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Taccalonolides Covalently Bind to Tubulin
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Figure 4. Cold stability of microtubule polymers in the presence of microtubule stabilizers. Polymerization of 2 mg/mL purified tubulin in the presence of vehicle
(A), 10 umol/L paclitaxel (PTX; B), 10 umol/L laulimalide (LAU; C), or 10 umol/L AJ (D) was monitored turbidimetrically for 30 minutes at 37°C. Samples
were then cooled at —20°C for 30 minutes to depolymerize cold-sensitive microtubules (dashed line) and then the plate was returned to 37°C and
turbidity monitored for an additional 30 minutes. E, the percentage of tubulin in the polymerized form in the presence of paclitaxel, laulimalide, or AJ after initial
polymerization (black bars) or the indicated times after transfer to 4°C was determined by centrifugation.

either 10 umol/L paclitaxel or laulimalide (Fig. 4B and C). not shown), suggesting that resistance to cold-induced
However, once the vehicle-, paclitaxel- or laulimalide-treated depolymerization is a general property of the taccalonolides.
tubulin reactions were rewarmed to 37°C, microtubule To further explore the cold sensitivity of drug-treated micro-
repolymerization occurred rapidly with kinetics similar to tubules, less stringent conditions were used that caused only
the initial polymerization. In contrast, microtubules formed partial depolymerization of paclitaxel- or laulimalide-induced
in the presence of 10 wumol/L AJ were insensitive to cold- microtubules. In addition, the extent of microtubule polymer-
induced depolymerization and once the reaction was ization was monitored by separation of soluble tubulin from
rewarmed, a further increase in turbidity was observed (Fig. the microtubule pellet by centrifugation to more directly
4D). The differential cold stability of microtubules in the determine the distribution of polymerized and soluble tubulin.
presence of paclitaxel, laulimalide, AJ, or vehicle was con- Consistent with the turbidimetric assays described above, at 10
firmed by electron microscopy at low (Fig. 3) and high pumol/L of each drug initiated a similar degree (75%-81%) of
(Supplementary Fig. S3) magnification. These findings dem- tubulin polymerization after 30 minutes at 37°C (Fig. 4E, black
onstrate a dramatic cold stability of AJ-induced microtu- bars). After an additional 10 minutes of incubation at 4°C, little
bules and a propensity for increased microtubule polymer- microtubule depolymerization was observed in the presence of
ization upon rewarming. Electron micrographs show that any microtubule stabilizer (Fig. 4E, gray bars), but, as expected,
after rewarming, the microtubule structures induced by AJ vehicle-treated microtubules were completely depolymerized
appear longer and that the microtubule density is greater (data not shown). After a longer 30 minutes of incubation at
than that observed after the original polymerization (Fig 3, 4°C, there was a 21% to 23% loss of paclitaxel- and laulimalide-
bottom row and Supplementary Fig. S4). Similar effects were induced polymer but no decrease in AJ-induced polymer (Fig.
observed for taccalonolide AF-induced microtubules (data 4E, white bars). Extended cold exposure did not cause
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substantial further loss of polymer for any condition (Fig. 4E,
hatched bars). Although these results confirm reports that
paclitaxel and laulimalide impart some cold stability to micro-
tubules, they further demonstrate that the cold stability initi-
ated by AJ is more robust.

Because AJ-induced microtubules were markedly cold sta-
ble, their ability to resist mechanical disruption was also
evaluated. Under conditions of rigorous pipetting where vehi-
cle-, paclitaxel-, and laulimalide-induced microtubules were
sheared into numerous short microtubule polymers as
observed by electron microscopy, AJ-induced microtubules
were not affected (data not shown). These studies demonstrate
that the taccalonolides impart robust stability to microtubules
that differentiate them from paclitaxel- and laulimalide-sta-
bilized microtubules.

