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ABSTRACT: Photoaffinity labeling with an epothilone A photoprobe led to the
identification of the β-tubulin peptides TARGSQQY and TSRGSQQY as targets of the
photoprobe for polymerized tubulin. These peptides represent residues 274−281 in
different β-tubulin isotypes. Placing the carbene producing 21-diazo/triazolo moiety of
the photoprobe in the vicinity of the TARGSQQY peptide in a homology model of
TBB3 predicted a binding pose and conformation of the photoprobe that are very similar
to the ones reported for 1) the high resolution cocrystal structure of epothilone A with an
α,β-tubulin complex and for 2) a saturation transfer difference NMR and transferred
NOESY NMR study of dimeric and polymerized tubulin. Our findings thus provide addi-
tional support for these models as physiologically the most relevant among several modes of
binding that have been proposed for epothilone A in the taxane pocket of β-tubulin.

■ INTRODUCTION

The epothilones are a family of potent cytotoxic polyketide
macrolide natural products.1 They are metabolites that are
produced by the soil-dwelling myxobacterium Sorangium
cellulosum and were isolated in 1992 by Höfle et al.1,2 Six
major epothilones (epothilones A−F) from 37 bacterial variants
have been identified and characterized.3 The FDA approved the
epothilone B analogue ixabepilone in 2007 for the treatment
of metastatic or locally advanced breast cancer. In addition,
epothilone D is of potential therapeutic value in Alzheimer’s
disease4−6 and in the treatment of schizophrenia.7 In addition, it
was recently reported that epothilone B at subtoxic concen-
trations promotes axon regeneration and motor function after
spinal cord injury in animal studies. This result holds considerable
promise for the development of epothilone B or related analogs
for the clinical treatment of patients with CNS injuries.8

The principal mechanism of action of epothilones is similar to
that of the taxanes. Epothilones trigger microtubule bundling,
formation of multipolar spindles, and mitotic arrest in dividing

cells.9,10 The epothilones compete with paclitaxel (Taxol) for
binding to β-tubulin and inhibit microtubule dynamics in a
manner similar to that of paclitaxel, suggesting that the binding site
for the epothilones and the taxanes must be overlapping.9,11,12 The
epothilones have shown impressive efficacy against paclitaxel-
resistant cancer cell lines and are known to bind to different amino
acid residues in β-tubulin, and therefore their specific binding
mode to β-tubulin is different.13 Comparison of the electron
crystal structures of both paclitaxel and epothilones,14 NMR
solution structures,15−17 cross-resistance to β-tubulin muta-
tions,18−21 computationally derived overlays of their structures,
and a recent X-ray crystallography study of a complex between
α,β-tubulin, stathmin-like protein RB3 and tubulin-tyrosine
ligase in the presence of epothilone A22 have led to several
proposed tubulin protein binding orientations of epothilones
and different conformations of the bound epothilone.23

Received: February 4, 2016
Published: March 17, 2016

Article

pubs.acs.org/jmc

© 2016 American Chemical Society 3499 DOI: 10.1021/acs.jmedchem.6b00188
J. Med. Chem. 2016, 59, 3499−3514

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

pubs.acs.org/jmc
http://dx.doi.org/10.1021/acs.jmedchem.6b00188
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


In 2004, a model of the conformation and binding mode of
epothilone A, based on electron crystallography of Zn2+-induced
tubulin sheets, was reported (Figure 1b).14 A similar structure
determination had been reported earlier for the paclitaxel/
α,β-tubulin complex (Figure 1a).24 However, due to the
relatively low resolution, the structures could only be resolved
with the help of additional NMR studies and molecular
modeling.14 As shown in Figure 1b, the C3 and C7 hydroxyl
groups and the C5 carbonyl of epothilone A form hydrogen
bonds with Arg282 and Thr274, the C1 lactone carbonyl with
Arg276, and the thiazole nitrogen with His227 in the H7 helix.
The C12−C13 epoxide is folded inward toward a protein
pocket. In this model, Gln292 and Ala231 are needed to
maintain the correct conformation of the M-loop and H7 helix,
respectively, although they are remote from the actual binding
site. This conformation and binding mode is very different
from that derived from NMR measurements in the presence of
tubulin (Figure 2), but the electron crystallographic model is
supported by SAR studies25 and rationalizes the requirements of
a nitrogen anti-periplanar to C15 for biological activity.
A competing model was obtained from NMR NOE-transfer

studies of epothilone A bound to unpolymerized α,β-tubulin
dimers in solution (Figure 2).15,16 A significant difference in
this model is that the C3 hydroxyl group is not involved in
hydrogen bonding with the protein, a result that is supported
by SAR studies at that site.26,27 Another difference is that the
C7 hydroxyl group has electrostatic interactions with Arg282
(rather than with Thr274), which in turn induces electrostatic
interactions between Arg282 and Thr274. It also locks Arg276
in such a position so that it forms a salt bridge with Asp224.
The thiazole and His227 engage in a π−π interaction instead
of hydrogen bonding with His227 as seen in the electron
crystallography model. The NMR model shows involvement
of a hydrophobic pocket hosting Phe270, which is important
for paclitaxel activity and also binds the C12 methyl group of
epothilone B, thus accounting for its 10-fold increase in cell
cytotoxic activity over epothilone A.9

In both models epothilones cause rigidification and alignment
of the M-loop and the H7 helix leading to conformational change
in the α,β-tubulin dimer. In 2013, Prota et al. determined the

structures of protein−ligand complexes at 2.3 Å resolution by
X-ray crystallography of a complex between α,β-tubulin,
stathmin-like protein RB3 and tubulin-tyrosine ligase in the
presence of epothilone A (Figure 3).22 In this crystal structure,
the orientation of epothilone A on β-tubulin is completely
different compared to the previous models. In this structure,
epothilone A is deeply buried in the taxane pocket, which is
formed by hydrophobic residues of the H7 helix, the β strand
S7, the M-loop, and the S9−S10 strands of β-tubulin. The C1
lactone carbonyl forms a hydrogen bond with Thr274, the C3
hydroxyl with Gln279, the C7 hydroxyl with Asp224, and the
thiazole nitrogen with Thr274. This X-ray crystal structure also
shows a characteristic short helix, which is formed by Arg276
and Tyr281 in the M-loop of the β-tubulin. In the absence
of epothilone A, this segment was largely disordered. The other

Figure 1. Electron-crystallography-derived 3D models of (a) paclitaxel (cyan carbon, PDB code 1JFF; the numbering of the amino acids was
assigned according to PDB code 1TVK) and (b) epothilone A (brown carbon, PDB code 1TVK) bound to zinc-stabilized α,β-tubulin sheets. Images
were generated in Pymol, and surface colors represent elements: gray = C and H, blue = N, red = O, and yellow = S.

Figure 2. NMR-derived 3D model of epothilone A bound to α,β-
tubulin dimers.15,16 The numbering of the amino acids was assigned
according to PDB code 1TVK. Images were generated in Pymol, and
surface colors represent elements: gray = C and H, blue = N, red = O,
and yellow = S.
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secondary structure elements of the taxane pocket remained
almost unchanged in the presence or absence of epothilone A
bound to β-tubulin, hence suggesting that the binding of
epothilone A is not necessary to structure these parts of the
pocket. Upon binding of epothilone A to β-tubulin, polar contacts
are set up between side chains of epothilone A and residues of the
M-loop to induce a helical conformation to the M-loop.
Subsequently Canales et al.17 conducted STR and TR-NOESY

NMR studies with dimeric and polymerized tubulin and found
that the epothilone binding site and the epothilone conformation
are in complete agreement with the crystal structure of dimeric
tubulin.22

Figure 4 shows five three-dimensional structures of epothi-
lone conformers that have been observed or proposed: (a)
epothilone A bound to zinc-stabilized α,β-tubulin sheets (PDB
code 1TVK);14 (b) epothilone A in aqueous medium in the
presence of α,β-tubulin monomers;25 (c) derived from the crystal

structure of epothilone B bound to cytochrome P450 (PDB
code 1Q5D);28 (d) epothilone A X-ray structure crystallized
from dichloromethane/petroleum ether;29 (e) the conformation
of epothilone A from X-ray crystallography (PDB code 4I50).22

