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ABSTRACT: Halichondrin B is an antimitotic drug that inhibits microtubule assembly. To understand the
molecular details of its interaction with tubulin, we investigated the binding of two halichondrin B analogues,
eribulin (previously, ER-086526, E7389) and ER-076349, to tubulin by quantitative analytical ultracentri-
fugation. Eribulin is currently undergoing phase III clinical trials for cancer; ER-076349 is a closely related
analogue with C.35 hydroxyl instead of C.35 primary amine [Towle, M. J., et al. (2001) Cancer Res. 61, 1013].
Below the critical concentration for microtubule assembly and in the presence of GDP, tubulin undergoes
weak self-association into short curved oligomers. Eribulin inhibits this oligomer formation 4—6-fold, while
ER-076349 slightly stimulates oligomer formation by 2-fold. This is in contrast to vinblastine which strongly
stimulates large spiral polymers by 1000-fold under these same conditions. Vinblastine-induced spiral
formation is strongly inhibited by both eribulin and ER-076349. Colchicine binding to the intradimer
interface has no significant effect on small oligomer formation or the inhibitory activity of eribulin on this
process. These results suggest that halichondrin B analogues bind to the interdimer interface or to the
p-subunit alone, disrupt polymer stability, and compete with vinblastine-induced spiral formation. Stathmin
is known to form a tight 1:2 complex with tubulin. Eribulin strongly inhibits formation of the 1:2 stathmin—
tubulin complex (>3.3 kcal/mol), while ER-076349 weakens formation of the 1:2 complex by ~1.9 kcal/mol.
These results suggest that eribulin is a global inhibitor of tubulin polymer formation, disrupting tubulin—
tubulin contacts at the interdimer interface. ER-076349 also perturbs tubulin—tubulin contacts, but in a more
polymer specific manner, reflecting adaptability of the interdimer interface to drug and polymer polymorph-
ism. These results suggest halichondrin B analogues exhibit unique tubulin-based activities that may underlie
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the clinical utility of these compounds.

Many of the antimitotic drugs that interact with tubulin and
microtubules and cause G2/M arrest are also known to induce
assembly of tubulin into either less dynamic microtubule poly-
mers or nonmicrotubule polymers (/, 2). These drugs fall into
three broad classes of site specific binding. The classic example of
microtubule stabilization is the taxane class of antimitotics
(including paclitaxel, taxotere, epothilones A and B, eleuther-
obin, and discodermolide), which bind between protofilaments in
the microtubule lattice at the M-loop on the fS-subunit and
stabilize lateral contacts between protofilaments, thus stabilizing
the microtubule lattice (3—5). Members of the colchicine class of
antimitotics (including colchicine, colcemid, podophyllotoxin,
nocodazole, noscapine, combretastatin, and staganacin) bind at
the intradimer interface between the a- and S-subunits (6). This
class of compounds typically causes tubulin heterodimer seques-
tering, substoichiometric microtubule poisoning, and microtu-
bule depolymerization, although assembly into sheetlike
polymers and small oligomers has been reported (1, 7). The vinca
alkaloid class of antimitotics (including the clinically useful drugs
vinblastine, vincristine, vinorelbine, and vinflunine, as well as
dolastatin 10) bind at the interdimer interface (§) and cause
microtubule depolymerization while inducing spiral and ringlike
polymer formation. Halichondrin B and analogues are thought
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to compete for vinblastine binding and in general have been
thought to act by a mode of action similar, although not identical,
to that of vinca alkaloids (9—15).

The in vitro techniques used to ascertain the mode of action of
antimitotic drugs include turbidity, electron microscopy, and
analytical ultracentrifugation (16, 17). The advantage of analy-
tical ultracentrifugation (AUC)' is the ability to extract the mode
of molecular interaction, the stoichiometry, and the energetics of
the process, i.e., the equilibrium constants for the molecular
mechanism (/, 16—20). Here we investigate the interaction of two
halichondrin B analogues, eribulin (previously ER-086526,
E7389) and ER-076349 (13), with tubulin by quantitative AUC
methods. Structures of halichondrin B, eribulin (as its mesylate
salt), and ER-076349 are presented in Figure 1. Surprisingly, and
unlike vinca alkaloids, these analogues appear to either suppress
or have minimal effects on tubulin nonmicrotubule polymer
assembly. Furthermore, they compete for and suppress vinblas-
tine-induced spiral formation and the interaction of tubulin with
stathmin. The different modes of drug—tubulin interaction
exhibited by eribulin and ER-076349, between themselves and

! Abbreviations: AUC, analytical ultracentrifugation; EGTA, [ethylene
bis(oxyethylenenitrilo)]tetraacetic acid; GDP, guanosine 5'-diphosphate;
GTP, guanosine 5'-triphosphate; MAP, microtubule-associated protein;
PC-tubulin, MAP-free phosphocellulose-purified tubulin; Pipes, pipera-
zine-N,N'-bis(2-ethanesulfonic acid); rmsd, root-mean-square deviation;
TCEP, tris(2-carboxyethyl)phosphine hydrochloride.
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FiGure 1: Structures of halichondrin B, ER-076349, and eribulin (shown as a mesylate salt).

relative to other tubulin-targeted agents, may have implications
for the preclinical spectrum of in vitro and in vivo anticancer
activities seen with these agents (/3, /4), as well as the potential
clinical utility of halichondrin B-based chemotherapeutic agents
in cancer patients.

MATERIALS AND METHODS

Tubulin Purification. MAP-free pig brain tubulin (PC-
tubulin) was obtained by two warm—cold polymerization—
depolymerization cycles followed by phosphocellulose chroma-
tography to separate tubulin from MAPs (27, 22). Protein
concentrations were determined spectrophotometrically (23)
(6275 = 1.2 mL mg~' em™"). Experiments were performed in
P80 [80 mM Pipes, | mM MgSO,, 2 mM EGTA, 0.1 mM TCEP,
and 50 uM GDP (pH 6.9)]. Tubulin samples were equilibrated
into the appropriate buffer by a spun column technique utilizing
G-50 fine (16, 24).

Eribulin and ER-076349 Solutions. The halichondrin B
analogues eribulin (supplied as its mesylate salt, MW = 826.00)
and ER-076349 (MW = 730.88) were provided by Eisai Research
Institute (13, 14). Eribulin and ER-076349 lack a UV absorbance,
and thus, all stock solutions were made up by weight into >99.9%
DMSO (Sigma). Both the drug and the DM SO were measured by
weight. Stocks were typically 30—40 mM or 20x dilutions of
these stocks, and drug was added directly to each tubulin solution
to make the final total drug concentration. Final DMSO con-
centrations were typically 0.36% and always <0.5% unless
DMSO was the experimental variable. Since eribulin is a mesylate
(methanesulfonic acid) salt, control AUC runs were conducted in
56.5 uM methanesulfonic acid (Aldrich, catalog no. 471356),
derived from a stock solution in DMSO, to rule out a direct role
for methanesulfonic acid in the observed inhibitory activity.

