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ABSTRACT: Cyclostreptin is the first microtubule-stabilizing
agent whose mechanism of action was discovered to involve
formation of a covalent bond with tubulin. Treatment of cells
with cyclostreptin irreversibly stabilizes their microtubules
because cyclostreptin forms a covalent bond to β-tubulin at
either the T220 or the N228 residue, located at the micro-
tubule pore or luminal taxoid binding site, respectively. Because
of its unique mechanism of action, cyclostreptin overcomes
P-glycoprotein-mediated multidrug resistance in tumor cells. We
used a series of reactive cyclostreptin analogues, 6-chloroacetyl-
cyclostreptin, 8-chloroacetyl-cyclostreptin, and [14C-acetyl]-8-
acetyl-cyclostreptin, to characterize the cellular target of the
compound and to map the binding site. The three analogues
were cytotoxic and stabilized microtubules in both sensitive and multidrug resistant tumor cells. In both types of cells, we identified
β-tubulin as the only or the predominantly labeled cellular protein, indicating that covalent binding to microtubules is sufficient to
prevent drug efflux mediated by P-glycoprotein. 6-Chloroacetyl-cyclostreptin, 8-chloroacetyl-cyclostreptin, and 8-acetyl-cyclostreptin
labeled both microtubules and unassembled tubulin at a single residue of the same tryptic peptide of β-tubulin as was labeled by
cyclostreptin (219-LTTPTYGDLNHLVSATMSGVTTCLR-243), but labeling with the analogues occurred at different positions of
the peptide. 8-Acetyl-cyclostreptin reacted with either T220 or N228, as did the natural product, while 8-chloroacetyl-cyclostreptin
formed a cross-link to C241. Finally, 6-chloroacetyl-cyclostreptin reacted with any of the three residues, thus labeling the pathway for
cyclostreptin-like compounds, leading from the pore where these compounds enter the microtubule to the luminal binding pocket.

The increase in life expectancy and the decrease in mor-
tality due to infectious diseases have turned cancer into

one of the major causes of death in developed countries.
Although neoplastic diseases usually start as localized disease,
metastatic processes turn it into a systemic disease for which
systemic treatment, such as the use of chemotherapeutic agents,
is required. The search for new and more effective treatments is
a field of utmost importance in current drug discovery and
clinical research.1

Microtubule-stabilizing agents (MSAs) make up one of the
most successful classes of antitumor agents used in the clinical
treatment of neoplastic diseases. The archetypes of this class are
paclitaxel (PTX)2 and docetaxel, with two newer approved agents
being the taxoid cabazitaxel3 and the epothilone ixabepilone.4

PTX preferentially binds to microtubules (MTs), the assembled
form of tubulin, displacing the assembly equilibrium between

dimeric and polymeric tubulin toward the latter. Because the
proper functioning of this assembly−disassembly equilibrium is
essential for normal cell division, compounds that bind either
form of tubulin target rapidly dividing cells, including tumor cells,
arresting them in mitosis, and ultimately killing them through
apoptosis.
The search for compounds with a mechanism of action sim-

ilar to that of PTX but with improved chemical (such as ease of
synthesis) or pharmacological properties (such as better bio-
availability, lower toxicity, and less prone to cause resistance)
led to the discovery of a number of new chemotypes with
essentially the same biological mechanism of action. Except for
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laulimalide and peloruside A,5,6 which both bind at a different
site, most of these newer compounds [e.g., epothilones,7

discodermolide,8 and cyclostreptin (Cs)9] are PTX biochemical
mimetics, because they interfere with binding of PTX to MTs
and induce tubulin assembly.10 Thus, the PTX site in tubulin is
able to accommodate with high affinity many different chemical
scaffolds. Moreover, the kinetic analysis of studies of inter-
actions of fluorescent PTX derivatives with MTs led to the pro-
posal of at least a second, intermediate site that accommodates
taxoid site MSAs either transiently11 or permanently12 on their
way to the MT lumen.13 Recent investigations by our group
suggest that the interaction of MSAs with these secondary
site(s) occurs in at least two different structural manners.14,15

Covalent labeling of proteins is a powerful tool that has been
used extensively for identification of acceptor molecules in
heterogeneous mixtures and in the selective labeling of receptor
sites in biological systems. The labeling methods make use of
the reactivity of one or more common functional groups on the
surface of protein molecules. A common approach to obtaining
a specific label on a protein is the conjugation of a thiol-reactive
group onto a ligand so that it will cross-link to a solvent acces-
sible cysteine residue close to the ligand binding site.16 Such
cysteine residues can be specifically labeled with derivatives
of haloacetyl compounds, with disulfide-reactive compounds,
or with maleimide. After cross-linking has been successfully
achieved, digestion and mass spectrometry experiments are
used to determine which segment of the protein reacts with the
ligand.17

Cs is a natural product from Streptomyces sp. 988518,19 with a
novel mechanism of action. This compound is the first MSA
discovered that reacts covalently with tubulin. Treatment of
cells with Cs irreversibly stabilizes their MTs by covalent
binding to tubulin, which is exactly what occurs with purified
tubulin, and causes cell cycle arrest. The compound reacts
through the PTX sites on β-tubulin by cross-linking to either
Thr220 or Asn228 (in this paper, we use the residue numbering
of ref 41), but not to both, on a single β-tubulin molecule.
These observations provided invaluable information about the
interaction of this MSA with both the pore and luminal sites
involved in binding to the taxoid site.20

Because of its unique mechanism of action, Cs20 and related
analogues, as we will show here, overcome P-glycoprotein
(P-gp)-mediated multidrug resistance (MDR) in tumor cells.