While there is some similarity among the structures with
regard to the conformation of the macrocycles that are shown in
Figure 4, it is also clear that the orientations of the epoxide and
the C15 thiazole-containing side chain are quite different. In the
tubulin-bound electron crystallography structure of Figure 4a
the epoxide is pointing inward, whereas the epoxide is pointing
outward in the four other structures. This conformation display-
ing an outward epoxide moiety was also proposed by the Taylor
group as a result of conformation−activity relationship studies
of epothilone analogues.30,31 The orientations of the presumably
highly flexible thiazole groups in the structure in Figure 4b,
derived from NMR studies, and the structures in Figure 4a
(twisted syn-periplanar), Figure 4d, and Figure 4e, derived from
X-ray crystallography, are similar in that C26 and C19 are in a
syn-periplanar orientation, whereas in the structure in Figure 4c,
which was derived crystallographically, the orientation of C26
and C19 is anti-periplanar.
Additional evidence for epothilone binding to polymerized

tubulin under physiological conditions can be obtained by
carrying out photoaffinity labeling studies of microtubules with
epothilone photoaffinity probes. Although mammalian brain
tubulin has been studied extensively, it is highly heterogeneous
because of multiple gene products for both α- and β-tubulin
and because of extensive posttranslational modifications. This
heterogeneity limits our complete understanding of the mech-
anisms of action of microtubule stabilizing agents and clearly
leaves room for further advances.32 Photoaffinity labeling studies
to characterize binding of paclitaxel33,34 and discodermolide35 in
the taxane site have been reported, but so far photolabeling
of tubulin with epothilones has remained elusive. Earlier
epothilone photoaffinity labels designed and tested in our
laboratories resulted only in nonspecific labeling.36−38

■ RESULTS AND DISCUSSION

Taking into account these results and the extensive SAR data,
epothilone A photoaffinity probes were designed (Figure 5).
We hypothesized that the protein region, which would be
labeled, is dependent on the epothilone orientation and con-
formation at the binding site. Thus, affinity labels were placed
at the thiazole and aziridine moieties, which occupy distinctly

Figure 3. X-ray crystallographic structure of the complex between α,β-
tubulin, stathmin-like protein RB3, and tubulin-tyrosine ligase in the
presence of epothilone A at 2.3 Å resolution (PDB code 4I50).22 The
numbering of the amino acids was assigned according to PDB code
1TVK. Images were generated in Pymol, and surface colors represent
elements: gray = C and H, blue = N, red = O, and yellow = S.

Figure 4. Structures of 3D epothilone A and B conformers obtained by different methods. Images a−d were reproduced from the literature ref 23
with permission from Angewandte Chemie, International Edition (Heinz, D. W.; Schubert, W.-D.; Höfle, G. Much anticipatedThe bioactive
conformation of epothilone and its binding to tubulin. 2005, Vol. 44, pp 1298−1301). Copyright 2005 John Wiley and Sons, Inc.
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different positions in the proposed binding models. Compound
1, carrying a triazolo moiety at the C21 methyl group of the
thiazole side chain, and compounds 2 and 3, carrying
trifluoromethyldiazirine groups on the C12−C13 aziridine,
would generate highly reactive carbenes when subjected to
photolysis. Both of these positions can be modified without
having an impact on the binding of epothilones to tubulin.39,40

Additionally, we presumed that having a variety of photoaffinity
probes with photoreactive groups at the different positions
would more likely label different amino acid residues once
bound to β-tubulin, thus giving a more complete picture of the
optimum conformation for binding.

The synthesis of the 21-diazo/triazolo epothilone A photo-
probe 1 is shown in Scheme 1. Epothilone A was oxidized with
m-CPBA to provide thiazole N-oxide 4. The N-oxide was then
subjected to a Polonovski-type rearrangement by treating
N-oxide 4 with trifluoroacetic anhydride and 2,6-lutidine to
furnish the trifluoroacetate intermediate 5 in 40% overall yield
over two steps. This intermediate was then dissolved in THF
and treated with ammonia to obtain 20-(hydroxymethyl)-
epothilone A (epothilone E, 6) in 90% yield.39 The allylic
(C21) alcohol of epothilone E (6) was oxidized to the C21
aldehyde 7 in 79% yield using manganese dioxide. Aldehyde 7
was converted to a mixture of E- and Z-hydrazones 8 in 99%
yield by treatment with hydrazine hydrate. The next step was to
oxidize hydrazones 8. Attempts with PIDA (diaceto(phenyl)
iodide) oxidation of 8 did not succeed. The mixture of
hydrazones 8 was then subjected to nickel peroxide oxidation
at room temperature to furnish the required 21-diazo/triazolo
epothilone A photoprobe 1 in 48% yield.
The 21-diazo/triazolo epothilone A probe 1 is an example

of ring−chain tautomerism. The most predominant tautomer
is the triazolo derivative 1 in 98%, and the diazo derivative 9
is present in 2% of the equilibrium mixture. Only the diazo
tautomer 9 is photocleavable, and therefore the tautomerization
is a rate-determining step for photolabeling. The ratio of the
tautomers was estimated based on the intensity of the IR band
at 2078 cm−1 compared to the lactone band at 1739 cm−1.
The 21-diazo/triazoloepothilone A probe 1 is stable as a neat

compound or in solution but underwent decomposition on
irradiation in methanol to form epothilone E 21-methyl ether
10 (Scheme 2). In the dark, 21-diazo/triazoloepothilone A 1
underwent cycloaddition with dimethyl acetylenedicarboxylate
to generate pyrrolothiazole 11, whereas on addition of acetic acid

Figure 5. Designed epothilone A photoaffinity probes 1−3.

Scheme 1. Synthesis of 21-Diazo/Triazolo Epothilone A Photoprobe 1
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epothilone E 21-acetate 12 was formed (Scheme 2). These reac-
tions proved the presence of the diazo tautomer in equilibrium
with the triazolo tautomer.

In order to prepare epothilone aziridine photoprobes 2 and 3
(Scheme 3), the epothilone aziridine analogue 13 was synthe-
sized in eight steps from epothilone A using a literature protocol.40

Scheme 2. Reactions of the Epothilone A Photoprobe 1

Scheme 3. Synthesis of Photoprobes 2 and 3
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The m- and p-(trifluoromethyldiazirino)benzoic acids were pre-
pared from the corresponding bromobenzyl alcohols over seven
steps using a literature protocol as well.41 The p-(trifluoromethyl-
diazirino)benzoic acid is also commercially available. Epothilone
aziridine 13 and m-(trifluoromethyldiazirino)benzoic acid
(14) were reacted in the dark using (benzotriazol-1-yloxy)tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP) as the
coupling agent and Hünig’s base to furnish the meta-photoprobe
2 in 81% yield. In a similar manner, the para-photoprobe
3 was synthesized by acylating epothilone A aziridine 13 with
p-(trifluoromethyldiazirino)benzoic acid (15) in 91% yield.
The photoprobes 1, 2, and 3 were examined for cytotoxicity,

for in a tubulin-assembly assay for effects on tubulin assembly,
and for inhibition of [3H]paclitaxel binding to tubulin polymer
(Tables 1 and 2).