Synergism and displacement studies

Synergism studies have been useful in identifying com-
pounds with nonoverlapping binding sites (34-36). The
ability of AF to cause synergistic antiproliferative effects in
combination with paclitaxel or laulimalide was evaluated.
Low antiproliferative concentrations of AF in combination
with paclitaxel or laulimalide caused synergistic effects as
determined by isobologram analysis and calculation of CIs
(30). Combination indices of 0.65 to 0.84 were found with AF
and laulimalide, indicating the two drugs act synergistically
(Fig. 5A). A lesser degree of synergism was detected with the
combination of AF and paclitaxel, with CI values ranging
from 0.84 to 0.95 (Fig. 5B). These finding suggested the
possibility that the taccalonolides might bind to a site that
is pharmacologically distinct from the two major stabilizer-
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Figure 5. Synergism and displacement studies of the taccalonolides and other stabilizers. Isobolograms depicting synergy of AF with laulimalide

(LAU; O, 0.5 nmol/L laulimalide + 10 nmol/L AF; [, 0.5 nmol/L laulimalide + 20 nmol/L AF; A, 0.25 laulimalide + 10 nmol/L AF; A) or AF with paclitaxel
(PTX; O, 0.5 nmol/L paclitaxel + 10 nmol/L AF; ], 0.5 nmol/L paclitaxel + 20 nmol/L AF; A, 0.5 paclitaxel + 30 nmol/L AF; B). The Cls calculated for
each point on the isobologram are listed. LC/MS traces of paclitaxel (C) or AJ (D) in the absence of microtubules or in the supernatant or microtubule
pellet after incubation with purified tubulin for 30 minutes. Quantitation of the percentage of laulimalide (E), paclitaxel (F), or AJ (G) present in the microtubule
pellet after incubation alone or in combination with other stabilizers. The percentage of AJ in the pellet was estimated on the basis of the amount of drug that

was depleted from the supernatant fraction.
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binding sites on tubulin and biochemical studies were
initiated to test this possibility.

Displacement studies were conducted to determine whether
the taccalonolides could compete with paclitaxel or laulima-
lide binding to microtubules. High-resolution mass spectrom-
etry was used to detect drugs in the microtubule-containing
pellet or residual supernatant after incubation with purified
tubulin and compared with the total amount of drug detected
in the absence of tubulin. As expected, when 10 pmol/L of
paclitaxel was incubated with 10 pumol/L of o/B-tubulin,
essentially no drug was detected in the supernatant and
99% was extracted from the microtubule pellet (Fig. 5C and
F). In contrast, A] was undetectable in the microtubule pellet
under the same conditions, even though only 7% of the drug
remained in the supernatant (Fig. 5D). We hypothesized that
the inability to detect significant levels of AJ in either fraction
was a result of a tight interaction between AJ and microtubules
that was not amenable to extraction with organic solvents.
More stringent extractions of the microtubule pellet with a
variety of detergents, proteases, and heat were unable to
liberate AJ from the microtubule pellet, indicating the possi-
bility of a covalent interaction of A] with microtubules. Because
of its inability to be extracted from the microtubule pellet,
the percentage of bound AJ to microtubules was estimated
on the basis of depletion of AJ from the supernatant using a
standard curve (Fig. 5G).

To measure drug displacement, equimolar combinations of
laulimalide, paclitaxel, and A] were incubated with tubulin and
the percentage of each drug present in the microtubule pellet
was calculated. When laulimalide was incubated with tubulin
alone, 93% was bound to microtubules (Fig. 5E). As expected,
the percentage of laulimalide bound to the pellet was not
decreased with paclitaxel coincubation as they bind to non-
overlapping sites. A] was unable to displace laulimalide wheth-
er it was added simultaneously or before laulimalide (Fig. 5E)
and conversely laulimalide was unable to displace AJ (Fig. 5G),
indicating that these two drugs do not compete for binding to
microtubules.

Similarly, paclitaxel was unable to be displaced from micro-
tubules by laulimalide, but docetaxel was able to inhibit
paclitaxel binding by 50%, consistent with their ability to
competitively bind to the taxane site (Fig. 5F). When AJ was
added simultaneously with paclitaxel in equimolar concentra-
tions, the percentage of paclitaxel associated with the micro-
tubule pellet decreased by 38%, indicating that AJ inhibited
paclitaxel binding, although to a lesser extent than docetaxel
(Fig. 5F). Given the inhibition of paclitaxel binding by AJ, it was
surprising to find that the converse was not true; the distri-
bution of AJ was not affected by paclitaxel (Fig. 5G).