While many tumors initially respond favorably to chemo-
therapy, effective tumor response is frequently limited by the
development of resistance. One of the main causes of resistance
is MDR, caused by overexpression of several transmembrane
proteins with drug efflux activity, the most prominent example
being P-gp,21 a member of the ATP binding cassette family
with broad substrate specificity. The extent of drug resistance in
human tumors correlates well with P-gp overexpression.22 The
overall result of this overexpression is a reduction of the
intracellular drug concentration. Although cells overexpressing
P-gp are in fact sensitive to taxoids because they can still be
killed by higher concentrations of these drugs, they reduce the
effective concentration to which they are exposed. Moreover,
nontumor cells are effectively killed at those higher concen-
trations because of their inability to reduce the intracellular
drug concentration, instead of being differentially spared
because of their lower rate of division. It would seem likely
that a compound with a covalent mechanism of action, such as
Cs, would have limited access to an efflux pump, making over-
expression of P-gp irrelevant.
Because the previously published results suggest that cova-

lent binders targeting the paclitaxel sites might become a poten-
tial new approach for the design of clinically useful drugs, we
employed Cs derivatives with three different reactive moieties,
with the intention of improving our understanding of the cel-
lular and biochemical mechanism of action of Cs by pursuing
two different objectives. First, we wanted to evaluate the pos-
sible cytotoxicity of Cs based on additional targets. To do this,
we employed 8-acetylcyclostreptin (8Ac-Cs) (Figure 1), a com-
pound with the same reactive moiety as Cs, into which we
incorporated a radiolabel. The compound has been previously
used as a bona fide probe of binding of Cs to MTs23 and is used
in this work to label tumor cells with the intention of detecting
possible cross-links with other cellular proteins.
Second, we wanted to explore the possibility that there were

additional reactive residues in the paclitaxel binding sites. To do
this, a thiol-reactive chloroacetyl group was introduced at either
position 6 or position 8 of Cs (Figure 1), thereby potentially
converting the molecule into a bifunctional reactive agent to
permit further characterization of the interaction of Cs with the
luminal and pore binding sites.
The results presented here indicate that Cs and the ana-

logues all are active against sensitive and P-gp-overexpressing

Figure 1. Chemical structures of the Cs derivatives.
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cells. The use of the radiolabeled probe indicated that Cs label-
ing of cellular tubulin is specific and that no major competing
reaction occurred in any of the tumor cell lines examined. The
modified compounds retained their activity, being able to cova-
lently react with tubulin at the previously described sites and, in
addition, at Cys241, allowing more detailed mapping of the
ligand into the pore and luminal sites.

■ EXPERIMENTAL PROCEDURES
Preparation of Tubulin and MTs. Electrophoretically

homogeneous bovine brain tubulin and synthetic Cs were pre-
pared as described previously,24,25 and tubulin from 1A9 cells
was prepared as described, using A549 cells.20 Mildly cross-linked,
stabilized MTs were prepared as described previously,11,26 and the
concentration of taxoid sites in the preparation was determined as
described previously.26

Synthesis of Cs Derivatives. The synthesis and character-
ization data for 8Ac-Cs and [14C]8Ac-Cs (20 mCi/mmol) were
published previously.23 The synthesis of 8CA-Cs was per-
formed in a completely analogous manner, substituting acetyl
chloride with chloroacetyl chloride; the minor product of this
reaction was 6CA-Cs. The identities of the compounds were
confirmed by one-dimensional NMR and HRMS. 6CA-Cs:
m/z 477.2035 (M + H)+ (calcd for C26H34ClO6 477.2044),
499.1855 (M + Na)+ (calcd for C26H33ClO6Na 499.1863);

1H
NMR (Cl3CD, 500 MHz) δ 5.42 (1H, s), 4.74 (1H, dd, J = 4.5,
9.2 Hz), 4.39 (1H, brs), 4.16 (1H, d, J = 14.6 Hz), 4.14 (1H, d,
J = 14.6 Hz), 3.80 (1H, brs), 3.22 (1H, d, J = 9.0 Hz), 2.82
(1H, m), 2.60 (1H, t, J = 9.0 Hz), 2.57 (1H, m), 2.35 (1H, dd,
J = 8.5, 13.7 Hz), 2.31−2.12 (3H, m), 2.06 (1H, m), 1.99 (1H,
m), 1.85 (1H, m), 1.77 (3H, s), 1.71 (1H, s), 1.63 (1H, s), 1.43
(3H, s), 1.27 [5H, d + m, J = 7.2 Hz (d)], 1.11 (1H, d, J = 7.0
Hz). 8CA-Cs: m/z 477.2033 (M + H)+ (calcd for C26H34ClO6
477.2044), 499.1854 (M + Na)+ (calcd for C26H33ClO6Na
499.1863); 1H NMR (Cl3CD, 500 MHz) δ 5.31 (1H, s), 4.85
(1H, d, J = 4.9 Hz), 4.47 (1H, brs), 4.06 (2H, s), 3.80 (1H,
brs), 3.58 (1H, m), 3.44 (1H, d, J = 9.3 Hz), 2.90 (1H, m), 2.61
(1H, m), 2.55 (1H, t, J = 9.6 Hz), 2.36 (1H, dd, J = 13.7, 7.7
Hz), 2.07 (2H, m), 1.97 (1H, m), 1.85−1.65 (6H, m), 1.65−
1.53 (1H, m), 1.47 (3H, s), 1.40−1.28 (2H, m), 1.27 (3H, d,
J = 7.0 Hz), 1.13 (1H, d, J = 7.5 Hz).
Cell Biology. Human A549 non-small lung carcinoma and

human ovarian carcinoma 1A9, A2780, and A2780AD (MDR over-
expressing P-gp) cells were cultured as previously described.20

Indirect immunofluorescence and cell cycle analysis was per-
formed as described previously.10 Cytotoxicity assays were per-
formed with a modified MTT assay.27

Two-Dimensional Polyacrylamide Gel Electrophoresis
and Electroblotting. Proteins were extracted from cell pel-
lets as described previously.28 Protein extracts (50 μg) were
labeled with 400 pmol of the N-hydroxysuccinimide ester of
Cy2 fluorescent cyanine dye on ice in the dark for 30 min
according to the manufacturer's instructions (GE Healthcare).
The labeling reaction was quenched with 1 μL of 10 mM lysine
on ice for 10 min in the dark, and protein extracts were diluted
in rehydration buffer {7 M urea, 2 M thiourea, and 2% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonic acid},
reduced with 50 mM dithiothreitol, and applied by cup loading
to 18 cm immobilized pH gradient strips pH 3-11NL (GE
Healthcare), which was previously rehydrated with rehydration
buffer containing 100 mM hydroxyethyl disulfide (DeStreak,
GE Healthcare), as described previously.29 Then the proteins
were separated on 10% Tris-glycine sodium dodecyl sulfate−

polyacrylamide gel electrophoresis gels at 25 °C until the track-
ing dye had migrated off the bottom of the gel. Later, gels were
scanned with a Typhoon 9400 scanner (GE Healthcare) at
100 μm resolution using the appropriate wavelength and filter
for the Cy2 dye.
After imaging, proteins on the gel were transferred onto

polyvinylidene fluoride (PVDF) membranes (Immobilon-P,
Millipore) by semidry electroblotting using Tris-glycine transfer
buffer (Bio-Rad) containing 10% methanol. The transfer con-
ditions were 0.8 mA/cm2 for 1 h at room temperature in a
Hoefer TE77 semidry transfer unit (GE Healthcare). After the
transfer, PVDF membranes were scanned with the Typhoon
9400 scanner for Cy2 dye location. The 14C-labeled proteins
were detected by exposing the membranes to a BAS-MS 2340
imaging plate (5 days), which was scanned with a Fuji 3000
phosphorimager. The images were used for cutting out the
labeled spots for further analysis by matrix-assisted laser desorp-
tion ionization (MALDI) mass spectrometry (MS).