As seen from Table 1, the photoprobes exhibited excellent
cytotoxicity against several cell lines. They were also similar to
epothilone A in their relative resistance and substantially more
active than paclitaxel and docetaxel in the P-glycoprotein
overexpressing, multidrug resistant cell line NCI/ADR-RES. In
addition, photoprobe 1 showed 64% inhibition of [3H]paclitaxel
binding to preformed microtubules (Table 2), which is compara-
ble to epothilone A (67% inhibition), thereby demonstrating
that the probe binds in the taxane site on β-tubulin. Photoprobes
2 and 3 showed 17% and 2% inhibition, respectively, in this
assay.
Next, the photoprobes were examined for their ability to

promote tubulin assembly in comparison with epothilones A
and B (Figure 6). In this assay,42 varying concentrations of
compounds are incubated at room temperature for 15 min in
reaction mixtures containing 0.4 M monosodium glutamate,
0.5 mM MgCl2, and 1.0 mg/mL (10 μM) purified bovine brain
tubulin. Following centrifugation, the protein content of the
supernatants is determined. A useful feature of this assay is
that the curves can be shifted either to the left, by increasing
the glutamate concentration, or to the right, by decreasing the

glutamate concentration, to allow one to measure either active
or relatively inactive compounds. Data obtained with a range
of concentrations of epothilones A and B and photoprobe 1 in
0.4 M glutamate are shown in Figure 6 (average values from
three independent experiments). These data yielded EC50 values
(concentration of compound resulting in 50% reduction in
protein content of the supernatant) of 16 ± 0.4 (SE), 5.7 ± 0.3
(SE), and 5.4 ± 0.4 (SE) μM for epothilone A, epothilone B,
and photoprobe 1, respectively. Thus, in this series of experi-
ments photoprobe 1 was at least as active as epothilone B and
significantly more active than epothilone A. We therefore
concluded that photoprobe 1 was a viable photoaffinity probe to
study the interaction of epothilones with microtubules. Photo-
probes 2 and 3 failed to show the required assembly promoting
activity in this assay, as well as in a medium sensitivity assembly
assay. This agreed with their low activity as inhibitors of
[3H]paclitaxel binding to preformed microtubules.
However, we were able to show weak assembly promoting

activity with photoprobes 2 and 3 in a reaction condition that
included microtubule-associated proteins and GTP (Figure 7).
In this reaction condition, there is assembly without an assembly
inducing drug, and therefore, we can consider this reaction
condition as a “low sensitivity condition” for purposes of
comparing the effects of assembly inducing agents. This
assembly reaction was examined by turbidimetry at 400 nm,
to avoid possible photoactivation of photoprobes 2 and 3,
in a recording spectrophotometer equipped with an electronic
temperature controller, allowing the reaction temperature to
be raised in steps. Without compound (curve 0), assembly only
occurred at 30 °C and was completely reversible when the
temperature was returned to 0 °C. In contrast, with epothilone
A, there was partial assembly at 0 °C, extensive assembly at
10 °C, complete assembly at 20 °C, and minimal disassembly at
0 °C. (Epothilone B would show even more extensive assembly
at 0 and 10 °C in this reaction condition.11) Photoprobes 2 and
3 did show partial activity in this system (curves 2 and 3,
respectively), but full assembly, as with the control minus
compound, required a temperature of 30 °C. Photoprobe 2 was
slightly more active than photoprobe 3, which correlated with
the results from the [3H]paclitaxel binding assay.
The results from the cytotoxicity and tubulin assays led

us to perform photoillumination studies with photoprobe 1
(Figure 8). The photoprobe 1 was incubated with preformed
microtubules prepared from electrophoretically homogeneous
bovine brain tubulin and illuminated with UV light at 300 nm.
Two samples were created in this process. We exposed sample
A to UV light for 10 min and sample B for 60 min. Rapid loss

Table 1. Cytotoxicity Studies of Photoprobes 1, 2, and 3

IC50 ± SE (nM)

compd OVCAR-8a NCI/ADR-RESb

paclitaxel 5.3 ± 2 800 ± 200
docetaxel 7.0 ± 2 290 ± 10
epothilone A 7.0 ± 1 140 ± 20
epothilone B 4.0 ± 0 15 ± 0
diazo-probe 1 8.0 ± 1 160 ± 40
meta-probe 2 5.0 ± 1 130 ± 40
para-probe 3 7.0 ± 2 150 ± 70

aOVCAR-8 = ovarian cancer cell line. bNCI/ADR-RES = multidrug
resistant cancer cell line, isogenic with OVCAR-8 but overexpressing
P-glycoprotein.

Table 2. Inhibition of [3H]Paclitaxel Binding Assay

compd % inhibition ± SEa

epothilone A 67 ± 1
epothilone B 82 ± 0
diazo-probe 1 64 ± 3
meta-probe 2 17 ± 2
para-probe 3 2.3 ± 0

aConcentrations: tubulin in polymer, 2 μM; [3H]paclitaxel, 4 μM;
compounds, 20 μM.

Figure 6. Tubulin assembly assay data for epothilone B (circles),
epothilone A (upright triangles), and photoprobe 1 (inverted triangles).
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of epothilone binding ability was observed with exposures
greater than 60 min due to denaturation of the protein. After
irradiation, the microtubules were harvested by centrifugation.
Both samples (15 μg each) of the centrifuged microtubules were
initially subjected to chymotrypsin digestion.
The peptide mixtures were analyzed by 1D LC−ESI-MS/MS

on an LTQ Orbitrap Velos mass spectrometer (ThermoFisher
Scientific, Waltham, MA) in data dependent acquisition (DDA)
scan mode. In DDA mode for our experiments, we selected
multiply charged precursor ions signals above an absolute
intensity threshold in MS1 spectra for MS/MS acquisition using
higher energy collision induced dissociation (HCD) activation in
an automated fashion. PEAKS software was used for peptide
tandem MS data interpretation, which combines de novo peptide

sequencing with mass-based database searching against a species-
specific protein sequence database. PEAKS results showed
peptide matches and protein groups for all detected proteins.
Ten α- and β-tubulin isoforms were detected; amino acid
coverage range from chymotrypsin peptides detected by mass
spectrometry was 62−90%. Since probe reactivity is nonspecific
for amino acids and bond types and probe-specific fragment ions
could interfere with peptide matching, the search for modified
peptides using PEAKS (in the amino acid modification library)
was not effective. Manual interpretation of data was employed.
The neat probe compounds were subjected to tandem MS in
order to identify probe-specific fragment ion peaks that could
assist in manual data interpretation. Photoprobe 1 was infused
into the Orbitrap Velos at 2 μL/min in 80:20 methanol/water at

Figure 7. Tubulin assembly dependent on microtubule-associated proteins and GTP, as a function of temperature: epothilone A curve, epothilone A;
curve 2, photoprobe 2; curve 3, photoprobe 3; curve 0, no compound; tubulin at 10 μM; compounds at 40 μM. Temperature is in °C as indicated on
top of the graph, and other reaction components are as described in the text.

Figure 8. Photoillumination protocol.
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2 μM and subjected to HCD activation. The tandem MS results
of photoprobe 1 are shown in Figure 9. Probe-specific fragment
ions were subsequently used as “signature” ions in the pursuit of
probe-modified peptides during the manual inspection of the
chymotrypsin LC−MS peptide data.
Extracted ion chromatograms for probe-specific “signature

ion” peaks 304, 241, and 164 m/z were generated for each
LC−MS/MS data set in the pursuit of tandem mass spectra
that contained probe-specific fragment ions; tandem MS results
that contained all three fragment ions were visually inspected
for the presence of additional probe specific fragment ions and
for further interpretation. Two spectra with doubly charged
precursors were identified as candidates for possible probe-
modified peptides and were manually searched for possible
chymotryptic peptide matches. The chymotryptic peptide
TARGSQQY (274−281) from bovine β-tubulin 3 (UniProt
code Q2T9S0, TBB3_BOVIN) and isoform TBB6 and
TSRGSQQY from bovine β-tubulin 2B (UniProt code
Q6B856) as well as isoforms TBB-4B, TBB-2B, TBB-4A, and
TBB-5 were identified as candidates upon comparison of the
theoretical mass of the peptide + probe to the experimental
data for the deconvoluted precursor masses. Assignment of
peptides TSRGSQQY and TARGSQQY to distinct isoforms
was not possible because numerous shared and unique peptides
among the β-tubulin isoforms were detected by tandem MS;
quantification of the relative tubulin isoform amounts was not
feasible from the MS results. However, TBB-2 represents 58%