On the basis of the assumption that the binding of AJ to
microtubules was irreversible and that this property may
contribute to its inability to be displaced by paclitaxel, the
effect of the order of drug addition on binding was tested.
When AJ was added to tubulin 30 minutes before paclitaxel, the
percentage of paclitaxel associated with the microtubule pellet
decreased by 59% (Fig. 5F). Together, these results demon-
strate that AJ inhibits paclitaxel binding, but not laulimalide
binding and that neither paclitaxel nor laulimalide affected AJ

binding. Although these data are consistent with some com-
petition for microtubule binding between paclitaxel and A],
the fact that the timing of AJ addition impacts the extent to
which it is able to displace paclitaxel combined with the
inability of paclitaxel to displace AJ suggests that the two
drugs interact with tubulin in different ways.

Characterization of taccalonolide binding by mass
spectrometry

Mass spectrometry was used to aid in characterizing the
interaction between the taccalonolides with tubulin/microtu-
bules and determine their impact on microtubule stability.
Peptic fragments of tubulin were generated in the presence of
AJ or docetaxel and detected by LC/MS using ion extraction
chromatography to identify peptides by their predicted mass.
Strikingly, the peptide containing residues 212-230 of 3-tubu-
lin was observed in the presence of docetaxel (Fig. 6A, blue
trace) but not with AJ (Fig. 6A, red trace). Because our binding
experiments suggested that AJ] may covalently interact with
tubulin, the generation of peptide(s) conjugated to AJ was
explored. Indeed, a peptide with the predicted mass of 3212-
230 linked to AJ was detected in the presence of AJ (Fig. 6B, red
trace) but not docetaxel (Fig. 6B, blue trace), confirming that AJ
covalently binds to this peptide on B-tubulin. In addition to
212-230, AJ was also found to bind directly to another, slightly
shorter peptic fragment, 3213-230 (Supplementary Fig. S5).
The peptides to which AJ binds contain both the T218 and N226
cyclostreptin-binding residues and are distinct but partially
overlapping with the taxane site (Fig. 6C and D), consistent
with our displacement data (Fig. 5F). Therefore, AJ] may bind to
one or both of the residues that interact with cyclostreptin or
another nearby residue. Unfortunately, the labeled residue(s)
could not be localized in this study because tandem mass
spectrometry using collisionally induced dissociation only
induced the removal of AJ as a neutral loss fragment, whereas
electron-transfer dissociation did not generate an informative
peptide sequence, only charge reduction. More complex fol-
low-up studies to map the residue(s) of B-tubulin that directly
bind to AJ and model drug binding are ongoing.