Colchicine— Tubulin Complex. Tubulin was incubated with
2 mM colchicine for 60 min at 20 °C and passed over a spun
column to remove unbound colchicine and equilibrate the
complex with P80. Spectra were recorded on these samples at
278 and 354 nm to ascertain the colchicine:tubulin binding ratio

(colchicine &554= 16600 M~ cm ') which was found to be consis-
tently 0.9 mol/mol for these conditions. The protein complex was
diluted to various concentrations and run in sedimentation
velocity experiments in the presence and absence of 28 uM
eribulin. The colchicine complex was made fresh before each
experiment. Since colchicine binding is known to be slowly
reversible (25), irreversible on the time scale of the velocity
experiment, these experiments test the assumption that colchicine
and eribulin bind to different sites on tubulin.

Tubulin—Vinblastine Experiments. The interaction of vin-
blastine with tubulin has been studied extensively via AUC
techniques by our laboratory (17, 18, 26—28). Tubulin was
equilibrated into P80 (16, 24), diluted to 5 uM with 20 uM
vinblastine, and spun at 30K rpm at 19.7 °C, and data were
collected at 278 nm. Data were analyzed with DCDT™ to
produce g(s) distributions (29) (see Figure 4). When prepared
this way, the vinblastine-induced spirals sediment at 25.20 £ 0.91 s,
the variation being primarily due to small differences in protein
concentration. This tubulin—vinblastine mixture was then tit-
rated with increasing amounts of eribulin (from 2.8 to 28.3 uM)
or repeated with ER-076349 (from 0.8 to 67.0 uM) and spun in
the XLA to determine the effect on spiral polymer size distribu-
tions. The speed has to be adjusted to vary the number of scans
collected to perform proper DCDT 2 g(s) analysis. As described
above, tubulin—vinblastine samples were prepared fresh for each
set of experiments.

Stathmin—Tubulin Experiments. A stathmin—eGFP gene
(MW = 44945) with a single Ala linker at the C-terminus was
cloned into a Novagen pET-11d vector and used to transform
pLysS Escherichia coli containing the Rosetta plasmid. Expres-
sion was induced with 0.5 mM IPTG and allowed to continue for
4 hat 18 °C, at which time cells were harvested and the pellet was
frozen overnight. After lysis by sonication on ice, cell debris was
removed by centrifugation (Sorvall SE3, 20K rpm, 4 °C, 20 min).
Purification of the stathmin—eGFP construct proceeded via a
modified version of the method used by Fukuda (30). Differential
precipitation with 20 and 70% (NH4),SO, produced a pellet that
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was solubilized in minimal GFP resuspension buffer. This was
fractionated over a Sephacryl-300 HR column (Pharmacia).
Fractions were assayed for purity spectroscopically and via
SDS—PAGE. Appropriate fractions were pooled and loaded
onto a DEAE column, washed with GFP resuspension buffer
[20 mM Tris and 0.1 mM TCEP (pH 7.5)], and eluted with a
NaCl gradient from 0 to 1 M. After another assay for purity,
appropriate fractions were concentrated with 70% (NH4)>SO4,
resuspended in minimal GFP resuspension buffer, and stored at
=80 °C.

Both the stathmin—GFP construct and tubulin were equili-
brated into P80 buffer with spin columns and mixed to a give a
Tb:St ratio of ~1.2. The samples were split, and drug was added
to produce mixtures with 0—113 uM eribulin and 0—134 uM ER-
076349. Samples were run at 42K rpm and 19.7 °C, and data were
collected at 278 and 488 nm to allow selective tracking of
stathmin, tubulin, and the StTb, complex. (Note that data
collected at 488 nm are unique to the stathmin—GFP construct
while 278 nm data track both tubulin and the GFP portion of the
stathmin—GFP construct.) Data were analyzed with DCDT ™ to
produce g(s) distributions (29) and quantitatively analyzed with
Sedanal (37) to an ABCD model involving formation of a weak
1:1 StTb complex and a tight 1:2 StTb, complex.

St +Tb<StTb K|

StTb + Tb<StTh, K,

Detailed AUC analysis (to be presented elsewhere) has shown K
is weak (~10* M~") while K, is a tight nucleotide- and pH-
dependent parameter (~10® M~ "). Fitting in the presence of drug
was thus done to a K; ,,, value holding K; constant, to measure
the apparent weakening of the StTb, complex.

Sedimentation Velocity Experiments. Sedimentation stu-
dies were performed in a Beckman Optima XLA analytical
ultracentrifuge equipped with absorbance optics and an An60
Ti rotor at 19.7 °C. Temperature was calibrated as described
previously (32). Velocity data were typically collected at the
appropriate speeds using 278 nm at a spacing of 0.002 cm with
one flash at each point in a continuous-scan mode. Below 1 OD,
samples were run in 1.2 cm centerpieces; above 1 OD and up to
~5 0D, samples were run in 0.3 cm centerpieces. In experiments
with the stathmin—GFP construct, data were collected at 278 and
488 nm. All experiments were initially analyzed with DCDT " to
produce g(s) distributions and weight-average S values (Sy) (29).
Quantitative analysis of S, data (26) or boundary shape (3/)
involves fitting to a model for indefinite polymerization (either
tubulin alone or ligand-mediated polymer growth) where Kig, is
the propagation constant for polymer growth in the presence or
absence of drug (V for vinca alkaloid; see refs (26—28) for
details).

Tb+Tb, < Tbys1 Ko

TbV + (TbV)n had (TbV) Kiso

n+1

Analysis with Sedanal requires input of molecular weight (MW),
extinction coefficients, and density increments (typically esti-
mated from 1-vp values). The MW of tubulin is fixed at 100000,
and the MW of the stathmin—GFP construct is fixed at 44945.
The P80 solution density was measured in an Anton Paar DMA
5000 instrument to be 1.01360 g/mL at 19.7 °C. The vy, of
tubulin was taken from the literature [0.736 (33, 34)], and the vy,,
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of the stathmin—GFP construct was estimated with Sednterp (35)
to be 0.7354. The extinction coefficient of tubulin at 278 nm is
1.2mL mg ' cm; the extinction coefficient of the stathmin—GFP
construct at 278 nm is 0.487 mL mg ' cm. The extinction
coefficient of the stathmin—GFP construct at 488 nm varies
from preparation to preparation [due to GFP folding efficiency
and pH dependence (36, 37)] and is measured in a sedimentation
velocity experiment performed at three concentrations of the
stathmin—GFP construct alone by constraining the concentra-
tion of the 488 nm data to the concentration of the 278 nm data.
Within Sedanal, one assumes the stathmin concentrations must
be identical in the data collected at different wavelengths and fits
for e4g5 relative to &y7g. In the preparation used in these experi-
ments, the stathmin e4g5 equalled 0.933 mL mgf1 cm.