of the composition of bovine brain tubulin43 and likely con-
tributes significantly to the origin of the peptide signal by mass
spectrometry. Precursor 701.3401 m/z (Figure 10A) corre-
sponds to the doubly charged signal from tubulin chymotrypsin
peptide TARGSQQY + probe peak, and 709.3380 m/z
(Figure 10B) corresponds to the β-tubulin chymotrypsin
peptide TSRGSQQY + probe. The base peak in each tandem
MS correlated with the mass of the intact peptide after neutral
loss of the probe (491.23 amu). The base peak 910.43 m/z
(Figure 11A) corresponds to TARGSQQY, and the base peak
926.43 m/z (Figure 11B) corresponds to TSRGSQQY. The
two tandem mass spectra with probe-specific fragment ions
were manually evaluated for the presence of peptide-specific
fragment ions for peptide TARGSQQY. Numerous b- and
y-type peptide fragment ions formed after probe dissociation,
and the amino acid sequence was confirmed unambiguously
(see Figure 11A and Figure 11B). The experimental [M + H]+1mono
value for probe-modified TARGSQQY was 1401.6729 m/z
(sample A), and the experimental [M + H]+1mono value for
probe-modified TSRGSQQY was 1417.6687 m/z (sample B)
(see Table 3). We detected probe-modified TARGSQQY
and probe-modified TSRGSQQY in the tubulin preparations
exposed to both 10 min (sample A) and 60 min (sample B) of
irradiation.
Potential dissociation of labile amino acid modifications and

loss of site specificity information are well documented for certain
classes of modified peptides and certain forms of peptides.

Figure 9. Tandem mass spectrum of the [M + H]+1monoisotopic precursor 520.2473 m/z upon photoprobe 1 direct infusion.

Figure 10. Doubly charged precursor ions for photoprobe 1-modified peptide TARGSQQY from TBB3 (A) and TSRGSQQY from TBB-2B, -4B,
-4A, and -5 (B).
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Classical examples include phosophorylated peptide dissocia-
tion in ion trap and triple quadrupole MS systems45,46 and
glycopeptide analysis.47 Further inspection of all fragment ions
in the tandem MS confirmed complete probe dissociation;

probe-labeled b- or y-type fragment ions were not present, and
site localization of the probe (to a specific amino acid) was not
possible. Evidence of complete dissociation of the probe during
collision-induced dissociation suggests a relatively labile covalent

Figure 11. (A) MS/MS of precursor 701.3401 m/z corresponding to TARGSQQY + photoprobe 1. (B) MS/MS of precursor 709.3380 m/z
corresponding to TARGSQQY + photoprobe 1. Probe-specific fragment ions (labeled “Probe”) were assigned after matching peaks to experimental
probe-specific fragment ions observed in the MS/MS spectrum of probe 1 from the neat infusion experiment. Peptide fragment ions after neutral
loss of the probe are labeled “-Pr” or with black dots (●) (due to space limitation) according to the standard nomenclature of Roepstorff.44

Ammonia losses from fragment ions are labeled with ∗. The amino acid sequence is shown above the spectrum with dashed lines representing b or y
type fragment ions after probe dissociation. All labeled fragment ions were singly charged, as inferred from matches to theoretical fragment ions or
directly from the isotope pattern. Intact molecular species (M) minus probe fragment ions were inferred from the spectrum.

Table 3. Probe 1 Was Detected by Mass Spectrometry from Infusion of Diluted, Neat Compound, and β-Tubulin Chymotrypsin
Peptides Were Detected in Tubulin Preparations

molecule molecular formula theoretical [M + H]+1monoisotopic exptl [M + H]+1monoisotopic ppm mass errore

probe 1 (intact ligand) C26H37N3O6S 520.2476 520.2473 0.58
TARGSQQY C37H59N13O14 910.4377 910.44a 0
TSRGSQQY C37H59N13O15 926.4326 926.43b 0
TARGSQQY + probe 1 C63H96N14O20S 1401.6718 1401.6729c 0.78
TSRGSQQY + probe 1 C63H96N14O21S 1417.6667 1417.6687d 1.4

molecule molecular formula theoretical Mr

N2 (loss from probe upon ligand binding to peptide) N2 28.0061
probe 1 (post cross-link) C26H37NO6S 491.2341

aFrom MS/MS spectrum of TARGSQQY + probe (after neutral loss of probe) acquired at 7500 resolution. bFrom MS/MS spectrum of
TSRGSQQY + probe (after neutral loss of probe) acquired at 7500 resolution. cCalculated from the doubly charged precursor peptide peak
701.3401 m/z. dCalculated from the doubly charged precursor peptide peak 709.3380 m/z. eCalculated from [M + H]+1.
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bond with the amino acid residues at the binding site. Forma-
tion of a C−C bond between the probe carbene group and an
amino acid carbon atom is unlikely, since probe dissociation
from the ligand-labeled peptide was complete. This suggests
the carbene insertion into an O−H bond of the side chains of
Thr274 (T) TBB3, Ser275/278 (S) or Tyr281 (Y) residues
from TBB3 to form a C−O bond, which is relatively weaker
than the C−C bond and hence more prone to fragment during
the MS analysis. Alternatively, carbene insertion into a side chain
N−H bond of Arg276 (R) or Gln279/280 (Q) residues from
TBB3 with formation of a weak C−N bond was feasible. The
same argument would apply to the analogous TBB-2B peptide.
To address the issue of specificity, another experiment was

carried out. Photoprobe 1 was incubated with preformed micro-
tubules prepared from the electrophoretically homogeneous
bovine brain tubulin with and without a 20-fold excess of
epothilone B. The two samples were simultaneously illuminated
with UV light at 300 nm for 5 min, and the same photo-
illumination protocol as shown in Figure 8 was followed. As
expected, the target peptides TARGSQQY + probe and
TSRGSQQY + probe were not detected in the sample to
which epothilone B was added but were detected in the control
sample without epothilone B. This experiment demonstrated
the specificity of binding of the analogue to microtubules prior
to the photoactivation step.
Similar to the photoprobe 1 photoillumination experiment,

one sample each was prepared from photoprobes 2 and 3 by
incubation and UV irradiation at 350 nm for 10 min. Inspection
of MS1 and MS2 spectra for probe-modified peptides did not
uncover possible candidates. Follow-up experiments at 365 and
300 nm lamp settings for UV irradiation did not uncover
possible candidates. Finally, the α- and the β-strands of tubulin
were isolated by sodium dodecyl sulfate−polyacrylamide gel
electrophoresis following UV irradiation at 300 nm for 10 min
of reaction mixtures containing either photoprobe 2 or 3. These
samples also failed to show any peptide labeling. Nevertheless,
since photoprobes 2 and 3 showed excellent cytotoxicity and
also weak tubulin assembly activity, we hypothesized that
the incorporation of these two photolabels into the tubulin
protein may have taken place at levels below the detection limit
of the mass spectrometer or ionization of probe 2- or probe
3-modified peptides was unfavorable. We performed additional
studies with photoprobes 2 and 3. Because isotype content and
posttranslational modifications of bovine brain tubulin differ
substantially from tubulin from cultured human cells, photo-
labeling studies of tubulins isolated from HeLa and MCF-7
human cell lines with photoprobes 2 and 3 were performed.
For these photoillumination studies, 2.5 μM tubulin was
incubated for 30 min at 37 °C with 25 μM photoprobe (2 or 3)
in 0.75 M glutamate and 100 μM 2′,3′-dideoxyguanosine
5′-triphosphate (ddGTP). The samples were exposed to
365 nm UV light. After irradiation, the microtubules were
harvested by centrifugation, and the collected pellets were
analyzed by chymotrypsin digestion and mass spectrometry, but
we were unable to detect probe-modified peptides.
The fact that the reactive carbene species generated from the

photolysis of the photoprobe 1 binds to the peptide sequence
TARGSQQY/TSRGSQQY from amino acids 274 to 281 in
β-tubulin indicates that the thiazole portion of the epothilones
must be close to the aforementioned amino acid residues to
facilitate covalent binding upon photoactivation. In order to
visualize this possibility, we carried out docking studies of
photoprobe 1 in a homology model of bovine brain TBB3, a

