(s) on the
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Figure 3. Indirect Immunofluorescence: HCT 116 colon ade-
nocarcinoma cells (1.5 X 10%/mL) were grown on coverslips coated
with 0.01% poly(L-lysine). Cells were incubated with (a) DMSO
(0.1%), (b) taxol, or (c) PA analog (10 uM) for 3 h at 37 °C. The
coverslips were fixed in 3.7% formaldehyde, permeabilized in
-20 °C acetone (2 min), and processed for immunofluorescence
using a primary monoclonal antibody to -tubulin, followed by
fluorescein—goat F(ab’), anti-mouse IgG.

microtubule. The PA analog retained taxol-like activity
on the basis of several criteria: the ability to induce the
assembly of microtubules in vitro and to compete with
[3H]taxol for its binding site on the polymer; cytotoxicity
against J744.2 cells and induction of microtubule bundling
in cells. In addition the PA analog was synthesized in
relatively few steps, and exhibited a maximum excitation
wavelength at 310 nm. The longer wavelength of excitation
of this compound compared to the azido analogs lacking
the nitro group is important to minimize photochemical
damage to tubulin. Other photoreactive probes have been
described which also bind to tubulin through an azido
linkage, i.e., analogs of colchicine,'? vinblastine,'? and 7-(p-
azidobenzoyl)taxol.!* Recently, Kingston et al.l>16 de-
scribed the synthesis of a photoreactive analog of taxol
that incorporated a C-ring 7-(azibenzoyl) group, but
complete details have not been published. Synthesis of
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a photoreactive side chain has also been described.l” We
are currently pursuing the synthesis of radiolabeled 3 and
exploring the preparation of other photoaffinity probes.
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Supplementary Material Available: Experimental details
for the synthesis of 1b, 2, and 3 (3 pages). Ordering information
is given on any current masthead page.
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