In-Gel Protein Digestion and Identification of
Proteins by MALDI MS. Protein spots were excised from re-
plicated gels and transferred to pierced V-bottom 96-well poly-
propylene microplates (Bruker Daltonik, Bremen, Germany)
loaded with ultrapure water. The samples were digested auto-
matically using a Proteineer DP robot (Bruker Daltonik) according
to the protocol of Shevchenko et al.30

MALDI analyses were performed in an Ultraflex MALDI-
TOF/TOF mass spectrometer (Bruker Daltonik) as described
in ref 31. MALDI-MS and tandem mass spectrometry (MS/
MS) data were combined through BioTools version 3.0 (Bruker
Daltonik) to search a nonredundant protein database (NCBInr
20090809, ∼7 × 106 entries, National Center for Biotechnology
Information, Bethesda, MD) using Mascot version 2.2.1
(Matrix Science, London, U.K.).31

Binding of Cs Derivatives to MTs. Samples containing
cross-linked MTs (25 μM taxoid sites) and 20 μM Cs deriv-
atives were incubated for 60 min at 37 °C in a solution
containing 3.4 M glycerol, 10 mM NaPi, 1 mM EGTA, and
6 mM MgCl2 (pH 6.7) (GAB) with 0.1 mM GTP. MTs were
pelleted by centrifugation in a TLA 100 rotor at 90000g for
20 min. Samples were processed and extracted as described
previously,20 with each organic extract residue dissolved in
60 μL of methanol. Ligands reversibly bound to pelleted poly-
mer and ligands in the supernatant were detected by high-
performance liquid chromatography (HPLC) analysis.20

The kinetics of the binding of the compounds to stabilized
cross-linked MTs was estimated by incubating 50 nM Flutax-2
and cross-linked MTs (50 μM taxoid sites) with increasing
amounts of the compound for 30 min at 35 °C. The amount of
Flutax-2 still bound to the MTs was measured, and the data
were analyzed as described previously.9,10 However, given the
covalent nature of the Cs−MT interaction, the apparent bind-
ing constant determined as described in ref 26 would be the
concentration of the compound required to displace 50% of
the Flutax-2 bound in 30 min, and this provides an estimate
of the kinetics of the reaction.

Sample Preparation and In-Solution Protein Diges-
tion for MS Analyses. Samples of labeled cross-linked MTs
were prepared by incubating them (20 μM taxoid sites) with
25 μM Cs derivatives for 30 min at 25 °C in GAB with 0.1 mM
GTP. Alternatively, samples containing cross-linked MTs (10 μM
taxoid sites) and 20 μM Cs were preincubated for 30 min at
25 °C in GAB with 0.1 mM GTP. Then 35 μM 8CA-Cs or
6CA-Cs was added, and the sample was incubated for an
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additional 60 min at 37 °C to estimate the nonspecific reactivity
of 8CA-Cs or 6CA-Cs. The sample was processed and analyzed
as described above. MTs were collected by centrifugation in a
TLA 100 rotor at 90000g for 20 min. Pellets were washed twice
with water and suspended in 200 μL of 50 mM NH4HCO3,
12 mM EDTA, and 0.01% SDS (pH 7.6). Unassembled tubulin
samples were prepared using 20 μM GTP-bound tubulin in
10 mM NaPi, 1 mM EDTA, and 0.1 mM GTP (pH 7.0) with-
out (for dimeric tubulin) or with (for oligomeric tubulin) 1.5 mM
MgCl2 and 2.5% dimethyl sulfoxide (DMSO) or 25 μM drug.
Samples were centrifuged as described above to remove aggre-
gates, and 20 μL was diluted 1:1 into 50 mM NH4HCO3 and
digested with trypsin (1 μg of sequencing grade trypsin,
Promega, 2 h, 37 °C). Reaction mixtures were dried in vacuo,
and for analysis, the residue was dissolved in 5% CH3CN and
0.5% CH3COOH.
Off-Line Nanospray Analysis for Characterization of

Cs Derivative Molecules. Approximately 1 μL of Cs deriv-
ative solutions in DMSO containing 10 μg of the ligand was
dissolved in 20 μL of 50% CH3CN and 0.5% CH3COOH in
water. Five microliters of the preparation was introduced in the
off-line nanospray needle (medium needle, Protana, Odense,
Denmark) and analyzed in a hybrid triple-quadrupole mass
spectrometer (4000 Q-Trap LC/MS-MS system, Applied
Biosystems/MDS Sciex, Concord, ON) according to the pro-
tocol detailed in ref 20.
Nanoliquid Chromatography and MS Analysis of

Tryptic Peptides. To identify the residues labeled by Cs and
derivatives, we subjected the resulting tubulin-derived tryptic
peptides from control and samples treated with a Cs derivative
to liquid chromatography coupled to MS/MS in the 4000
Q-trap system (Applied Biosystems/MDS Sciex) as described
in ref 20. Combined analyses were designed to perform the
corresponding precursor ion scanning (PIS) and selected
reaction monitoring (SRM) experiments as described in the
Supporting Information. For peptide identification, all MS and
MS/MS spectra were analyzed with Analyst version 1.5 (Applied
Biosystems).
For high-resolution analyses, tryptic peptide mixtures were

also injected onto a C-18 reversed phase nanocolumn [100 μm
(inside diameter) × 12 cm, Mediterranean Sea, Teknokroma]
and analyzed in a continuous CH3CN gradient consisting of
0 to 40% B over 90 min and 50 to 90% B over 1 min (B con-
sisting of 95% CH3CN and 0.5% CH3COOH in water). A flow
rate of 300 nL/min was used to elute peptides from the reverse
phase nanocolumn to an emitter nanospray needle for real-time
ionization and peptide fragmentation on an orbital ion trap
mass spectrometer (LTQ-Orbitrap XL, Thermo-Fisher). An
enhanced resolution spectrum (resolution of 60000) followed
by the MS/MS spectra from the five most intense parent ions
was analyzed during the chromatographic run (130 min). Dy-
namic exclusion was set at 0.5 min. For peptide identification,
all spectra were analyzed with Xcalibur version 2.7.0 (Thermo-
Fisher).
Molecular Modeling. Models of the modified Cs