RESULTS

Tubulin undergoes Mg®"- and nucleotide-dependent oligo-
merization under conditions that do not favor microtubule
assembly (27). This serves as a baseline reaction for proper
interpretation of all other association reactions that might occur
in a drug-dependent manner. This oligomer formation is demon-
strated by the g(s) sedimentation coefficient distributions shown
in Figure 2A. With increasing tubulin concentrations (as indi-
cated by the area under each curve), the distribution shifts to
higher S values, consistent with concentration-dependent forma-
tion of small oligomers. Additional experiments demonstrate that
up to 0.5% DMSO or the presence of a tubulin—-colchicine
complex has no significant qualitative effect on this reaction.
Figure 2B shows the effect of titrating increasing amounts of
eribulin (from 0 to 112.6 uM) into a fixed concentration of
tubulin (~4 uM). Rather than induce oligomer or spiral forma-
tion, the drug induces the boundary to shift to slower S values
with an average Sy, value of 5.09 £ 0.05 S (S50 =15.36 S). At this
tubulin concentration, this is 3.1% slower than the expected
sedimentation behavior of tubulin in the absence of eribulin and
thus well below the uncertainty in the method. The DMSO
control experiment in Figure 2A rules out an effect due to a trivial
change in solution density or viscosity or a direct effect of DMSO
alone. (Above 0.5% DMSO, the boundary slows due to increased
solution viscosity.) Plotting of the weight-average or S, values
versus protein concentration [Figure 2C (O)] and repeating the
experiment at other tubulin concentrations (<10 uM) reveal that
the average S, value observed in the presence of 56.5 uM eribulin
corresponds to the value for tubulin alone when data are
extrapolated to zero protein concentration (see intercepts at zero
protein concentraion). The sedimentation behavior induced by
eribulin thus corresponds to the S, value for the tubulin hetero-
dimer under these solution conditions. Direct boundary fitting of
the data at tubulin concentrations of <10 uM with Sedanal are
consistent with a noninteracting system comprised of tubulin
heterodimer and a small amount (3%) of tubulin aggregate (data
not shown). Thus, the conclusion is that eribulin binds to tubulin
and suppresses oligomer formation. The mechanism may involve
sequestering a nonpolymerizable heterodimer or binding and
destabilizing the interdimer interface by a direct or an allosteric
effect (15). To test this hypothesis, eribulin experiments were
repeated in a 3 mm centerpiece with a protein concentration of up
to ~30 uM. Those data are plotted in Figure 2C (7) and show a
slight increase in Sw with increasing tubulin concentrations. This
trend suggests a higher tubulin concentration can shift the
equilibrium back toward oligomer formation in the presence of
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FIGURE 2: Sedimentation velocity analysis of tubulin as a function of concentration and drug. (A) DCDT " g(s) analysis of (black) tubulin at 2, 4,
and 6 uM in 80 mM Pipes, | mM MgSO,4, 2 mM EGTA, 0.1 mM TCEP, and 50 uM GDP (pH 6.9) (P80), (red) tubulin in P80 with 0.5% DMSO,
and (green) the tubulin—colchicine complex in P80 all run at 42K rpm and 19.7 °C. Note the shift to higher S values with increasing protein
concentrations. The vertical line at 5.09 s represents extrapolation to zero protein concentration. The superposition of the three data sets
demonstrates these variables have no significant effect on oligomer formation (also see Table 1). (B) Tubulin at 5 «M in P80 in the absence of drug
(black) or 3.25 and 112.6 uM eribulin (teal). Note the left shift in S values in the presence of eribulin to an Sy, of 5.09 £ 0.05 S, indicated by the
vertical line, the average from five drug concentrations (3.25, 6.5, 28.2, 56.3, and 112.6 uM). Even at substoichiometric drug levels (3.25/5), the
association reaction is suppressed. (C) Weight-average S values plotted vs tubulin concentration for tubulin alone (O), tubulin with 56.5 uM
methanesulfonic acid (@), tubulin with 56.5 uM eribulin (¥), and tubulin with 67 uM ER-076349 (O). The lines are fits of the weight-average S,
data to anisodesmic model using a curved oligomer model for each species S,, (24— 26). Kis, values are summarized in Table 1. The horizontal solid

line is the average Sy, for all the eribulin data below 10 uM (5.107 S).

eribulin, but eribulin clearly weakens oligomer stability.” Thus,
unlike vinca alkaloids, eribulin does not stimulate large non-
microtubule polymer formation but rather binds to tubulin and
suppresses or weakens oligomer formation.

Previous work in this area concluded noncompetitive binding
occurs between vinca alkaloids and halichondrin B and its
analogues (9, 11, 12, 15) and concludes they bind to the same
interdimer domain in nonoverlapping sites, termed the vinca
domain. Many of the drugs that bind to this domain induce

>We cannot exclude the slight possibility this may partially be a
concentration-dependent competition between free tubulin oligomer
formation and eribulin binding to tubulin heterodimers. This alternate
interpretation depends upon the affinity of eribulin for tubulin since
tight affinity produces stoichiometric binding and precludes the pre-
sence of free tubulin. The rest of the experimental data seems to favor
weak eribulin-induced oligomer formation.

oligomers, while some appear to suppress oligomer formation
and sequester tubulin in a nonpolymerizable complex. The field
understands the complexity of this class of drugs as being due to
binding at the same domain, binding at overlapping sites, or
binding at allosteric sites. Thus, consistent with the sedimentation
data, we must also consider mechanisms that allow for seques-
tering, binding to the same site, or binding to an allosteric site. To
test these possibilities, we first performed eribulin experiments on
the tubulin—colchicine complex. Since colchicine binds irrever-
sibly to tubulin in the time frame of the experiment (25), in
the presence of the preformed colchicine complex, eribulin will
not be able to fill the colchicine site. Figure 3 shows, in the
presence of colchicine, eribulin still induces a shift to lower S
values, consistent with suppression of oligomer formation. Thus,
eribulin does not bind to the colchicine site, the intradimer
interface, but rather is able to bind to the tubulin—colchicine
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complex at a second site and suppress or weaken oligomer
formation.

We next tested the ability of the structurally related halichon-
drin B analogue ER-076349 to bind to tubulin and induce
oligomer formation. ER-076349 has antiproliferative potency
and ability to induce G2/M arrest roughly comparable to those of
eribulin (/3), although mitotic blocks induced by ER-076349 are
moderately reversible while those induced by eribulin are irre-
versible (/4). The AUC results for ER-076349 are shown in
Figure 2C (O) and reveal that ER-076349 slightly enhances the
formation of tubulin oligomers, although this effect is dramati-
cally weaker than the effect of vinblastine (17, 18) (see below).
This supports an interpretation whereby the existence of C.35
hydroxyl (ER-076349) instead of C.35 primary amine (eribulin)
enables ER-076349 to insert into either the interdimer interface or
an allosteric site and slightly stabilize small tubulin oligomers.
Energetically, the primary amine in eribulin may contribute a
repulsive force that prevents or weakens binding to the interdimer
interface. [This is in contrast to the polar repulsive force exerted
by inserting double F substitutions in the vinca alkaloid analogue
vinflunine that also weaken spiral formation (38).]