representative isoform for probe binding based on the mass
spectrometry results (Figure 12). The bovine brain TBB3
homology model was created from the electron crystal structure
of zinc-induced β-tubulin sheets48 (PDB code 1JFF) before
the crystal structure of the tubulin complex with epothilone A
(Figure 12c,d) was published.22 Homology modeling was
performed using Prime,49 and the docking simulations were
performed using Glide.50 The C21 of photoprobe 1 is within
3.8 Å distance from residue Gln280, which should allow the
probe to bind covalently with the residue upon photolysis.
There is good agreement between the homology model for

the bovine brain β-tubulin (TBB3) taxane site (Figure 12a,b)
and the X-ray crystal structure (Figure 12c,d) of the β-tubulin
complex, but there are also some differences. The X-ray crystal
structure shows a short helix formed in the region of the protein
between Arg276 and Tyr281 in the M-loop of β-tubulin,
whereas in the homology model this region of the protein forms
a loop. Another difference is that the 7-OH group of epothilone
A forms a hydrogen bond with Asp224 (Figure 12c,d), whereas
the 7-OH hydroxyl group of 1 is in proximity to Asp224 for a
Coulombic interaction rather than a hydrogen bonding interac-
tion (Figure 12a,b). The 3-OH group of epothilone A forms a
hydrogen bonding interaction with Gln279 (see also Figure 3),
which is not observed for photoprobe 1.
In the predicted binding pose of photoprobe 1 (Figure 12a,b)

and for epothilone A (Figure 12c,d), the epoxide is located
outside the macrocycle (see also Figure 4) and is in both cases
proximal to Phe270 for a hydrophobic interaction. The lactone
carbonyl oxygen forms a hydrogen bonding interaction with
Thr274 in both structures. The diazomethylthiazole group of
photoprobe 1 is in proximity to Thr274 and Arg282 for hydrogen
bonding interactions. Similarly, the methylthiazole group of
epothilone A forms a hydrogen bonding interaction with
Thr274 and has hydrophobic interactions with the β, γ, and δ
carbons of Arg282.
It is nonetheless quite interesting that our homology model,

derived to rationalize our photolabeling result from an interac-
tion of 1 with tubulin polymer, is in such good agreement with
the crystal data obtained from the interaction of epothilone A
with a nonpolymerized form of tubulin22 and the NMR studies
with tubulin dimers and polymers.17 The extreme condition
required to obtain epothilone A in the crystals (500 μM
epothilone A with about 150 μM tubulin in the protein complex)
contrasts with the strong interaction described above for 1 with
microtubules (for example, 2.0 μM tubulin in polymer with
20 μM photoprobe 1 in the photoreaction experiments). These
different reaction conditions are consistent with the low affinity
of epothilones for unpolymerized tubulin in contrast with their
high affinity for microtubules. Data for dissociation constants
obtained with epothilones A and B for binding to unpolymerized
tubulin at 25 °C (48 and 130 μM for epothilones B and A,
respectively)17 are much higher than the corresponding values
obtained for their binding to microtubules at 26 °C (0.67 and
13 nM for epothilones B and A, respectively).51 Since both cells
and patients are treated with microtubule stabilizing agents at
higher temperatures, it is probably the interaction of these agents
with microtubules rather than with unpolymerized tubulin that is
the physiologically significant interaction. Nevertheless, our data
combined with those of the crystal structure22 and the recent
NMR studies17 support the finding that the same site is involved
in both polymer and the α,β-tubulin dimer, and it is possible that
the differences summarized above may represent subtle changes
in the binding site following tubulin polymerization.
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■ CONCLUSION

We designed and synthesized epothilone A photoaffinity probes
1, 2, and 3. By use of photoprobe 1, the probe 1-modified
peptide fragments TARGSQQY (from amino acid 274 to 281)
in the β-tubulin isoform TBB3 and TSRGSQQY (β-tubulin
isoforms TBB2B, TBB-4A, TBB-4B, and TBB-5) were
detected. These data represent the first specific labeling of
β-tubulin by an epothilone photoaffinity analogue. The results
from the photolabeling studies with photoprobe 1 and the 3D
model of photoprobe 1 docked into a homology model of
bovine brain tubulin TBB3 support the epothilone binding
pose and the epothilone conformation determined by X-ray
crystallography of the complex formed by an α,β-tubulin dimer,
stathmin-like protein RB3, and tubulin-tyrosine ligase in the

presence of epothilone A by Prota et al.22 and the NMR studies
by Canales et al.17

■ EXPERIMENTAL SECTION
Chemistry. General Information. All starting materials, reagents,

and anhydrous solvents were purchased and used directly without
further purification or drying unless otherwise specified. 4-(3-
(Trifluoromethyl)-3H-diazirin-3-yl)benzoic acid 14 is commercially
available. Flash column chromatography was carried out on silica gel
(230−400 mesh). TLC was conducted on silica gel 250 μm F254 plates.
TLC visualization was performed by fluorescence quenching or by
using p-anisaldehyde and vanillin for staining. 1H NMR spectra were
recorded on a 400 or 300 MHz NMR instrument. Chemical shifts
are reported in ppm relative to chloroform (δ = 7.26 ppm) or with
TMS as an internal standard (δ = 0.0 ppm). Data are reported as

Figure 12. Predicted binding pose of photoprobe 1 (a, b) in a TBB3 homology (based on PDB code 1JFF) versus a binding pose of epothilone A
determined by crystallography (c, d) (PDB code 4I50) for TBB2B.22 The amino acid residues shown here are within 4 Å of photoprobe 1 and
epothilone A.
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follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet,
q = quartet, p = pentet, br = broad, m = multiplet), integration,
and coupling constants (Hz). 13C NMR spectra were recorded on a
100 MHz NMR or 75 MHz spectrometer with complete proton
decoupling. Chemical shifts are reported in ppm relative to chloroform
(δ = 77.2 ppm). The 19F NMR spectra for the optimization reactions
were recorded at 376 MHz without an internal standard. High-
resolution mass spectrometry was performed using an electrospray
ionization technique and analyzed by a time-of-flight mass analyzer.
IR spectra were recorded on a FT-IR spectrometer and are reported in
terms of frequency of absorption (cm−1).
(1S,3S,7S,10R,11S,12S,16R)-7,11-Dihydroxy-8,8,10,12-tetra-

methyl-3-((E)-1-(thiazolo[3,2-c][1,2,3]triazol-6-yl)prop-1-en-2-
yl)-4,17-dioxabicyclo[14.1.0]heptadecane-5,9-dione (1). The
mixture of E- and Z-hydrazones 8 (9.8 mg, 18.8 μmol) was dissolved
in CH2Cl2 (2.00 mL). With stirring, three portions of nickel peroxide
monohydrate (NiO2·H2O) (8.59 mg × 3 times for a total of
237 μmol) were added, with addition of each aliquot separated by
15 min. After an additional 15 min, the reaction mixture was filtered
over Celite, which was washed with CH2Cl2, and the filtrates were
evaporated. The residue was purified by silica gel chromatography
(2−5% MeOH/CH2Cl2 gradient elution) to afford the title compound
1 as a colorless oil (4.00 mg, 41%). 1H NMR (400 MHz, CDCl3) δ
0.98 (d, 3H, J = 4 Hz), 1.09 (s, 3H), 1.19 (d, 3H, J = 4 Hz), 1.32−1.34
(m, 2H), 1.66−1.93 (m, 7H), 2.16 (s, 3H), 2.22−2.35 (m, 3H), 2.56−
2.62 (m, 1H), 2.95−3.04 (m, 2H), 3.24−3.27 (m, 1H), 3.72−3.74 (m,
1H), 4.63−4.68 (m, 1H), 5.08−5.09 (m, 1H), 5.53−5.56 (m, 1H),
6.94 (s, 1H), 7.08 (s, 1H), 7.86 (s, 1H); 13C NMR (100 MHz, CDCl3)
δ 14.1, 15.8, 16.5, 18.1, 22.1, 22.7, 23.3, 28.0, 31.4, 32.0, 36.6, 39.5,
41.2, 54.7, 55.2, 57.7, 72.9, 74.9, 109.1, 115.5, 124.8, 129.1, 136.4,
145.1, 169.9, 220.1; HRMS calculated for (C26H37N3O6S) requires
m/z [M + H] 520.2481, found m/z 520.2484.
General Procedure for the Synthesis of Photoprobes 2 and