analogues bound in the PTX pore site were constructed as
described in ref 20. In short, the modified analogues were built
over the model of Cs bound to the pore site reported pre-
viously,20 and MacroModel was used to find the final con-
formations of each analogue (MonteCarlo conformational
search, 10000 iterations, AMBER* force field, H2O/GBSA).
To account for the reaction of the analogues with Cys241 in
the extended luminal site, the conformation of the B9−B10

loop of β-tubulin was relaxed as reported in ref 32. Then, the
chloroacetyl analogues were built over this extended model of
the taxoid site, and MacroModel was used again to find their
final conformations. Finally, the binding of the analogues to
Asn228 was rationalized as follows: docking simulations of each
analogue were performed with AutoDock over the most
suitable structures of tubulin (Protein Data Bank entries 1TUB,
1JFF, and 1TVK), as reported in ref 32, searching for their
preliminary noncovalent interactions with the luminal site. In
their best scored complexes, the reactive strained lactone was
placed near the region of Asn228, which could therefore attack it.
The transition state for the reaction of the chloroacetyl deriv-

atives with Cysβ-241 was modeled using Spartan '08, version
1.1.2, build 131, at the B3LYP 6-31G* level of theory in ethanol
(implicit ethanol)33,34 (see the Supporting Information for
details).

■ RESULTS
Cytotoxic Cs Derivatives Overcome Resistance in

MDR Cells and Arrest the Cell Cycle in the G2/M
Phase. In our previous work,20 we showed that Cs is a bona
fide mitotic inhibitor with a PTX-like cellular mechanism. How-
ever, it reacts covalently with tubulin, and its effects become
irreversible. To determine if the modifications introduced at Cs
positions 6 and 8 did not significantly alter the biological
properties of the compound, we determined the cytotoxicity of
these ligands as compared with Cs in 1A9 and A2780AD
ovarian carcinoma cells. The compounds studied were cytotoxic
to both sensitive and MDR cells. Their IC50 values were higher
than that of the parental compound (Table 1), indicating that

positions 6 and 8 are important in MT binding. The 14C-label-
ed and nonradiolabeled 8-acetyl compounds had similar cyto-
toxicities. All compounds had similar IC50 values for cells over-
expressing P-gp (A2780AD) and their isogenic sensitive pair
(1A9), suggesting that all of them retain the covalent mech-
anism of action and that this mechanism of action is able to
overcome P-gp-mediated MDR.
We next determined the effect of a 24 h incubation with

serial concentrations of these ligands on the MT network of
A549 cells (Figure 2, top panel). Similar MT bundles in inter-
phase cells were induced with 500 nM Cs, 2.5 μM 8Ac-Cs,
2.5 μM [14C]8Ac-Cs, 2.5 μM 6CA-Cs, or 5 μM 8CA-Cs. We
then determined the ligand concentrations that induced maxi-
mal arrest in the G2/M phase of the cell cycle of 1A9, A2780AD,
and A549 cells (Figure 2, bottom panel). Maximal arrest was
obtained with 100 nM Cs, 400 nM 8Ac-Cs, 400 nM [14C]8Ac-Cs,
200 nM 6CA-Cs, or 400 nM 8CA-Cs.

Table 1. Cytotoxicity of Cs and Derivatives with Respect to
the Growth of Two Human Ovarian Carcinoma Cell Linesa

drug 1A9 (nM)b A2780AD (nM)b R/Sc

Cs 38 ± 4 46 ± 5 1.2
8Ac-Cs 152 ± 31 280 ± 23 1.7
[14C]8Ac-Cs 100 ± 7 140 ± 12 1.4
6CA-Cs 84 ± 18 72 ± 24 0.8
8CA-Cs 192 ± 2 510 ± 40 2.6

aIC50 of the ligands determined in 1A9 ovarian carcinoma cells (a
clone of A2780) and P-gp-overexpressing A2780AD. bIC50 values are
means ± the standard error of at least three independent assays. cThe
relative resistance of the A2780AD cell line obtained by dividing the
IC50 of the resistant cell line by that of the parental 1A9 cell line.
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Tubulin Is the Main Cs-Reacting Protein in Cells. We
purified tubulin from 1A9 cells treated with 50 nM Cs, close to
the IC50, and determined that under these conditions only
∼15% of the cellular β-tubulin had reacted with Cs. However,
the important question of whether any other cellular proteins
might be reacting with Cs or whether this compound more
specifically reacts with tubulin remained. To identify the cellular
proteins targeted by Cs, we employed [14C]8Ac-Cs. To find
such proteins, we treated A549, 1A9, and A2780AD with either
a low (300 nM, inducing mitotic arrest) or a high concentration
of the compound (2.5 μM, inducing many cytoplasmic MT
bundles) for 24 h. Cells were recovered from the flasks and
washed exhaustively with phosphate-buffered saline. We then
extracted treated cells and subjected the proteins to two-
dimensional polyacrylamide gel electrophoresis. The separated
proteins were electroblotted for detection of radiolabeled
species (Figure 3A,B). In the case of A549 cells incubated with
2.5 μM [14C]8Ac-Cs, an intense band (>99%) and three faint
spots were obtained. The intense signal (spot 1 in Figure 3A,B)
was identified as β-tubulin by MALDI-TOF MS analysis, while
the three minor spots were identified as elongation factor 1-δ
(spot 2), aldehyde dehydrogenase (spot 3), and T-complex pro-
tein 1 subunit (spot 4). These results indicated that [14C]8Ac-Cs
interacts mainly with cellular β-tubulin and implied that this is

likely for Cs and the other derivatives, too. We extended
these results to other cell lines (1A9 and A2780AD) and drug
concentrations, obtaining in most cases a scanned image of only
one radiolabeled spot corresponding to β-tubulin (Figure 3C−E).
The results obtained with the A2780AD line (not shown) were
similar to those obtained with the sensitive line.