These AUC data on tubulin self-association can be quantified
in two ways. Weight-average S,, data collected as a function of

T T T T ™ T T T T
0.48 . -
) Tb-Col complex

So0=5.103 !
0424 ... Tb-Col + 28 M Eribulin £
1 Sw=5.148 s

0.36 1

0.30

0.24 1

g(s)

0.18 1
0.12 1

0.06 1

F1GURE 3: Sedimentation velocity analysis of the tubulin—colchicine
complex in the absence and presence of 28 M eribulin. Data were
collected at 42K rpm and 19.7 °C and analyzed with DCDT">. The
data for the tubulin—colchicine complex alone are consistent with a
concentration-dependent association [2, 4, 6, and 8 uM (—)] that
extrapolates back toan S, value of 5.103 s (vertical dotted line). In the
presence of 28 uM eribulin and 8 uM tubulin—colchicine complex,
the g(s) distribution (- - +) shifts to lower S values (S,,=5.148 S),
proving that eribulin does not bind to the colchicine site.
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protein concentration can be fit to an indefinite polymerization
model as described in previous work from our lab (17, 18, 26—28).
The results of weight-average analysis are summarized in Table 1
with the best-fit lines appearing in Figure 2C. Relative to tubulin
alone, eribulin suppresses tubulin self-association at least ~6-fold
(see Discussion), while ER-076349 enhances association 2-fold.
Alternatively, these data can be directly fit with Sedanal which
simulates and fits the shape of the reaction boundary during
sedimentation (27, 31). These results also appear in Table I and
are in general consistent with the S, fitting results. Direct
boundary fitting with Sedanal is in principle more discriminating
and robust, but when the fitting model is appropriate, both
analysis methods give similar quantitative conclusions (27, 28).

Eribulin’s ability to suppress tubulin self-association, while
interesting in comparison to the abilities of other vinca binding
site drugs, does not seem on the surface to be a dramatic result,
especially given the weak 2-fold increase in the level of self-
association seen with ER-076349 and the 4—6-fold decrease in the
level of self-association seen with eribulin. To further investigate
these results, eribulin was added to a solution of vinblastine-
induced spirals. The interaction of vinblastine with tubulin has
been studied extensively in our laboratory (17, 18, 27, 28, 38). Our
focus has been the role of allosteric effectors like pH, Mg**, and
nucleotide content in the energetics of vinca alkaloid-induced
spiral polymer formation. In this study, our original hypothesis
was that halichondrin B derivatives, eribulin and ER-076349,
would strongly induce oligomers and possibly copolymerize with
vinca alkaloid spirals. On the basis of the findings described
above, however, we now hypothesize that eribulin would com-
pete with vinblastine binding and cause dissociation of the spirals.
The results are presented in Figure 4. Tubulin (5 uM) was
assembled into spirals in the presence of 20 uM vinblastine,
and eribulin was added at concentrations from 1.4 to 28.3 uM.
Panel A shows the shift in the sedimentation coefficient distribu-
tion to lower S, values with more than half of the dissociation
complete at an eribulin:tubulin ratio of <0.25 (Figure 4B). By
28.3 uM eribulin, the sample is approaching the sedimentation
behavior of the tubulin heterodimer, similar to the data in
Figure 2B. Identical results were obtained with ER-076349
[0.8—67.0 uM (Figure 4A,B)], demonstrating that both of these
drugs destabilize vinblastine-induced spirals.

What mechanism explains these results? Vinblastine induces
tubulin spiral formation with a propagation constant of 2.3 x
10’ M~! (12). [This s strictly dependent upon vinblastine concen-
tration through the K,,, term defined previously for spiral for-
mation (12, 13). At 15—20 uM vinblastine, K, =1.0-1.210'M "]
Thus, if eribulin sequestered tubulin, a direct competition inter-
pretation implies that eribulin has a tighter affinity for tubulin
heterodimers than vinblastine has for tubulin spirals. This

Table 1: K, Values for Tb Self-Association Derived from Weight-Average (24) or Sedanal (29) Fitting of the Data®

conditions Se Kiso rmsd (S) Sedanal Ky, rmsd (OD)
Tb alone 2.005 x 10* 0.02315 2.919 x 10*(2.836, 3.005) 0.01134
Tb with 0.5% DMSO 2.975 x 10* 0.01044 2.614 x 10%(2.411,2.823) 0.01112
Tb-COL 3.158 x 10* 0.00874 3.417 x 10%(3.306, 3.531) 0.00895
eribulin 0.338 x 10* 0.06227 0.866 x 10*(0.821,0.912) 0.01419
ER-076349 3.444 x 10* 0.04749 4.574 % 10*(4.469, 4.680) 0.01086
methanesulfonic acid 2.233 x 10* 0.04650 2.523 x 10*(2.461,2.585) 0.01070

“All fits used a 21-bead spiral model as described in ref (25). All fits use the same S, value (see Figure 2C) with hydrodynamic nonideality g = K, =
0.018 mL/mg (24, 25). The Kjg, value from S, fitting is used to generate the curves in Figure 2C. The Kj, values from Sedanal are reported with a 95%

confidence interval.
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FiGURE 4: Sedimentation velocity analysis of the effect of eribulin
and ER-076349 on tubulin vinblastine spiral formation. Tubulin
(5 uM) in P80 buffer was mixed with 20 4M vinblastine and run with
0—0.5% DMSO to verify the reproducibility of spiral formation
(solid lines; curves that peak near 28 S with an average S, of 25.2+
0.91). We then added eribulin (cyan lines) or ER-076349 (blue lines)
to solutions of vinblastine—tubulin spirals to measure the competi-
tion of these analogues with vinblastine. (A) g(s) sedimentation
coefficient distributions of vinblastine—tubulin mixtures titrated with
erubulin. (B) Weight-average Sy, values (+error) plotted vs total (O)
eribulin or (a) ER-076349 added. The dotted horizontal line repre-
sents the extrapolated sedimentation coefficient of the tubulin hetero-
dimer (see Figure 2B). The dashed and dashed—dotted lines represent
simulations of vinblastine-induced spirals in the presence of a drug
that sequesters tubulin into a weak (2.7 x 10> M~") and strong (2.7 x
108 M~ 1:1 complex, respectively. Sequestering alone clearly does
not describe these competition data.

competition was simulated by calculating the S,, for vinblastine-
induced polymerization in the presence of a drug that forms a 1:1
tubulin complex (26—28). Two lines appear on the plot generated
with weak (2.7x 10° M™") and with strong (2.7 x 10° M~") 1:1
sequestering affinity. Neither line generates the steep substochio-
metric effect, nor do they match the rather shallow trend at higher
drug concentrations. The substoichiometric effect thus requires a
direct interaction with spirals. Direct interaction could mean
eribulin and ER-076349 bind with high affinity to the interdimer
interface, directly competing with vinblastine and weakening
spiral formation by a direct or allosteric effect. Substoichiometric
effects are common in the microtubule assembly field, and
by analogy, we might also allow for capping of the exposed
p-subunit at the plus ends and thus poison spiral growth by
preventing tubulin addition. This would not necessarily require
an affinity higher than 10’ M~ to be inhibitory and may be
consistent with the shallow trend of the data at higher drug
concentrations (see Discussion).