3. The epothilone aziridine analog 13 was synthesized using a
literature protocol from epothilone A via the bromohydrine.40 To a
solution of the trifluoromethyldiazirinobenzoic acid (14 or 15, 6.65 mg,
28.9 μmol) in CH2Cl2 (3.00 mL), Hünig’s base (10.5 μL, 60.3 μmol)
and BOP (12.8 mg, 28.9 μmol) were added sequentially. After stirring
for 10 min, a solution of aziridine 13 (14.0 mg, 28.4 μmol) in CH2Cl2
(2.00 mL) and Hünig’s base (4.90 μL, 28.1 μmol) was added to the
acid solution. The reaction mixture was allowed to react for 16 h in the
dark at rt. After 16 h, the reaction mixture was diluted with CH2Cl2
(3.00 mL) and then washed with pH 3 buffer (citric acid, 3 × 10 mL),
sat. aq NaHCO3 (3 × 10 mL), and water (1 × 10 mL). The organic
layer was dried over Na2SO4 and concentrated under reduced pressure.
The residue was purified by silica gel chromatography (2−5% MeOH/
CH2Cl2 gradient elution) to afford the desired compound 2 or 3.
(1S,3S,7S,10R,11S,12S,16R)-7,11-Dihydroxy-8,8,10,12-tetra-

methyl-3-((E)-1-(2-methylthiazol-4-yl)prop-1-en-2-yl)-17-(3-(3-
(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-4-oxa-17-
azabicyclo[14.1.0]heptadecane-5,9-dione (2). The title com-
pound 2 was obtained as a colorless oil (13.1 mg, 81%). 1H NMR
(400 MHz, CDCl3) δ 1.03 (d, 3H, J = 8 Hz), 1.15 (s, 3H), 1.19 (d,
3H, J = 8 Hz), 1.37 (s, 3H), 1.51−1.57 (m, 4H), 1.73−1.74 (m, 1H),
1.93−1.99 (m, 2H), 2.11 (s, 3H), 2.35−2.56 (m, 5H), 2.65−2.70 (m,
4H), 3.17−3.20 (m, 1H), 3.80−3.83 (m, 1H), 4.12−4.15 (m, 1H),
5.34−5.38 (m, 1H), 6.58 (s, 1H), 6.98 (s, 1H), 7.39 (d, 1H, J = 8 Hz),
7.51 (t, 1H, J = 8 Hz), 7.77 (s, 1H), 7.99 (d, 1H, J = 8 Hz); 13C NMR
(100 MHz, CDCl3) δ 13.6, 15.3, 17.3, 19.0, 20.2, 22.8, 24.0, 28.2 (q,
J = 40.5 Hz), 28.3, 31.2, 31.8, 36.3, 39.2, 40.1, 43.2, 43.6, 52.8, 73.1, 73.6,
78.1, 116.3, 120.3, 122.0 (q, J = 273.1 Hz), 127.1, 129.2, 129.6, 130.2,
130.4, 134.1, 138.1, 151.7, 165.2, 170.8, 178.7, 220.1; 19F NMR (376 MHz,
CDCl3) δ −65.0 (s, 3F); HRMS calculated for (C35H43F3N4O6S)
requires m/z [M + Na] 727.2753, found m/z 727.2777.
(1S,3S,7S,10R,11S,12S,16R)-7,11-Dihydroxy-8,8,10,12-tetra-

methyl-3-((E)-1-(2-methylthiazol-4-yl)prop-1-en-2-yl)-17-(4-(3-
(trifluoromethyl)-3H-diazirin-3-yl)benzoyl)-4-oxa-17-
azabicyclo[14.1.0]heptadecane-5,9-dione (3). The title com-
pound 3 was obtained as a colorless oil (14.7 mg, 91%). 1H NMR
(400 MHz, CDCl3) δ 1.03 (d, 3H, J = 8 Hz), 1.15 (s, 3H), 1.19 (d, 3H,
J = 8 Hz), 1.37 (s, 3H), 1.50−1.57 (m, 3H), 1.67−1.75 (m, 2H),

1.90−1.99 (m, 2H), 2.11 (s, 3H), 2.33−2.56 (m, 5H), 2.65−2.71
(m, 4H), 3.15−3.21 (m, 1H), 3.80−3.82 (m, 1H), 4.12−4.14 (m, 1H),
5.34−5.37 (m, 1H), 6.58 (s, 1H), 6.99 (s, 1H), 7.25 (s, 1H), 7.27 (s,
1H), 7.94−7.97 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 13.7, 15.3,
17.4, 19.1, 20.3, 22.8, 24.0, 25.6, 28.3, 28.4 (q, J = 40.5 Hz), 31.2,
31.9, 36.3, 39.2, 40.1, 43.3, 52.8, 68.0, 73.3, 73.8, 78.3, 116.3, 116.4,
120.5, 121.8 (q, J = 273.1 Hz), 126.5, 129.4, 133.6, 134.3, 138.1, 151.7,
165.2, 170.7, 178.8, 220.0; 19F NMR (376 MHz, CDCl3) δ −64.9 (s,
3F); HRMS calculated for (C35H43F3N4O6S) requires m/z [M + Na]
727.2753, found m/z 727.2777.

4-((E)-2-((1S,3S,7S,10R ,11S,12S ,16R)-7,11-Dihydroxy-
8,8,10,12-tetramethyl-5,9-dioxo-4,17-dioxabicyclo[14.1.0]-
heptadecan-3-yl)prop-1-en-1-yl)-2-methylthiazole 3-Oxide (4).
Epothilone A (2.0 g, 4.06 mmol) was dissolved in CH2Cl2 (2 mL), and
then m-CPBA (1.5 g, 9 mmol) dissolved in CH2Cl2 (29 mL) was
added with stirring. During 4 h a colorless precipitate formed, and the
solvent was evaporated. The residue was taken up in ethyl acetate and
extracted with a saturated NaHCO3 and Na2SO3 solution (50 mg/mL).
The organic layer was dried over MgSO4, evaporated, and the residue
was separated by RP-18 chromatography (MeCN, 50 mmol of
ammonium acetate buffer, 35/65, pH 7.5) to give 798 mg (40%) of
4, identical with an authentic sample.39

(1S,3S,7S,10R,11S,12S,16R)-7,11-Dihydroxy-3-((E)-1-(2-
(hydroxymethyl)thiazol-4-yl)prop-1-en-2-yl)-8,8,10,12-tetra-
methyl-4,17-dioxabicyclo[14.1.0]heptadecane-5,9-dione, Epo-
thilone E (6). Epothilone A N-oxide 4 (798 mg, 1.57 mmol) was
dissolved in CH2Cl2 (20 mL), and 2,6-lutidine (1.6 mL, 14 mmol) was
added, followed by trifluoroacetic anhydride (1.6 mL, 11 mmol).
After stirring at 75 °C for 10 min, the volatiles were evaporated under
high vacuum, and the residue was dissolved in THF (8 mL) and
treated with ammonia (3.5 mL 25%) at 45 °C for 10 min. Evaporation
to dryness and purification by silica gel chromatography yielded 720 mg
(90%) epothilone E (6) identical with an authentic sample.39