Binding to MTs and Displacement of Flutax-2. To
confirm that the compounds retained the same mechanism of
action as Cs, the covalent binding of the compounds to cross-
linked, stabilized MTs was confirmed using an HPLC assay
(Figure 3F,G). The compound was incubated in the presence
and absence of MTs and the solution centrifuged, and the
supernatant and MT pellet were extracted and analyzed. 6CA-
Cs was found to be stable in solution in the absence of MTs
(Figure 3F). However, in the presence of MTs, the compound
disappeared from the supernatant, and it was not possible to
extract it from the MT pellet (Figure 3G), as would be
expected for a compound that binds irreversibly to MTs20 [all
other compounds behaved identically (not shown)].
The compounds were tested for their ability to displace

Flutax-2, a bona fide fluorescent PTX biomimetic, from stabi-
lized, cross-linked MTs.10 All three compounds tested were
found to displace Flutax-2 from its binding site with different
apparent affinities (Kdapp35 °C values of 49 ± 3,9 555 ± 100,

Figure 2. Effect of Cs and derivatives on the cytoplasmic MTs of A549 cells (colored images). Cells were incubated with either drug solvent
(DMSO) (control cells) (A), 500 nM Cs (B), 2.5 μM 8Ac-Cs (C), 2.5 μM [14C]8Ac-Cs (D), 5 μM 6CA-Cs (E), or 5 μM 8CA-Cs (F). MTs were
immunostained with an α-tubulin monoclonal antibody, and DNA was stained with Hoechst 33342. The scale bar represents 10 μm. Effect of Cs and
derivatives on the cell cycle of 1A9, A2780AD, and A549 cells (graphs). Cells were incubated with either drug solvent (DMSO) (control cells) (A),
100 nM Cs (B), 400 nM 8Ac-Cs (C), 400 nM [14C]8Ac-Cs (D), 200 nM 6CA-Cs (E), or 400 nM 8CA-Cs (F). The concentrations are those at
which the maximal accumulation of cells in the G2/M phase was observed. PI denotes propidium iodide.
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141 ± 16, and 400 ± 43 nM for Cs, 8Ac-Cs, 6CA-Cs, and 8CA-
Cs, respectively). Given the fact that a covalent reaction is
observed, the displacement assay does not measure a true dis-
sociation constant, as is the case for compounds that do not
bind covalently.10,35 Instead, what is measured is the con-
centration of the compound necessary to displace 50% of the
bound Flutax-2 in 30 min. Because the observed reaction is
bimolecular, the kinetic rate would depend linearly on the con-
centration of the reactants. Thus, the difference in the con-
centration required to bind to the same amount of tubulin in
30 min (thus displacing the same amount of Flutax-2) reflects
the different kinetic rates of the reaction with the different
compounds, with the smallest value being the one for the most
active, fastest binding compound.
As was the case for cytotoxicity, Cs was the most active of the

compounds, with an apparent dissociation constant at 35 °C
that was 3 times smaller than that of 6CA-Cs, 8 times smaller
than that of 8CA-Cs, and 11 times smaller than that of 8Ac-Cs,

indicating a moderate influence of the substituents on the
kinetics of the covalent reaction.

Interaction of the Cs Derivatives with Assembled
MTs. Having established that the three derivatives, like Cs,
reacted covalently with β-tubulin, we confirmed the covalent
binding of the Cs derivatives to MTs by incubating them with
preformed, stabilized, cross-linked MTs in GAB. The samples
treated with Cs derivatives, together with the untreated control,
were digested with trypsin, and the corresponding tryptic
peptide mixtures were analyzed by MALDI-TOF MS. We
identified the adducts for the different Cs derivatives, dem-
onstrating that all the modified compounds were active and
covalently reacted with β-tubulin in MTs (Figure S1 of the
Supporting Information).
To identify the reactive amino acid residues with each deriv-

ative, we performed PIS analyses for the filtering of peptide
ions joined to each Cs derivative. First, the fragmentation
spectra of 6CA-Cs, 8CA-Cs, and 8Ac-Cs were determined by

Figure 3. (A−E) Identification of [14C]8Ac-Cs protein cell targets. Two-dimensional (2D) gel electrophoresis of proteins extracted from A549 cells
incubated with 2.5 μM [14C]8Ac-Cs for 24 h. (A) Autoradiogram of the PDVF membrane after protein transfer. (B) The silver-stained 2D replica gel
obtained with the protein extracts from treated cells and the spots corresponding to radiolabeled proteins are indicated (1−4). Protein identification
was performed by in-gel trypsin digestion followed by a database search with MALDI-TOF MS data. (C−E) The [14C]8Ac-Cs cell target is
conserved in different cell lines: 1A9 cells incubated with 2.5 μM (C) or 300 nM [14C]8Ac-Cs (D) and A549 cells incubated with 300 nM [14C]8Ac-
Cs (E). (F and G) HPLC analysis of 6CA-Cs extracted from pellets (red) and supernatants (black) after incubation without (F) and with (G)
stabilized MTs.
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enhanced resolution analysis in a triple-quadrupole mass spec-
trometer for the identification of fragment ions that provides a
better signal (diagnostic ion) for the ion filtering experiments.
For that, the exact mass of each Cs derivative was determined
(Figure S2A,B of the Supporting Information), and then these
exact masses were selected for fragmentation by collision-
induced dissociation (CID) (Figure S2C,D of the Supporting
Information). The fragment masses obtained from these exper-
iments were checked as potential diagnostic ions for later ion
filtering experiments by PIS analyses, in which the diagnostic
ion allows the detection of the parent molecule. The exami-
nation of PIS experiments using different fragment ions with
8Ac-Cs (Figure S3A of the Supporting Information) and 6- or
8CA-Cs (Figure S3B of the Supporting Information) led to the
selection of the fragment ion at m/z 249 as the diagnostic ion
for ion filtering experiments. This ion appeared with high
intensity in the fragmentation spectra from all Cs derivatives
(Figure S2C,D of the Supporting Information).
Then we confirmed the covalent binding of the Cs deriv-

atives to microtubules by incubating them with preformed,
stabilized, cross-linked MTs in GAB. The samples treated with
Cs derivatives, together with the untreated control, were di-
gested with trypsin, and the corresponding tryptic peptide
mixtures were analyzed by MALDI-TOF MS. We identified the
adducts for the different Cs derivatives, demonstrating that all
the modified compounds were active and covalently react-
ed with β-tubulin in MTs (Figure S1 of the Supporting
Information).
The exact residue labeled was determined by PIS analysis of

the tryptic peptide mixtures in a hybrid triple-quadrupole mass
analyzer. The tubulin-derived tryptic peptide spanning
β-residues 219−243 was found to be the labeled peptide for all
the Cs derivatives, which also occurred with Cs itself.20 How-
ever, the labeled residues varied, depending on the derivative
used. The corresponding PIS chromatograms are displayed in
Figure 4. When the MTs were incubated with 8Ac-Cs, two
adducts were detected (ions 2 and 1 in Figure 4B). These
adducts corresponded to the 8Ac-Cs-linked tubulin peptide and
the same sequence bound to Cs, respectively, suggesting that
8Ac-Cs was not entirely stable. As expected, 8Ac-Cs reacted
with tubulin at the same residues as the parent compound,
Thr220 and Asn228,20 thus indicating that the 8Ac-Cs labels
MTs essentially as does Cs itself.
In contrast, when MTs were incubated with 6CA-Cs, a new