As an additional test of the mode of action of these halichon-
drin B analogues, we investigated the ability of eribulin and
ER-076349 to disrupt the formation of a 1:2 stathmin—tubulin
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FIGURE 5: Sedimentation velocity g(s) analysis of the effects of
eribulin on stathmin—tubulin interactions. Data were collected on
a mixture of 5 uM stathmin—eGFP and 5 uM tubulin at two
wavelengths [(A) 488 and (B) 278 nm], and DCDT? g(s) analysis
is presented for all samples at both wavelengths. The free stathmin—
eGFP construct isin excess, and the distributions appear as two zones
reflecting the presence of the free stathmin—GFP complex and the
StTb, complex. With increasing drug concentrations, the position of
the reacting boundary corresponding to complex shifts to lower
extents of association. With eribulin, the extent of reaction is
dramatically weakened, consistent with formation of weak eribu-
lin—tubulin complexes (indicated by the arrow).

complex. Recently, Gigant et al. (8) reported the ability of
vinblastine to incorporate into a stathmin—tubulin complex that
also contained two molecules of colchicine. We have shown
that stathmin competes for vinblastine-induced spiral forma-
tion (39, 41). Results from Devred et al. (40) suggest binding of
vinblastine to tubulin is enhanced 50-fold in the presence of
stathmin, although our previous results for vinblastine binding
suggest it is more like 2—35-fold (17, 18) (see Discussion). None-
theless, consistent with the effect of eribulin on tubulin and on
vinblastine spirals, we anticipated eribulin would destabilize the
stathmin—tubulin complex. The human stathmin used in these
studies has an eGFP attached to the C-terminus, and thus, data
were collected at two wavelengths (278 and 488 nm) to indepen-
dently monitor the location of the stathmin in the sedimenting
boundary. The results are presented in Figure 5, with the top
panel corresponding to 488 nm data (stathmin—GFP) and the
bottom panel corresponding to the 278 nm data (tubulin and
stathmin—GFP). The addition of eribulin causes a dramatic shift
in the StTb, complex zone, suggesting that eribulin inhibits
stathmin—tubulin interaction. As with the tubulin alone data
in Figure 1C, either eribulin sequesters stathmin-free tubulin or
eribulin is incorporated into the StTb, complex destabilizing it.
Notice that the region of the boundary corresponding to the
complex seems to still be shifting to lower S values at the highest
drug concentration. This suggests an approach of the boundary
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FIGURE 6: Sedimentation velocity g(s) analysis of the effects of ER-
076349 on stathmin—tubulin interactions. Data were collected on a
mixture of 5 uM stathmin—eGFP construct and 5 uM tubulin at two
wavelengths [(A) 488 and (B) 278 nm], and DCDT "2 g(s) analysis is
presented for all samples at both wavelengths. The free stathmin—
GFP construct is in excess, and the distributions appear as two zones
reflecting the presence of the free stathmin—GFP construct and the
StTb, complex. With increasing drug concentrations, the position of
the reacting boundary corresponding to the complex shifts to lower
extents of association. With ER-076349, the reactions shifts less
significantly than that of eribulin (indicated by the arrow), consistent
with a weaker destabilizing effect on the StTb, complex.

to sequestered tubulin—drug complexes (the arrow). Thus, these
data reflect the relative strength of stathmin and eribulin binding
which implies competition between a 1:2 stathmin—tubulin com-
plex and eribulin—tubulin complexes. Similar experiments were
performed with ER-076349 (Figure 6) with data also collec-
ted at 488 and 278 nm. A similar result was obtained, although
the shift was less dramatic than that in the eribulin data. At
saturating amounts of ER-076349, on the basis of an absence of a
shift in the boundary between 33 and 134 uM drug, the complex
migrates at ~7 s. Like the effect on small tubulin oligomers
(Figure 1C), this result suggested ER-076349 can incorporate
into the StTb, complex and weaken complex stability.

A quantitative analysis of these results can be obtained by
Sedanal fitting of the data to an ABCD or a 1:2 model to extract
the apparent decrease in complex stability. The no drug controls
(two sets of 278 and 488 nm data) were jointly fit to establish the
energetics of the StTb, system. The best fit is a weak K; (0.345x
10* M ™" to form the 1:1 complex and a tight and cooperative K>
(7.783 % 108 M) to form the full 1:2 complex (Table 2). This
result is supported by the 95% confidence intervals reported for
the fit. [More computational details about this approach will be
presented in separate publications on stathmin—tubulin interac-
tions (41, 42).] This KK, fit is only slightly better than a fit in
which K, is constrained to 10* M~'. Thus, to simplify the
quantitative comparison, the drug data were individually fit to
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a constrained K; model to estimate the apparent reduction in K5,
K> app- A representative fit is shown in Figure 7, and the best-fit
values are listed in Table 2. As described above, the eribulin data
(Figure 5) suggest destabilization of the StTb, complex by either
formation of eribulin—tubulin complexes or direct binding to the
StTb, complex. The fitted data in Table 2 show a reduction in
K> app corresponding to 3.3 kcal/mol or a 475-fold decrease in
binding affinity. The ER-076349 data suggest a 1.9 kcal/mol
reduction in the stability of the StTh, complex corresponding to a
26-fold reduction in overall binding affinity. In both instances,
the destabilized complex appears to be comprised of a 1:2:1
stathmin:tubulin:drug molar ratio that may also be in competi-
tion with drug-induced oligomers (see Discussion).