4-((E)-2-((1S,3S,7S,10R ,11S,12S ,16R)-7,11-Dihydroxy-
8,8,10,12-tetramethyl-5,9-dioxo-4,17-dioxabicyclo[14.1.0]-
heptadecan-3-yl)prop-1-en-1-yl)thiazole-2-carbaldehyde (7).
Epothilone E (6), 30.0 mg, 58.9 μmol) was dissolved in CH2Cl2
(2.00 mL) at rt under N2. To the reaction mixture was added MnO2
(8 × 55.0 mg), with each addition separated by 10 min. After the reaction
was complete, as judged by TLC, Celite was added and the mixture was
filtered. The pellet was washed two times with an 8:2 mixture of CH2Cl2/
MeOH. After the reaction was complete, as judged by TLC, the solvent
was evaporated, and the residue was purified by silica gel chromatography
(0−5% MeOH/CH2Cl2 gradient elution) to furnish the title compound
7 as a colorless oily substance (29.0 mg, 97%). 1H NMR (400 MHz,
CDCl3) δ 1.01 (d, 3H, J = 8 Hz), 1.11 (s, 3H), 1.19 (d, 3H, J = 8 Hz),
1.38 (s, 3H), 1.53−1.76 (m, 7H), 1.97−2.00 (m, 1H), 2.08−2.10 (m,
1H), 2.20 (s, 3H), 2.50−2.57 (m, 2H), 2.91−2.95 (m, 1H), 3.03−3.07
(m, 1H), 3.22−3.29 (m, 1H), 3.80−3.82 (m, 1H), 4.12−4.15 (m, 1H),
5.48−5.51 (m, 1H), 6.68 (s, 1H), 7.55 (s, 1H), 9.99 (s, 1H); 13C NMR
(100 MHz, CDCl3) δ 14.6, 15.5, 17.3, 21.0, 21.6, 23.9, 26.8, 30.2, 31.2,
36.1, 38.7, 44.0, 52.5, 54.2, 57.5, 73.9, 75.2, 76.5, 118.8, 124.1, 139.4,
155.6, 164.9, 170.5, 183.7, 220.1; HRMS calculated for (C26H37NO7S)
requires m/z [M + H] 508.2369, found m/z 508.2375.

( 1 S , 3 S , 7 S , 1 0R , 1 1 S , 1 2 S , 1 6R ) - 3 - ( ( E ) - 1 - ( 2 - ( ( E /Z ) -
Hydrazonomethyl)thiazol-4-yl)prop-1-en-2-yl)-7,11-dihy-
droxy-8,8,10,12-tetramethyl-4,17-dioxabicyclo[14.1.0]hepta-
decane-5,9-dione (8). Aldehyde 7 (14.0 mg, 27.6 μmol) was
dissolved in MeOH (1.00 mL). To this solution four portions of
hydrazine monohydrate (1.75 μL each, total 148 μmol) were added at
rt while stirring. After stirring for an additional 10 min, a saturated
NaHCO3 solution (0.50 mL) was added to the reaction mixture,
which was extracted with EtOAc (3 × 3 mL). The organic layers
were combined, dried over Na2SO4, and concentrated in vacuo. The
crude residue obtained was a mixture of E- and Z-hydrazones of the
title compound 8 as a glassy oil (9.8 mg, 64%), which was used directly
for the next step without further purification.

(1S,3S,7S,10R,11S,12S,16R)-7,11-Dihydroxy-3-((E)-1-(2-
(methoxymethyl)thiazol-4-yl)prop-1-en-2-yl)-8,8,10,12-tetra-
methyl-4,17-dioxabicyclo[14.1.0]heptadecane-5,9-dione (10).
Triazoloepothilone 1 (9.7 mg, 18.7 μmol) was dissolved in methanol
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(1 mL) and irradiated at 0 °C with a high-pressure mercury lamp
(filter cutoff at 260 nm) for 4 h. The solution was concentrated and
separated by preparative RP18 HPLC (MeOH/H2O 4:6) to give
2.1 mg (24%) of 21-methoxyepothilone 10. 1H NMR (300 MHz,
CDCl3, only signals for the side chain) δ 2.09 (s, 27- H3), 3.49 (s,
21-OMe), 4.71(s, 21-H2), 6.61 (sbr, 17-H), 7.13 (s, 19-H); 13C NMR
(75 MHz, CDCl3, only signals for the side chain) δ 15.6 (C-27), 59.1
(21- OMe), 71.5 (C-21), 117.3 (C-19), 120.0 (C-17), 137.5 (C-16),
152.2 (C-18), 167.8 (C-20); HRMS calculated for (C27H41NO7S)
requires m/z [M+] 523.2604, found m/z 523.2609.
Dimethyl 3-((E)-2-((1S,3S,7S,10R,11S,12S,16R)-7,11-Dihy-

droxy-8,8,10,12-tetramethyl-5,9-dioxo-4,17-dioxabicyclo-
[14.1.0]heptadecan-3-yl)prop-1-en-1-yl)pyrrolo[2,1-b]thiazole-
5,6-dicarboxylate (11). Triazoloepothilone 1 (1.8 mg, 3.5 μmol)
was dissolved in CH2Cl2 (200 μL), and then three portions of 4.3 μL
(34.7 μmol) each of dimethyl acetylenedicarboxylate were added over
4 h. The reaction mixture was evaporated to dryness and separated
by TLC to give 2.0 mg (87%) of pyrrolothiazole epothilones 11.
High resolution desorption-chemical soft ionization-MS calculated
for (C32H43N3O10S) requires m/z [M + H+] 662.2742, found m/z
662.2778; 1H NMR (400 MHz, CDCl3, only signals for the side chain)
δ 2.17 (s, 27- H3), 3.95 (s, OCH3), 3.97 (s, OMe), 6.63 (s, 17-H), 7.29
(s, 19-H); 13C NMR (75 MHz, CDCl3, only signals for the side chain,
four quaternary carbons are not observed) δ 15.5 (C-27), 52.5, 52.6
(OCH3), 119.6 (C-17), 119.7 (C-19), 138.0 (C-16), 153.1 (C-18),
159.1, 163.2 (CO).
(4-((E)-2-((1S,3S,7S,10R,11S,12S,16R)-7,11-Dihydroxy-

8,8,10,12-tetramethyl-5,9-dioxo-4,17-dioxabicyclo[14.1.0]-
heptadecan-3-yl)prop-1-en-1-yl)thiazol-2-yl)methyl Acetate
(12). To triazoloepothilone 1 (3.2 mg, 6.2 μmol) dissolved in
CH2Cl2 (250 μL) was added acetic acid (2 mL, 35 mmol). After 12 h
the reaction mixture was distributed between water and ethyl acetate.
The organic phase was evaporated and the residue purified by TLC
to give epothilone E 21-acetate 12 (2.8 mg, 82%) identical with an
authentic sample.39

Cytotoxicity Evaluation of Compound Effects on the Human
Ovarian Cancer Cell Lines OVCAR-8 and NCI/ADR-RES. The cells
were generously provided by the cytotoxicity-screening group of
the Developmental Therapeutics Program, National Cancer Institute.
NCI/ADR-RES cells are isogenic with OVCAR-8 except that the former
cell line strongly overexpresses P-glycoprotein, resulting in resistance to
many anticancer compounds. Cells were grown following the standard
National Cancer Institute procedure,52 with protein stained with
sulforhodamine B being the parameter followed to measure cell growth.
Cells were grown for 96 h at 37 °C before being stained.
Tubulin Studies. The preparation of electrophoretically homoge-

neous bovine brain tubulin and heat-treated microtubule-associated
proteins was described previously,53 including removal of unbound
nucleotides by gel filtration chromatography.54 GTP used in these
studies was repurified by ion exchange chromatography, while ddGTP
was purchased from PerkinElmer. [3H]Paclitaxel was generously
provided by the Developmental Therapeutics Program, National Cancer
Institute.
For comparison of compounds as assembly inducers, to obtain

EC50 values, an assay developed previously to compare taxanes of
varying potency was used.42 Reaction mixtures (100 μL) contained
1.0 mg/mL (10 μM) tubulin, 0.4 M monosodium glutamate (taken
from a 2.0 M stock solution adjusted to pH 6.6 with HCl), 0.5 mM
MgCl2, 3% (v/v) dimethyl sulfoxide (as compound solvent), and
varying concentrations of compounds. Since no GTP was added to the
reaction mixtures, there is no tubulin polymerization in the absence
of an assembly inducing compound. After 10 min at room temperature
(about 22 °C), reaction mixtures were centrifuged at 14 000 rpm for
10 min in an Eppendorf model 5417C microcentrifuge. Protein con-
centrations in the supernatants were determined by the Lowry assay,
in comparison to controls with only 3% dimethyl sulfoxide. The EC50

was defined as the compound concentration determined by interpolation
between actual data points that led to a 50% reduction in the protein
concentration in the supernatant.