adduct was detected (Figure 4C). As with 8Ac-Cs, the adducts
corresponding to 6CA-Cs and Cs bound to tubulin at the
Thr220 and Asn228 residues were detected (ions 2* and 1 in
Figure 4C, respectively). In addition, a third adduct, in which
the chloroacetylated derivative was linked to Cys241 through the
acetyl group, was unambiguously detected (ion 3 in Figure 4C).
This demonstrated that the new reactive group at C-8 was
able to label a Cys residue in the neighborhood of the PTX
luminal binding site. Despite the fact that this new ion had the
same mass as ion 2* when analyzed at low resolution, as in the
triple-quadrupole mass spectrometer, both ions clearly differed
in their retention times, because ion 3 elutes ∼3 min earlier in
the chromatogram. Moreover, ions 2* and 3 differ notably in
their fragmentation patterns: the spectrum from the Cys241-
linked peptide showed different y-series fragments, with the
additional mass of the Cs derivative from y3 (Figure 4E and
Figure S5 of the Supporting Information). In addition, ions 2*
and 3 differ by 1 Da when measured at high resolution (Figure
S4 of the Supporting Information).

The chloroacetylated compounds also were unstable during
sample workup, because the neutral loss of the chloroacetyl
group was detected when these derivatives were bound to
tubulin (ions 1 and 4 in Figure 4C). These two ions eluted at
the same retention time, while the corresponding neutral loss

Figure 4. MS analyses of binding of Cs derivatives to assembled MTs
by PIS. Total ion chromatograms of the PIS experiments using the
diagnostic ion at m/z 249 from control (A) or Cs derivative-treated,
trypsin-digested MTs (MTB): 8Ac-Cs (B), 6CA-Cs (C), and 8CA-Cs
(D). (E) Fragmentation spectrum from ion 3. Main fragmentation
series (y-carboxy and b-amino) are indicated. Numbers above
chromatographic peaks indicate the retention time (in brackets) and
the type of detected ion. Water loss ions are indicated with black
triangles. Doubly charged fragment ions are labeled with two plus
signs, and a black arrow indicates the doubly charged parent ion. (F)
Hypothetical structure of Cs derivative adducts. A schematic structure
for the hypothetical structure of ions 1−4 is presented. In brackets is
marked the linked group in each case attached to the corresponding
residue through an arrow. The group loss in the different linkages is
labeled in square brackets. m/3 indicates the exact mass observed for
each triply charged tubulin-derived adduct.
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signals differ by 4 Da (∼1.3 Da in a triply charged species)
(Figure S4 of the Supporting Information).
When the MTs were incubated with 8CA-Cs, the results

were somewhat different, because the dominant signal was de-
rived from the Cys241-linked adduct (ion 3 in Figure 4D). The
reduced fraction of Cs linked to Thr220 or Asn228 was pro-
bably largely derived from Cs, which arose from partial dechlo-
roacetylation of the 8CA-Cs.
A schematic representation for the structure of the four de-

tected ions is shown in Figure 4F, and the high-resolution exact
masses are shown in Figure S4 of the Supporting Information.
To confirm the specificity of the reaction of the chloro-

acetylated compounds with Cys241, 10 μM sites in stabilized
MTs were preincubated with 20 μM Cs for 30 min at 25 °C.
After the preincubation, an excess (35 μM) of 6CA-Cs or 8CA-
Cs was added. The sample was incubated for an additional
60 min at 37 °C and subsequently analyzed by MS. When
MTs were treated with excess Cs prior to addition of either
chloroacetylated derivative, only the ion 4 signal, indicating
reaction of Cs with β-tubulin, was clearly detected, and no
Cys241 adduct was found (Figure S6 of the Supporting
Information). This result is in accord with the lack of non-
specific reactivity of the chloroacetyl moiety with amino acid
residues near the PTX site. The results of earlier experiments
with both 7-chloro-acetylpaclitaxel and 10-chloro-acetylpaclitaxel
are in agreement with these findings with the Cs derivatives.
Both PTX analogues induced tubulin assembly, leading to the
synthesis of radiolabeled versions of both compounds (14C
labels in the chloroacetyl moieties). However, neither com-
pound caused significant alkylation of native MTs, unless tubu-
lin denaturation had occurred (E. Hamel, unpublished obser-
vations). These findings together indicate that the reactivity of
the chloroacetylated Cs derivatives with Cys241 is specific and
that in the binding process the reactive moieties must closely
approach the cysteine residue (the chloroacetyl moiety is
approximately 8 Å in length), in contrast to what was observed
with the chloroacetylated PTX analogues.
Estimation of Adduct Abundance by SRM. Although

PIS is a powerful MS technique allowing filtering and identi-
fication of the tubulin binding sites for each Cs derivative, it is
not well suited to relative quantification of different species
carrying the diagnostic ion.36 To determine the relative abun-
dance of the corresponding tubulin-bound species (Thr220,
Asn228, and Cys241), the tryptic digests were analyzed as
described in the Supporting Information using SRM, a double-
stage filtering methodology designed for targeted quantitative
proteomics.36,37

We were able to detect the four masses selected (ions 1−4)
in the different samples (Figure 5). In the case of the 8Ac-Cs-
treated MT samples, we detected ions 1 and 2. The acetylated
adduct (ion 2 in Figure 5B) showed the highest intensity (66%)
compared with that of the Cs adduct (ion 1) (33%) (Figure 4B).
The Cys241-bound adduct accounted for approximately
one-fourth (24%), while the Thr220 and Asn228 adducts of
6CA-Cs account together for the 44% of the total integrated
intensity from the 6CA-Cs-treated sample (Figure 5C). The
Cys241-bound adduct was virtually the only species detected in
the 8CA-Cs-treated sample (Figure 5D) by SRM analysis.
Interaction of the Cs Derivatives with Unassembled

Tubulin. Because Cs was able to react with the pore PTX site
(Thr220) in unassembled tubulin, the Cs derivatives were also
tested with dimeric and oligomeric tubulin by SRM, because
it is a highly selective and sensitive mass spectrometric

quantitative approach. We performed directed MS analyses,
including the masses corresponding to ions 1−3 (Figure 4) and
the mass corresponding to the unmodified tubulin-derived tryp-
tic peptide (labeled Ctrl in the bottom panel of Figure 5). No
significant differences were observed between the dimeric and
oligomeric tubulin preparations (Figure 5 and Figure S7 of the
Supporting Information).
8Ac-Cs was the most reactive compound, yielding two detec-

table adducts corresponding to the acetylated and deacetylated
signals of the compound following reaction with Thr220. In
contrast, only the Cys241-linked adduct was detected when
unassembled tubulin was treated with 8CA-Cs. This suggests