In the absence of the ability to precisely map AJ binding to
tubulin, we used HDX-MS to further probe the allosteric effects
elicited by this covalent interaction as has been done for many
other microtubule-binding drugs (9, 19, 20, 22). A decreased
rate of hydrogen exchange demonstrates a lower accessibility
of residues to solvent, which is used to identify less flexible and
more stable regions of a protein. This method was used to
demonstrate the effect of AJ or docetaxel on the stability of
microtubule peptides as compared with GMPCPP-stabilized
microtubules, which allows for differentiation of drug-specific
effects from those associated with general microtubule stabi-
lization. Decreases in accessibility to hydrogen deuterium
exchange on tubulin residues in the presence of AJ are depicted
in red on a B-tubulin monomer (Fig. 6D, right) and in the
context of a larger microtubule fragment to show wider
allosteric effects (Fig. 6C, right). Because we could not deter-
mine whether the covalent binding of AJ to 3213-230 directly
or indirectly altered the exchange properties of this peptide, it
was excluded from our analysis. The changes observed with A]
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Figure 6. Mapping the interaction of AJ with microtubules by structural mass spectrometric analysis. A, chromatogram of the $212-230 peptide [m/z 544.7995
(+4)] showing the peak intensity for docetaxel- (blue) or AJ (red)-treated microtubules. B, chromatogram of the AJ-bound form of the $212-230 peptide
[m/z 713.87 (4-+)] showing the peak intensity for docetaxel- (blue) or AJ (red)-treated microtubules. C and D, lumen-to-exterior view of two parallel
protofilaments in surface rendering (C) and a zoomed-in view of B-tubulin in cartoon (same orientation as C; D). Structures on left represent docetaxel-treated
GMPCPP-microtubules and structures on right represent taccalonolide-treated GMPCPP-microtubules. Red highlights depict reductions in deuterium
labeling induced by drug binding. Docetaxel is shown as purple spheres, and the peptide covalently bound to AJ (3213-230) is shown in yellow. An estimation
of the binding region for AJ is marked with a black box in C. The M-loop involved in taxane-binding and interprotofilament stabilization is highlighted
(black box in C, left blue box in D). Notice the M-loop is unaffected in AJ-treated microtubules as indicated by green coloring. The H7 helix and loop, involved
in taxane-binding and intraprotofilament stabilization, is also highlighted (right blue box in D) and unaffected by AJ. The residues to which cyclostreptin

covalently binds, T218 and N226, are marked for reference.

binding were compared with those elicited by the binding of
docetaxel to microtubules (Fig. 6C and D, left). Although some
of the regions on tubulin that showed decreased exchange
upon drug binding are similar for the two drugs, there are
notable differences. The binding of docetaxel results in stabi-
lization and therefore decreased hydrogen deuterium
exchange in the M-loop of B-tubulin as depicted in by its
representation in red (Fig. 6C and D, left), which is also the case
for most other microtubule stabilizers (19-21). In contrast, the
M-loop is not stabilized upon AJ binding, as shown by the lack
of red in this area (Fig. 6C and D, right). The stabilization of the
intradimer interface, involving helix H7 on B-tubulin, is also
observed with docetaxel and other stabilizers (37) but not AJ
(Fig. 6D). Rather, AJ induced a markedly higher stabilization of

the lateral inter-protofilament contacts centering on o.-tubulin
in a manner that does not seem to involve the M-loop (Fig. 6C,
right).

In vivo antitumor activity of taccalonolides AF and AJ
The distinct binding characteristics of the taccalonolides led
us to evaluate the in vivo antitumor effects of AF and AJ in the
MDA-MB-231 breast cancer xenograft model. Initial dose
tolerance tests indicated that doses of 2 to 2.5 mg/kg AF
administered twice a week caused a dose-dependent, but
generally recoverable weight loss. For these antitumor trials,
the positive control, paclitaxel, was administered at 10 mg/kg
on days 1, 3, 5, and 8 for a cumulative dose of 40 mg/kg (Fig. 7,
filled squares). AF was found to have potent dose-dependent
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Figure 7. Antitumor effects of AF and AJ. Mice bilaterally implanted with
MDA-MB-231 breast cancer cells were treated with 2.0 mg/kg of AF on
days 1, 4, and 8, 2.5 mg/kg AF on days 1 and 5, or 0.5 mg/k AJ on days 1,
3, 5, and 8. Paclitaxel (PTX) was administered at a dose of 10 mg/kg on
days 1, 3, 5, and 8 as a positive control. Median tumor volumes with SEM
(n = 10) are graphically represented. **, P < 0.01.

antitumor effects with inhibition of tumor growth almost
identical to that of paclitaxel when the lower, 2 mg/mL, dose
was administered on days 1, 4, and 8 for a cumulative dose of 6
mg/kg (Fig. 7, open triangles). When a higher, 2.5 mg/kg dose,
was administered on days 1 and 5 for a cumulative dose of 5
mg/kg, complete inhibition of tumor growth and even mea-
sureable reductions in tumor size were observed (Fig. 7, open
circles). This is significant because tumor shrinkage is rarely
observed in this model. However, it is important to note that
this dosing of AF also caused significant weight loss and
represented the LD,, with one mouse succumbing to toxicity
on day 15, which was 10 days after the last dose was admin-
istered. These data indicate that AF has antitumor activity in
vivo with the potential to reduce tumor mass, albeit with a
narrow therapeutic window, consistent with the effects of less
potent taccalonolides (6, 7).