Tubulin assembly was also followed by turbidimetry at 400 nm.
Reaction mixtures (0.25 mL) contained 10 μM tubulin, 0.75 mg/mL
heat-treated microtubule-associated proteins, 0.1 mM GTP, 0.1 M
4-morpholinoethanesulfonate (pH adjusted to 6.9 with NaOH in a
1.0 M stock solution), 4% dimethyl sulfoxide, and either no further
addition or epothilone A, photoprobe 2, or photoprobe 3 at 40 μM.
Reaction mixtures held on ice, but without compound, were
transferred to 0 °C cuvettes in a Gilford model 250 recording spectro-
photometer equipped with an electronic temperature controller. The
compounds were added to reaction mixtures in the cuvettes so that
any reaction that occurred at 0 °C could be followed. Temperature
changes were made via the temperature controller at the times indicated
in Figure 6.

Preformed microtubules for the [3H]paclitaxel binding and the
photolabeling experiments were formed at 37 °C for 30 min in
reaction mixtures containing tubulin at 2.5 μM. The initial reaction
mixtures contained 0.75 M monosodium glutamate (pH 6.6) and
100 μM ddGTP, which was used because the analogue promotes near
quantitative assembly of the tubulin in the reaction mixture into
microtubules,55 whereas with GTP only 50−65% of the tubulin is
polymerized. The paclitaxel binding assay was described in detail
previously.56 Briefly, after addition of the preformed microtubules to
solutions containing [3H]paclitaxel and potential inhibitors and further
incubation at 37 °C for 30 min (the glutamate concentration
was maintained at 0.75 M, the final tubulin (in microtubules)
concentration was 2.0 μM, the final [3H]paclitaxel concentration was
4.0 μM, the final inhibitor concentration was 20 μM, and the final
dimethyl sulfoxide concentration was 4%), microtubules were isolated
by centrifugation (10 min at 30 000 rpm at 37 °C). The microtubule
pellets were dissolved in 8 M urea, and the protein and radiolabel
content of the urea solutions were determined.

For a typical photolabeling experiment with photoprobe 1,
microtubules were formed as described above (30 min at 37 °C).
In the experiment in which epothilone B was shown to block the
subsequent photoreaction with compound 1, the microtubule reaction
mixture was divided into two 0.6 mL aliquots. To one aliquot, 15 μL
of dimethyl sulfoxide was added; to the other 15 μL of 10 mM
epothilone B (final concentration, 244 μM) was added. Incubation
continued for 10 min at 37 °C. At this time, 0.135 mL of a solution
containing 0.83 M monosodium glutamate (pH 6.6), 11% dimethyl
sulfoxide, and 111 μM photoprobe 1 was added to each of the micro-
tubule aliquots (final concentrations: 2 μM tubulin in microtubules,
20 μM photoprobe 1, 0.75 M monosodium glutamate (pH 6.6),
80 μM 2′,3′-didoxyguanosine nucleotide, 4% dimethyl sulfoxide, and
±200 μM epothilone B). After mixing, 0.5 mL of each reaction mixture
was placed into a well of a Costar (Corning, Inc.; catalog no. 3524)
24-well polystyrene tissue culture flat bottom plate. The uncovered
plate was exposed to 300 nm light at 4.0 μW/cm2 for 5 min at room
temperature (about 22 °C). The entire photoilluminated reaction
mixtures were centrifuged for 10 min at 30 000 rpm at 37 °C in a
Beckman TLA 55 rotor in a Beckman TLX ultracentrifuge. The
supernatants were discarded and the pellets were frozen and shipped
on dry ice for proteolysis and mass spectroscopic analysis as described
below.

In the experiment without epothilone B, the photoprobe 1 solution
was added directly to the microtubules, with the 15 min second
incubation not being performed. Photoillumination and centrifugation
were performed as described above, but 300 nm light exposure at
4.0 μW/cm2 was for either 10 or 60 min.

In-Solution Digestion. All samples were prepared as follows:
samples were reconstituted in protein extraction buffer [7 M urea,
2 M thiourea, 0.4 M triethylammonium bicarbonate, pH 8.5, 20%
methanol, and 10 mM dithiothreitol] such that the final concentration
for each sample was 1 μg/μL. The solution was pipetted up and down
several times to solubilize the mixture. A 60 μg aliquot of each sample
was transferred to a new 1.5 mL microfuge tube, and disulfide bonds
were reduced at 37 °C for 1 h. Samples were brought to a final con-
centration of 8 mM iodoacetamide and incubated at room temperature
for 30 min to alkylate cysteine residues. All samples were diluted 4-fold
with 100 mM Tris, pH 8, and chymotrypsin (Roche, Indianapolis, IN)
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was added in a 1:50 ratio of chymotrypsin/total protein. Samples were
incubated overnight for 16 h at room temperature after which they
were frozen at −80 °C for 0.5 h and dried in a vacuum centrifuge. Each
sample was processed with a 4 mL Extract Clean C18 SPE cartridge
from Grace-Davidson (Deerfield, IL), and eluates were dried in vacuo.
Mass Spectrometry Acquisition and Database Searching. We

reconstituted peptide mixtures in 98:2:0.1 water/MeCN/trifluoroacetic
acid and loaded approximately 1.5 μg onto a capillary column. Samples
were analyzed by liquid chromatography (LC)−MS/MS as previously
described57 on a Velos Orbitrap mass spectrometer (Thermo Fisher
Scientific, Inc., Waltham, MA) with HCD activation with the
modifications described below. Changes to the acquisition method
were the following: LC gradient was 0−5 min 2−10% solvent B,
5−75 min 10−40% B, 75−76 min 40−80% B, and 80% B for 10 min;
MS1 survey scan 360−1800 m/z, lock mass was turned off; minimum
signal for MS/MS trigger was 20 000; dynamic exclusion list duration
was 30 s. We used PEAKS Studio 7.0 (Bioinformatics Solutions,
Waterloo, ON, Canada) for tandem MS data interpretation and protein
inference.58 Search parameters were the following: spectra merge
options 0.2 min, 10.0 ppm, charge correction applied for 2−7, and
spectral filter quality >0.65; de novo settings and database search
parameters were 50 ppm precursor mass tolerance, fragment ion mass
tolerance 0.1 Da, chymotrypsin with max 3 missed cleavages, non-
specific cleavage at both ends, carbamidomethyl cysteine fixed and
oxidized methionine variable modifications; database search modifica-
tions included deamidation of NQ; UniProt (http://www.uniprot.org/)
bovine (taxonomy ID 9913) protein database from March 2013
concatenated with the common lab contaminant proteins (http://www.
thegpm.org/) was used for reference.
Homology Modeling of the Bovine Brain β-Tubulin 3 (TBB3)

and Docking Simulations of Photoprobe 1. The sequence of the
bovine TBB3 was obtained from uniprot.org (UniProt code Q2T9S0),
and the fasta sequence file for the homology modeling was prepared
using the vi editor. A homology model of the bovine brain β-tubulin 3
(bovine59 TBB3, UniProt code Q2T9S0) was constructed based on
the crystal structure of β-tubulin (PDB code 1JFF,48 UniProt code
Q6B856, 91% identical) using Prime,49 a protein structure prediction
program in the Schrodinger Suite. GDP and paclitaxel were
incorporated during the homology modeling, using Prime. Following
the construction of the model, the model was prepared for the further
simulation using the protein preparation wizard in the Schrodinger
Suite.49,59−61 In the protein preparation process, bond orders were
assigned, hydrogen atoms were added to the structure, H-bonding
networks were optimized, and finally the restrained minimization
of the model structure was performed. A grid box was generated by
selecting amino acid residue numbers 227, 228, 276, 280, 282, and
360 (the numbering of the amino acids was assigned according to
PDB code 1TVK). The ligand length was ≤36 Å, and the grid box
dimension was 14 × 10 × 14. The prepared grid was used for the
docking simulations of photoprobe 1 in the SP and XP modes in
Glide.50
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