Figure 5. Estimation of adduct abundance by SRM. Extracted ion
chromatogram for the two ion pairs analyzed corresponding to Cs
derivative-linked adducts. The relative intensity percentage (numbered
boxes) is indicated for ions detected in untreated MT samples (A),
MT samples treated with 8Ac-Cs (B), 6CA-Cs (C), and 8CA-Cs (D).
Numbers above chromatographic peaks indicate the retention time (in
parentheses) and the type of ion detected (as in Figure 4 legend). The
bottom panel shows MS analyses of binding of Cs derivatives to
dimeric tubulin by SRM. Extracted ion chromatogram for SRM
experiments of three ion pairs, including the ion pair corresponding to
the tubulin-derived unmodified tryptic peptide (Q1 m/z 884, Q3 m/z
836, labeled Ctrl) in dimeric tubulin samples. Numbers above
chromatographic peaks indicate the retention time (in parentheses)
and the type of detected ion.
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that the presence of the chloroacetyl moiety prevented binding
at the external pore site. On the other hand, three adducts
(those labeled at Thr220 with and without the haloacetyl group
and the Cys241-linked ion) were detected after 6CA-Cs treat-
ment of dimeric tubulin samples (Figure 5, bottom panel).
Model of Interaction of Cs with the Pore and the

Luminal Sites. The interaction of Cs with the pore site was
modeled in our previous work (supplemental Figure 4 in ref
20). The newly synthesized Cs derivatives were modeled in the
same position (Figure 6A). Both 6-CA-Cs and 8Ac-Cs perfectly
fit in the same binding pose, but this is not the case for the
8CA-Cs derivative. If 8CA-Cs is docked in the same binding
pose (Figure 6B) (which would be required for the covalent
reaction with Thr220), the chlormethyl group of the haloacetyl
moiety at C-8 would have a severe steric clash with the side
chain of Arg278 (red sphere in Figure 6B). However, in the
case of 8Ac-Cs, the acetyl group is small enough not to collide
with Arg278, thus allowing the reaction of the strained olefin
with Thr220.
On the other hand, a covalent reaction of 6CA-Cs and 8Ac-

Cs also occurred with Asn228. Although the polypeptide
backbone containing Asn228 faces the luminal PTX site in our
model (Figure 7A), the side chain of Asn228 points toward the
exchangeable nucleotide site and is strongly involved in inter-
actions with the nucleotide.38 As indicated in Experimental
Procedures, modeling of the compounds in the canonical PTX
site indicates two areas where low-energy binding poses could
occur (Figure 7B,C). The first (Figure 7B) places the com-
pounds with the reactive strained olefin of Cs, 8AcCs, and
6CA-Cs close enough to Asn228 to rationalize the reaction if
the side chain had enough conformational freedom to switch
between the exchangeable nucleotide site and the PTX site.
However, the model indicates that a bulky substituent at posi-
tion C-8 would severely preclude this favorable binding pose,
explaining the lack of a reaction of 8CA-Cs with Asn228.
The second binding pose (Figure 7D) places the ligands

with the chloroacetyl groups close enough to the B9−B10 loop
to attack Cys241. However, in the tubulin structures obtained
either by X-ray crystallography [Protein Data Bank (PDB)
entries 1FFX and 1SA0]39,40 or by electron diffraction (PDB
entries 1TUB and 1JFF),38,41 Cys241 is close to, but not dir-
ectly accessible, to the PTX luminal binding pocket, being
separated from it by the B9−B10 loop. The analogous loop in
α-tubulin fills the corresponding cavity and is flexible enough to
suggest that alternative conformations of the β-tubulin B9−B10
loop could provide access of ligands to the β-tubulin PTX
binding cavity (Figure 7A). To model the interactions of the

chloroacetylated analogues with Cys241, the B9−B10 loop was
allowed to relax until the cavity was extended enough to expose
the cysteine residue. In this extended luminal site, 6CA-Cs and
8CA-Cs could form a stable covalent complex with Cys241
(Figure 7D,E). These two covalent complexes were further-
more stabilized by hydrophobic interactions in the region of
Phe272 and by polar interactions of both lactone carbonyls of
the Cs compounds with Arg322. In addition, 6CA-Cs showed a
hydrogen bond between the OH group at position C-8 and
Glu29. Similarly, 8CA-Cs showed a hydrogen bond between
the OH group at position C-6 and Ser238. These two inter-
actions could be strong enough to account as well for the
transient binding of unmodified Cs to the extended luminal site
prior to its reaction with Asn228.
Given the high reactivity observed for Cys241 with chloro-

acetylated ligands,42−44 we wanted to estimate the proximity of
the sulfur atom of Cys241 to the chlorine-bearing carbon atoms
of 6CA-Cs and 8CA-Cs for the occurrence of the observed
covalent reactions. We therefore performed a simple transition
state modeling experiment using methanethiol and methyl
chloroacetate (see Experimental Procedures for details). The
C−S bond distance taken from the transition state geometry
was found to be 2.393 Å. The models presented in panels D
and E of Figure 7 allowed the chlorine-bearing carbon atoms of
both chloroacetyl groups to move within 3 Å of the sulfur atom
of Cys241.

■ DISCUSSION
Previously,20 we described that covalent binding of a MSA to
MTs is able to overcome the P-gp-mediated MDR resistance
phenotype in several resistant cell lines, including A2780AD.
Moreover, we found a similar result by using high-affinity
taxoids.35 The confirmation of these results with a set of Cs
derivatives suggests that the basis for overcoming resistance
in these cases was a decrease in the level of unbound, or free,
intracellular drug to values significantly lower than the disso-
ciation constant of the ligand for the membrane pump. These
results indicate that P-gp-mediated MDR can arise primarily
from enhancing the efflux of the ligand, thus lowering its intra-
cellular concentration, rather than interfering with the rate of
influx of the ligand into the cell.