DISCUSSION

The major difference between these halichondrin B derivatives
and vinblastine is that eribulin and ER-076349 mostly inhibit
polymer formation rather than strongly inducing tubulin oligo-
mer formation.” This conclusion is established by three experi-
mental systems: tubulin oligomers alone (Figure 2), vinblastine-
induced spirals (Figure 4), and formation of the stathmin—
tubulin complex (Figure 5-7). In the first system, tubulin oligo-
mer formation is inhibited by eribulin, and at low protein
concentrations, the boundary runs with an S, value correspond-
ing to the tubulin heterodimer, indicated by the extrapolation of
the Sy, data for pure tubulin to zero protein concentration. If this
represents sequestering, it implies eribulin has the ability to bind
to half of the vinblastine site or domain on the heterodimer, either
the a-chain or the f-chain, but probably not both since that
would seem to predict formation of a complex with eribulin in the
middle. Alternatively, the apparent K, the propagation con-
stant for oligomer formation in the presence of eribulin (Table 1),
is at least 4—6-fold weaker than that of tubulin self-association
alone. Both of these processes, sequestering and weak oligomer
formation, may be occurring. A resolution requires an indepen-
dent estimate of the affinity of eribulin for the tubulin hetero-
dimer in the absence of oligomer formation, and this might be
achievable in an SPR experiment where tubulin is linked to a
matrix that prevents tubulin—tubulin interaction. Contrary to
the results with eribulin, ER-076349 slightly enhances oligomer
formation (Figure 2C and Table 1) and thus implies a weak
stabilization (not necessarily weak binding) at or near the
interdimer interface. This result is consistent with the concept
of an adaptive binding site (19, 42, 43) where the interdimer
interface can adjust topology to interact in slightly different ways
with different drug moieties.* This is consistent with the poly-
morphic character of tubulin polymerization where microtu-
bules, sheets, rings, spirals, and small oligomers can all be
formed, mediated in part through interactions at the same site.
In this case, the estimate of the Ky, value implies a direct role
for ER-076349 in polymer formation. This is still an apparent
value and does not directly inform us about drug binding, since

31t is worth noting that eribulin is not the first drug that acts as a
global inhibitor of tubulin polymerization; maytansine is also known to
bind competitively to the vinca alkaloid site with an affinity similar to
that reported here (see Figure 4; K; = 0.5 uM) and prevent nucleotide
exchange and polymer formation (47). While maytansine proved to be
too toxic and failed clinical trials (100—1000-fold more cytotoxic than
vinblastine), newer derivatives are being targeted to tumors by attach-
ment to monoclonal antibodies to take advantage of this cytotoxi-
cit;/ (48).

This also predicts a small change in entropy or at least the absence of
a large unfavorable entropy of binding (20, 49, 50).
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Table 2: Summary of Ky, K>, and K ., Values for Stathmin Binding to Tubulin in the Presence of Varying Concentrations of Eribulin or ER-076349“

conditions KM KM AAG (kcal/mol) rmsd
0.0 uM 1x10* 2.852 x 10%(2.401, 3.428) - 0.005995
0.345 x 10* (0.279, 0.655) 7.783 x 10® (4.266,9.327) - 0.005872
[eribulin] (uM) K, (M Ko app M7 AAG (kcal/mol) rmsd
1.5 1x 10* 4.565 x 107 0.99 0.006981
5.5 1% 10* 2.069 x 10° 2.67 0.006466
28 1 x 10* 1.004 x 10° 3.01 0.006814
113 1% 10* 5.684 x 10° 3.37 0.006172
[ER-076349] (uM) KM Kaapp M7 AAG (kcal/mol) rmsd
1.7 1 x10* 1.201 x 10® 0.47 0.011213
6.7 1x10* 7.681 x 10° 1.96 0.012225
33 1x10* 9.238 x 10° 1.86 0.007206
134 1x10* 9.922 % 10° 1.83 0.006608

“The AAG values are calculated relative to no drug. The K ., values are apparent values because they reflect the influence of drug without directly
incorporating drug binding into the fitting model. The K and K, values for no drug conditions determined with Sedanal are reported with 95% confidence

intervals.
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FIGURE 7: Sedanal (29) analysis of 1.5 uM eribulin inhibition of
stathmin—tubulin interaction. The fits of the data are to an ABCD
model involving the two-step formation of a weak 1:1 stathmin—
tubulin complex (K; = 10* M, held constant) and a strong and
cooperative 1:2 stathmin—tubulin complex. In the presence of drug,
the K, ,pp is fit to estimate the apparent weakening of the overall
complex formation. This reflects the assumptions that eribulin and
ER-076349 bind to and disrupt the tubulin interdimer interface in the
1:2 complex: (A) 488 nm data and (B) 278 nm data. Results for all
conditions are listed in Table 2.

tight binding to the heterodimer could precede weak oligomer
formation (see below). Independent measurements directly sen-
sitive to a drug binding step are required to verify this.

The second experimental system supporting inhibition of
tubulin polymer formation by eribulin and ER-076349 is a
competition experiment with vinblastine-induced spiral forma-
tion. These experiments reveal that both eribulin and ER-076349
strongly inhibit spiral formation even at substoichiometric levels.
This is not explained by sequestration of tubulin dimers
(Figure 4) but rather requires direct interaction of the drug with
vinblastine-induced spirals. Competition for the interdimer do-
main seems to require rapid exchange between drugs at inter-
dimer binding sites. The similarity of the response of vinblastine
spirals to these two drugs may thus reflect the fact that the
apparent Kj, values in the presence of eribulin and ER-076349

(Table 1) are at least 3 orders of magnitude weaker than the
vinblastine-induced Kiy, [2.3% 10" M~" (17, 18)]. This means if
they exchange for vinblastine they weaken that interface site and
cause spiral dissociation and a smaller size distribution. Thus, by
copolymerizing with vinblastine, eribulin and ER-076349 weaken
spiral formation. Neither set of Sy, data returns to the hetero-
dimer baseline value of 5.1 S at high drug concentrations
(see Figure 4B). This must reflect the competition between the
strong spiraling potential of vinblastine and the inhibitory
activity of these analogues. Thus, even at high eribulin and
ER-076349 concentrations, there must still be small vinblastine
oligomers in solution. It is thus not clear that a strong binding
affinity is required to explain the dramatic inhibition of vinblas-
tine spiral formation by substoichiometric amounts of eribulin
and ER-076349. These results may also reflect capping of spirals
by binding to exposed fS-subunit and preventing elongation to
longer polymers. Thus, polymer and drug dynamics may also
play a role. We are currently developing stochastic models to
simulate copolymerization of drug-induced polymers to help
interpret these data. Additional experiments with both sequester-
ing drugs and weak vinca alkaloids may also be required to fully
understand the nature of this competition reaction.