Following initial dose tolerance testing, antitumor studies
were also performed with 0.5 mg/kg AJ dosed on days 1, 3, 5,
and 8 for a cumulative dose of 2 mg/kg. This intense schedule of
AJ showed no indication of antitumor effects (Fig. 7, open
squares) despite the fact that an average weight loss of greater
than 10% was observed and 2 mice succumbed to toxicity on

days 11 and 12. The fact that no measureable antitumor
activities were observed at the LD,, demonstrates that AJ does
not have a therapeutic window for antitumor activity. Follow-
up studies to optimize the dose and schedule of AJ confirmed
this as lower dosing regimens that minimized toxicity also
produced no antitumor effects. Modest antitumor effects were
observed with a dosing regimen of 0.85 mg/kg on days 1, 4, and
8 albeit with unacceptable toxicity that led to the LDg.
Although AJ was highly potent, causing notable weight loss
at doses 20-fold lower than paclitaxel, the lack of antitumor
efficacy at doses lower than the LDg, demonstrated the
absence of any therapeutic window.

The fact that a small but notable therapeutic window was
identified for AF but not AJ prompted an investigation into
differences in chemical stability that might relate to in vivo
metabolism. Analysis of the chemical breakdown of both AF
and AJ showed very different chemical stability in aqueous
conditions; AJ] showed marked stability in pH 7 PBS of over 20
hours, whereas AF had a ¢, of 9 hours. Analysis of the
degradation products of AF indicated that AJ was the major
breakdown product. Given the high toxicity observed for AJ in
vivo and the fact that AF is rapidly broken down into AJ in
aqueous solution at physiologic pH, it is possible that the
toxicity associated with AF administration in vivo could be due
at least in part to its conversion into AJ. We hypothesize that
the identification of taccalonolides that do not have this
liability of hydrolysis at C15 might facilitate the discovery of
a taccalonolide with a better therapeutic window.

Discussion

All microtubule-stabilizing agents in clinical use bind within
the classical taxane pocket on microtubules. Laulimalide site
agents, which show synergism with taxane-binding drugs
(24, 34, 36), are able to circumvent some clinically relevant
forms of taxane resistance in vitro (38-40), but have so far failed
to advance to clinical trials due in part to the lack of clear
antitumor effects in murine models (38, 41). We show that
paclitaxel and laulimalide have almost identical effects on
microtubule polymerization and stability despite the fact that
they bind to distinct sites on microtubules, which is consistent
with previous reports (9, 24). In contrast, AF and AJ have very
different properties, including a slow rate of microtubule
nucleation as evidenced by a persistent lag period for poly-
merization even at concentrations that eventually enhance the
rate, extent, and cold stability of microtubule polymerization
as compared with other stabilizers. These results suggest that
the taccalonolides do not stimulate microtubule nucleation;
but that once they are formed they are remarkably stable. This
finding is reminiscent of those obtained with cyclostreptin,
which causes weak tubulin assembly reactions with a signif-
icant lag period but enhanced cold stability (27, 42). The ability
of cyclostreptin to bind to B-tubulin residue T218 deep within
the pore of the microtubule has prompted references to
cyclostreptin as a "gatekeeper” for agents that require trans-
port through this pore to gain access to the taxane site on the
interior of the microtubule (43). Similar to zampanolide,
cyclostreptin can also covalently modify the N226 residue in
the taxane pocket on the inside of the microtubule if it is able to
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traverse the pore without becoming covalently attached (26).
Despite the robust literature detailing the biochemical effects
on tubulin (26-28, 42), the antitumor effects of cyclostreptin
have not been well characterized (44).