Cs Specifically Binds to Tubulin in Treated Tumor
Cells. Cs is a natural compound containing two electrophilic
reactive groups, a strained olefin and a lactone carbonyl. Several
compounds with covalent mechanisms of action, interacting
either with proteins45,46 or with DNA,47,48 are currently used in
clinical medicine. However, other compounds with the same

Figure 6. Molecular models of (A) Cs bound to Thr220 in the pore binding site of MTs as described in ref 20 and (B) 8CA-Cs placed in the same
binding pose to show the steric hindrance that would result from the presence of the chloroacetyl moiety at position 8 (red sphere).
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type of mechanism have failed to find a clinical use, perhaps
because of nonspecific reactivity with nontarget proteins that
could cause drug toxicity.49,50

To evaluate the possibility of designing other MSAs that have
a covalent mechanism of action, we examined the specificity of
the Cs−tubulin interaction in cells treated with a radioactive
analogue of Cs, [14C]8Ac-Cs. This analogue has the same
reactive moiety and mechanism of action.23 In cells, as had been
the case with purified tubulin,23 [14C]8Ac-Cs behaved in a man-
ner indistinguishable from that of the natural product. More
than 99% of the radiolabel was specifically incorporated into
β-tubulin (Figure 3), with the remaining label incorporated into
three other proteins when the cells were treated with a con-
centration of [14C]8Ac-Cs 100 times greater than the IC50 of
the compound.
Mapping Cs Binding at the MT Pore and Luminal

Sites. We used Cs derivatives modified at the secondary alco-
hols at positions C-6 and C-8 to further study the interaction of
Cs with the pore and luminal sites. Two new analogues in
which a cysteine-reactive haloacetyl moiety was linked to the
oxygen atoms at positions C-6 and C-8 were synthesized, and
the reactivity of 6CA-Cs and 8CA-Cs with the cysteine residues

close to the taxoid sites allowed us to explore potentially the
pathway from the pore site to the luminal site and the binding
poses of the ligand at the luminal site.
Unlike what was found with docetaxel and discodermolide,15

the pore binding site modeled for Cs by Buey et al.20 at the
β-subunit does not require residues from other tubulin hetero-
dimers. In agreement with this, the compounds bind to the
pore site both in microtubules and in unpolymerized tubulin.
However, this was not the case for the interaction of these
compounds with the luminal site. While like Cs,20 8Ac-Cs and
6CA-Cs react with Asn228 in MTs, they are not able to react
with this residue in unpolymerized tubulin, indicating that, as
expected from the large difference in the affinities of docetaxel
and discodermolide for the luminal site in dimeric and poly-
meric tubulin,15 there might be a structural difference in the
luminal site between the assembled and unassembled states,
which has been previously proposed.51−53 In contrast, both
haloacetylated compounds reacted similarly with Cys241 in
MTs and unassembled tubulin. This suggests that the acces-
sibility of the reactive thiol should be similar in both tubulin
species.

Figure 7. Molecular models of (A) the extended luminal pore site of PTX in MTs, (B) Cs docked at the luminal site (first pose), (C) Cs docked at the
luminal site (second pose). (D) 6CA-Cs bound to Cys241 at the extended luminal site, and (E) 8CA-Cs bound to Cys241 at the extended luminal site.
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MS analysis of the adducts formed between the Cs deriv-
atives and β-tubulin indicated an influence of the alcohol at C-8
in the tubulin−Cs interaction. Although the compound acet-
ylated at position C-8 behaved essentially as did the lead com-
pound in labeling Thr220 or Asn228 in MTs and Thr220 in
unassembled tubulin, its haloacetylated equivalent failed to label
either Thr220 or Asn228. This failure was observed in both
MTs and unassembled tubulin. This indicates that the presence
of a large group at position C-8 substantially perturbs the
interaction of Cs with both the pore and luminal sites, so that
the nucleophilic attack on the strained olefin between positions
C-2 and C-17 cannot occur.
On the other hand, both chloroacetyl analogues specifically

labeled Cys241, one of the two cysteine residues in the vicinity
of the luminal site. This residue is actually close to the colchi-
cine site,40 and although it is close to the PTX binding pocket,
it is shielded from it by the B9−B10 loop in several well-
described tubulin structures (PDB entries 1TUB, 1JFF, and
1TVK). Cys241 is a known reactive residue in tubulin,42 which
also reacts with MT-destabilizing agents, such as modified
colchicines54 and halogenated sulfonamides,43,44 which also
inhibit the binding of colchicine to tubulin. Thus, it can be sug-
gested that Cs derivatives could also reach this residue through
the colchicine binding pocket. Although a nonspecific reaction
cannot be fully discarded, given the high reactivity of Cys241,
the blocking of the PTX site with Cs abolished the reactions of
6CA-Cs and 8CA-Cs with Cys241. This strongly points toward
6CA-Cs and 8CA-Cs binding to Cys241 through the PTX site,
aided by the flexibility of the B9−B10 loop. Note that given the
irreversible nature of the alkylation of Cys241 by 6CA-Cs and
8CA-Cs, the reaction would occur even if only a very small
fraction of the B9−B10 loop were in the open state, and such a
small fraction could not be observed in the three-dimensional
structures.13,38

Additional evidence that these analogues attack Cys241 from
the PTX site is the observation that C-7 and C-10 chloro-
acetylated PTX derivatives did not react with Cys241 and our
transition state modeling calculations, which indicated that a
3 Å distance between the chloroacetyl group and thiol is
required for the reaction to occur. Thus, the most reasonable
explanation for our findings that 6CA-Cs and 8CA-Cs react
with Cys241 is that the B9−B10 loop is more flexible than
might have been anticipated and that at least a small fraction of
the loop is in an open conformation, resulting in a PTX luminal
site larger than previously believed. This hypothesis is, more-
over, concordant with the substantial chemical promiscuity of
the PTX site, where many different chemotypes bind with
identical biochemical effects.10

With regard to the adducts with Asn228, this residue is lo-
cated in a potential path for the drugs from the pore site to
Cys241. However, Asn228 is rather distant (18 Å) from
Cys241, explaining the failure to detect adducts with 6CA-Cs
and 8CA-Cs at both Asn228 and Cys241. Moreover, Asn228 is
also essential for the binding of GTP/GDP at the exchangeable
nucleotide site of tubulin. In fact, the interaction of Asn228
with the exchangeable site nucleotide should limit the ability of
Cs to attack the side chain in the 1TUB, 1JFF, and 1TVK
models. It therefore seems likely that the Asn228 side chain
must have enough conformational freedom to oscillate between
the exchangeable nucleotide site and the PTX site.
The set of amino acids mapped by Cs and its analogues show

a path that PTX mimetic drugs might follow from the outside
of the MT, through the type I pore (Thr220), to reach the

luminal site indicated by the 1TUB, 1JFF, and 1TVK models
(Asn228) and to arrive finally at the extended luminal site
(Cys241). One can readily imagine PTX mimetic agents of di-
verse chemical structures finding different areas of the extended
luminal site where they have maximal affinity.
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