The third experimental system supporting inhibition of the
formation of tubulin polymers by eribulin and ER-076349 involves
the inhibition of formation of a 1:2 stathmin—tubulin complex.
Eribulin causes nearly complete dissociation of the StTb, complex,
although as discussed above this may reflect a combination of
sequestering activity, weak drug-induced oligomer formation, and
direct binding to and weakening of the StTb, complex of eribulin.
The apparent changes in free energy reported in Table 2 reflect the
sum total of these events. To test this conclusion, we can fit these
AUC data to just a sequestering model, although since the drug has
no absorbance we have no signal to constrain the free and bound
drug fractions. Nonetheless, an ABCD model was modified via
addition of a reaction representing sequestration of tubulin by
eribulin. The values of K; and K, were fixed to the best-fit values
in Table 2, and the total eribulin concentrations were also fixed to the
values listed in Table 2. The global fit has significant systematics in
some of the samples, consistent with errors in drug concentration, but
the overall fit is surprisingly good for 10 data sets (a control and four
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eribulin concentrations at two wavelengths). The best-fit value for the
1:1 reaction K is 2.7x 10° M " with a global rmsd of 0.01526 (data not
shown). Does this value make sense? If you take this 1:1 affinity and
simulate the vinblastine results as vinca spirals competing with
eribulin sequestering, it completely fails to match the data (the
shallow dashed line in Figure 4B). Thus, we are forced to conclude
eribulin must bind directly to both vinblastine spirals and the StTb,
complex since sequestration alone cannot explain either result.
Consistent with the oligomer results and the vinblastine data,
ER-076349 behaves in a similar manner, destabilizing the 1:2
stathmin—tubulin interaction, although less strongly than eribu-
lin. This again implies an adaptive interaction in which the
interdimer interface in the complex can adjust and accommodate
ER-076349 binding but at a cost to the total stability of the now
ternary complex (St—Tb,—ER-076349).” [We cannot exclude the
possibility of higher-order complexes, St—Tb,—ER-076349,.
There is evidence for two potential drug binding sites in the
St—Tb, complex as reported by Cormier et al. (57), where
phompopsin A was shown to bind at the f1—02 interface and
at the exposed /52 site. Given the potential mechanism proposed
for eribulin, binding to a free [-site, we cannot exclude this
possibility for ER-076349.] The St—Tb, K; ,,, values reported in
Table 2 are reasonable estimates of overall stability assuming
saturation of the ER-076349 binding site, which is implied by the
superposition of the g(s) distributions (Figure 6). The cellular
implication of these results is that eribulin and ER-076349
compete with or mimic stathmin and sequester tubulin in a non-
microtubule forming complex. This of course depends upon the
relative intracellular concentration of the drug versus stathmin.
A cartoon is presented in Figure 8 with the various reactions
discussed in these three experimental systems. The figure depicts
the sequestration of tubulin by drug, the weak ability of tubulin
and drugs to induce oligomers, the strong interaction of the ST—
eGFP construct with tubulin to make a 1:2 complex, and the
ability of both eribulin and ER-076349 to dissociate or weaken the
StTb, complex by mass action or direct binding. While we prefer a
model of drug binding to the interdimer interface, we cannot
exclude additional binding to the exposed S-subunit in any of these
complexes. Recently, Devred et al. (40) reported a similar thermo-
dynamic cycle for interaction of tubulin with vinblastine and
stathmin. They conclude from their ITC experiments that vinblas-
tine binding to the interdimer interface is enhanced by the presence
of stathmin. We agree that some of their numbers are K, values
and not intrinsic affinities. For example, the vinblastine binding to
tubulin experiment measures K at a single set of concentrations
and does not take into account the linkage between drug binding
and ligand-induced oligomer formation. Thus, their value is
underestimated (/7—19). In addition, the stathmin—tubulin bind-
ing data are treated as a single set of sites, meaning K; and K, are
equal or at least equivalent (Table 2) (42). This is clearly not the

>This same observation, that ER-076349 destabilizes the StTb,
complex, can be asked about other drugs. This is the question posed
in the discussion about vinblastine being observed in the crystal
structure of a 1:2 stathmin-like domain and tubulin complex (6). Does
vinblastine binding stabilize or destabilize the StTb, complex? The
quantitative challenge in this case is the competition between spirals,
the 1:2 StTb, complex, and vinblastine binding to that complex. The
StTb, crystal structure also has two colchicine molecules at the intra-
dimer interface, and we have measured the stability of this ternary
complex (St—Tb,—Col,) by similar quantitative AUC methods and
found it to be destabilized relative to the StTb, complex by 1.1—1.5 kcal/
mol (39). The relative stability of these complexes has potential
implications for drug efficacy, especially in cell lines or tumors in which
the levels of microtubule regulators vary.
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case in our analysis where K»/K, > 10* (Table 2). Nonetheless, the
appropriate value to use in their cycle may still be the midpoint of
the reaction corresponding to (K;K>)"* which is similar to their
value (when corrected for conditions). Thus, we agree that the
affinity of vinblastine for the interdimer interface may be similar in
spirals and in the StTb, complex, although a 50-fold increase may
be too large an estimate. A correction for a Kiyinsic rather than a
K,pp value for vinblastine binding to spirals probably decreases
their estimate by approximately 10-fold.

What are the implications of these results for interactions of the
drug with microtubules? Jordan et al. (52) demonstrated that
eribulin suppresses microtubule growth but not shortening, rescue,
or catastrophe. This is consistent with eribulin binding to polymer
ends. They only looked at plus ends, so we can conclude the drug
binds to the S-subunit which is exposed at the plus end. It also
implies that eribulin at the concentrations used (100 nM) has little
or no ability to bind to the microtubule lattice, at interdimer inter-
faces; otherwise, disassembly rates would be affected. We can only
speculate that there will be a pool of free drug and drug complexes
that can add directly to microtubule ends and block or poison
assembly. Thus, unlike colchicine (see ref 53), we suggest the path
for drug binding to microtubules can occur by drug or a drug—
tubulin complex binding to the exposed -subunit at the plus end of
the microtubule. We also anticipate a difference at the plus and
minus endd since binding of an eribulin complex to the plus end
poisons that end toward further growth, while binding to the minus
end is a low-affinity event due to the mode of action of eribulin and
thus should be less sensitive to substoichiometric behavior. What
can we anticipate for the effects of ER-076349 on microtubule
dynamics? Since this analogue can be incorporated into oligomers,
vinblastine spirals, and stathmin—tubulin complexes in a manner
similar to that of eribulin, we anticipate that at comparable concen-
trations ER-076349 will inhibit microtubule growth while not
displaying an effect on disassembly rates, rescue, or catastrophe.