The ability of AJ to bind covalently to residue(s) in the 213-
230 peptide of B-tubulin is reminiscent of both cyclostreptin
and zampanolide binding because this peptide encompasses
both the T218 pore site and the N226 residue in the taxane
pocket. Although the identification of the exact residue(s) of
B-tubulin that are covalently modified by AJ was not deter-
mined in these studies due to technical limitations, the allo-
steric effects on microtubule stabilization afforded by AJ
binding are striking (Fig. 6). It has been demonstrated that
the covalent binding of zampanolide to microtubules increases
the lateral interaction between protofilaments by promoting
helical structuring of the M-loop on -tubulin (21). In contrast,
the microtubule stabilization promoted by covalent binding of
AJ seems to cause profound interprotofilament stability
through a distinct mechanism that does not involve changes
to the M-loop. Interestingly, it has also been proposed that the
binding of cyclostreptin to T218 is not anticipated to affect M-
loop stability or tubulin polymerization and that its ability to
bind within the taxane pocket is what enhances microtubule
stabilization (45). The distinct interprotofilament interactions
initiated by AJ indicate, for the first time, that a drug can
covalently bind and stabilize microtubules independently of
M-loop stabilization, demonstrating that it interacts with
tubulin in a manner distinct from all other stabilizers that
have been previously characterized. Preliminary data indicate
that all taccalonolides that are sufficiently potent to enhance
the polymerization of tubulin in biochemical extracts bind
irreversibly to the resulting microtubule polymer, suggesting
that covalent binding of the taccalonolides to microtubules is
likely a general property of this class of microtubule stabilizers.
Further biochemical analysis is warranted to fully characterize
the interaction of the taccalonolides with tubulin.

The distinct allosteric effects imparted on microtubule sta-
bility by AJ shed insight into many unique properties of this
compound class as compared with other microtubule stabili-
zers. For example, it may facilitate the ability of the taccalono-
lides to cause bundling of interphase microtubules at antipro-
liferative concentrations, which is important in light of recent
evidence that suggests that interphase effects play an important
role in the antitumor properties of microtubule-targeted agents
(46). The covalent binding of the taccalonolides to microtubules
may also help to explain their potency in vivo. As observed for
other taccalonolides (6, 7), AF and AJ were much more potent in
vivo than would have been expected from their in vitro ICss. For
example, paclitaxel has an in vitro IC5, 10-fold lower than AF, yet
was administered at 5-fold higher concentrations than AF to
observe similar antitumor effects. This represents an effective
50-fold increase in in vivo potency for AF as compared with
paclitaxel, which is likely at least partially attributable to the
ability of taccalonolides to bind covalently to microtubules. This
would not be immediately reflected in an i vitro ICs5o where the
cells are constantly bathed in the drug, but becomes evident in
vivo where nonbound drug is actively cleared. The high cellular
persistence of the taccalonolides in clonogenic assays after drug

washout was the first indication that their cellular effects were
irreversible (8).

The in vivo potency of AF and AJ, presumably initiated by
their covalent binding, also has the advantage of allowing
them to be administered in aqueous solvents without the
need for Cremophor or polysorbate-80, which can cause
hypersensitivity reactions. The covalent attachment of the
taccalonolides to microtubules also likely explains their
ability to circumvent drug resistance mediated by expres-
sion of the Pgp drug efflux pump, which limits the efficacy of
many anticancer agents (4, 7). Indeed, in addition to the
taccalonolides, other microtubule stabilizers that covalently
bind microtubules, including cyclostreptin and zampano-
lide, have shown the ability to circumvent Pgp-mediated
drug resistance (23, 26, 28). Despite the potency of AF and AJ,
it is possible that the lack of antitumor efficacy for AJ and the
narrow therapeutic window of AF and other taccalonolides
may also be due in part to irreversible binding. In addition to
identifying new taccalonolides with a larger therapeutic
window, an alternative strategy is to conjugate a taccalo-
nolide to a tumor-targeting antibody. This has been suc-
cessful with the recent U.S. Food and Drug Administration
(FDA) approval of T-DM1 (47). The prospects of using this
strategy to specifically load a drug that irreversibly binds to
its target into cancer cells may be highly effective.
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