Jordan et al. (52) also concluded eribulin inhibited microtubule
growth by sequestration of tubulin into aggregates based on the
presence of irregular aggregates in EM. We agree with this in
principle, but the oligomers are clearly small under our condi-
tions. (Large irregular EM aggregates seen may represent dena-
tured tubulin present in all tubulin solutions, especially at higher
temperatures.) Most vinca alkaloid binding drugs inhibit both
growth and shortening, consistent with binding to microtubule
ends, formation of an alternate polymer lattice at the end, and
thus disruption of both growth (or further addition of subunits)
and disassembly (or stabilization of microtubule ends by the
presence of bound drug). In addition, vinblastine has been shown
to bind to the microtubule lattice by cyro-EM and traditional
binding methods (54—356). This conclusion is supported by the
recent docking studies of Dabydeen et al. (15), who suggested
that eribulin disrupts the dimer—dimer interface in the stathmin—
tubulin crystal structure. This is exactly what we observed for
eribulin (see Figure 5) and similar to what is also observed for
ER-076349 (see Figure 6). Dabydeen et al. conclude that unlike
vincristine and vinblastine, eribulin should bind to subunits or
small, highly unstable tubulin polymers.® It would be helpful to

5The only minor caveat to these docking studies is that the structure
contains two bound colchicines, a bound vinblastine, and a bound
stathmin-like domain, any one of which could perturb the tubulin—
tubulin interface in a way to make this a nontypical interdimer interface.
Given the adaptability we propose above, this may in fact be the typical
case, which is an ensemble of slightly different structures stabilized by
either drug binding, alternate polymer formation, or both.
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FiGuRre 8: Cartoon with the various reactions discussed depicting the sequestration of tubulin, the weak ability to induce oligomers, the strong
interaction of the ST—eGFP construct with tubulin to make a 1:2 complex, and the ability of both eribulin and ER-076349 to dissociate or weaken
the StTb, complex. The reaction schemes allow sequestration or weak oligomer formation by either drug (blue circles). Either drug may destabilize
StTb, by sequestration, by weak oligomer formation, or by direct binding to the complex. Finally, since a 1:1 sequestering mechanism suggests
binding to an exposed S-subunit and the vinblastine inhibition data suggest direct binding to vinca-induced spirals, the reaction schemes allow for
capping of oligomers as well as the StTb, complex. This would affect polymer growth as well as complex stability by an allosteric mechanism. The
relative strength of each reaction is indicated by the size of the arrows. Note that stathmin is represented by a folded structure, although we
anticipate free stathmin is intrinsically disordered and induced to fold upon binding to tubulin.

compare molecular dynamics simulations on ER-076349 with
eribulin to see if the docking can mimic or predict the relative
stabilizing influence of ER-076349 over eribulin in both the
tubulin—tubulin polymers (Figure 1) and the stathmin—tubulin
complex (Figures 5 and 6).

Halichondrin B analogues are a class of unique anticancer
compounds that have been developed from marine natural
products into synthetic derivatives that are undergoing phase
IIT clinical trials (43—46). While the success of a cancer drug is
difficult to predict, there has been extensive justification for
investigations into the physical and mechanistic basis of action
for many of these compounds (7, 2, 18, 20, 38). Our previous
studies (16—18, 27, 28, 38) focused on determining the overall
mechanism and energetics of vinca alkaloid-induced tubulin
spirals and then using those affinities as predictors of ICs, values
and clinical doses (38). For vinca alkaloids, the overall spiraling
potential, measured as an affinity or a free energy, inversely
correlates with ICso values and clinical doses (2, 38), with the
strongest drugs being effective at the lowest doses and the
weakest drugs being effective at the highest doses. These data
correspond to a 500-fold range in affinities that correlates to a 32-
fold range in ICs, values [L1210 leukemia cell line (2, 38)] and a
160-fold range in clinical doses (2). In the vinblastine competition
measurements presented here, eribulin and ER-076349 are
estimated to bind directly to the spiral polymer and disrupt
assembly. The disruption comes from the weak tubulin spiraling
potential of these drugs corresponding to 0.3—4.6x10* M. This
is inconsistent with the 4.1-fold higher average 1Cs, values
reported in the literature for vinblastine relative to eribulin
(9, 13). In addition, vinblastine has a clinical dose of ~8 mg/m>.

The clinical dose for eribulin from a phase II trial in metastatic
breast cancer is 1.4 mg/m? using a day 1,8 Q21 dosing regimen
(38, 39). Thus, both of these comparisons are inconsistent with a
thermodynamic approach that inversely correlates in vitro spir-
aling with clinical dose. This seems to suggest the potency of these
drugs is due to their disruptive effect on multiple tubulin
interaction partners rather than on their ability to sequester
tubulin into a spiral complex. Specifically, one can speculate that
the inhibition of formation of the stathmin—tubulin complex by
eribulin represents targeting stathmin in vivo and may explain the
unique clinical profile of these drugs.

This is one of the first reports to demonstrate both allosteric
and competitive drug effects with antimitotic drugs and micro-
tubule regulatory factors. We have proposed on numerous
occasions (/, 2, 17) that antimitotic drugs can be viewed as
mimics of microtubule regulatory factors; this may be in part
their biological function in the plants and organisms in which
they are found. Consistent with this view, Cormier et al. (57)
recently reported that the PN2-3 domain of CPAP (also named
CENPJ), a centrosomal protein, sequesters tubulin into a 1:1
complex, thus making eribulin a mimic of PN2-3. Like eribulin,
PN2-3 inhibits vinblastine-induced assembly, inhibits the binding
of stathmin, and is proposed to bind on the S-subunit of tubulin
at the interdimer interface. Like maytansine (38) and eribulin (15),
PN2-3 also inhibits GTPase activity and nucleotide exchange. In
terms of clinical utility, the inhibition or allosteric disruption of
the microtubule regulator stathmin may have implications for
drug efficacy as well as tissue specific or tumor specific selectivity.
Many transformed cells and tumors are reported to have altered
levels of stathmin (58). This alone is known to impact ICs, values
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in cells by destabilizing microtubules (/, 2, 59). If a drug also
targets stathmin activity in addition to microtubule dynamics, the
outcome may be significantly different than disruption of dy-
namics alone. This mechanism alone may account for a different
phenotype exhibited by eribulin and ER-076349 against cancer
cells and tumors than for example taxanes (13, 74). In terms of
future development, specific targeting of these tubulin—regula-
tory factor interactions may be possible within the context of
further design of these compounds. Alternatively, in combination
with analysis of molecular markers or unique molecular activ-
ities, the ability of these compounds to target selective interac-
tions may prove to be useful clinically against certain tumors or
stages of disease (20). Our laboratory has recently created stable
stathmin knocked down cell lines (2-fold) by siRNA in a breast
cancer cell line and initially observed sensitivity to paclitaxel.
Subsequent clones, however, were resistant to paclitaxel or had
no change in ICs, values. This appears to be due to compensating
changes in both MAP4 and tubulin isotype levels (S. Lobert and
J.J. Correia, unpublished observations). Nonetheless, it would be
of interest to investigate the response to drugs that are known to
also target stathmin—tubulin interactions in these cell lines. It
would test the hypothesis that disruption of stathmin sequester-
ing activity contributes in a unique way to drug toxicity. Given
the function of CPAP, it is conceivable that eribulin has unique
effects on centriole assembly and centrosomal function. Similar
approaches could be used for other regulatory factors like MAP4
or MCAK. To integrate our understanding of drug activity,
we are also developing microtubule dynamic simulation soft-
ware that incorporates these specific regulatory mechanisms
and allows us to investigate drug-dependent effects on dyna-
mics, microtubule regulation, and cytotoxicity (M. Schilstra,
S. Martin, and J. J. Correia, manuscript in preparation) (60).
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