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ABSTRACT

The complex marine natural product halichondrin B was compared with NSC 707389
(E7389), a structurally simplified, synthetic macrocyclic ketone analogue, which has
been selected for clinical trials in human patients. Invariably NSC 707389 was more
potent than halichondrin B in its interactions with tubulin. Both compounds inhibited
tubulin assembly, inhibited nucleotide exchange on 3-tubulin, and were noncompetitive
inhibitors of the binding of radiolabeled vinblastine and dolastatin 10 to tubulin. Neither
compound appeared to induce an aberrant tubulin assembly reaction, as occurs with
vinblastine (tight spirals) or dolastatin 10 (aggregated rings and spirals). We modeled the
two compounds into a shared binding site on tubulin consistent with their biochemical
properties. Of the two tubulin structures available, we selected for modeling the complex
of a stathmin fragment with two tubulin heterodimers with two bound colchicinoid
molecules and a single bound vinblastine between the two heterodimers (Gigant et al.,
2005, Nature 435:519-522). Halichondrin B and NSC 707389 fit snugly between the two
heterodimers adjacent to the exchangeable site nucleotide. Fitting the compounds into
this site, which was also close to the vinblastine site, resulted in enough movement of
amino acid residues at the vinblastine site to cause the latter compound to bind less well
to tubulin. The model suggests that halichondrin B and NSC 707389 most likely form
highly unstable, small aberrant tubulin polymers rather than the massive stable structures

observed with vinca alkaloids and antimitotic peptides.
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Introduction

Structurally, halichondrin B (Fig. 1) is one of the most complex of the antitubulin
compounds. Isolated from the sponges Halichondria okadai (Hirata and Uemura, 1986),
Axinella sp. (Pettit et al., 1991), and Lissodendoryx sp. (Litaudon et al., 1997),
halichondrin B is a potent antimitotic agent that inhibits tubulin assembly (Bai et al.,
1991). Since it inhibits the binding of radiolabeled vinblastine to tubulin in a
noncompetitive manner, halichondrin B seems to bind in the "vinca domain" rather than
in the same site on tubulin as the vinca akaloids. Like most vinca domain drugs,
halichondrin B inhibits both nucleotide exchange on B-tubulin (Bai et al., 1991) and
formation of a cross link between B-tubulin residues Cys-12 and, probably, Cys-211
(Luduefia et al., 1993). These properties have led to the assumption that the vinca
domain was located near the exchangeable nucleotide site at the plus-end of the of3-
tubulin heterodimer, as defined in the electron crystallographic tubulin model (Nogales et
al., 1998), in which Cys-12 is only afew A from the guanine residue of the exchangeable
GDP. The recent success in locating the vinca site using crystals of two of8-tubulin-
colchicinoid complexes bound to a stathmin fragment confirmed this hypothesis.
However, in these crystals a single vinblastine molecule bound at the interface between
the two tubulin heterodimers, and the adjacent o-tubulin made a major contribution to the
binding site (Gigant et al., 2005). Thus, the vinblastine site was shared between the plus-
end B-subunit of one heterodimer and the minus-end o-subunit of its neighbor, consistent
with theisodesmic tubulin assembly reaction induced by the drug (Timasheff et al., 1991)
and with an early photoaffinity labeling study (Safa et a., 1987). In contrast to the vinca

alkaloids and most peptide and depsipeptide antimitotic agents, halichondrin B does not
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induce a readily detectable aberrant tubulin assembly reaction. Similarly, there does not
appear to be an aberrant assembly reaction induced by three vinca site drugs (maytansine,
rhizoxin, disorazol A) nor by another noncompetitive inhibitor of vinca alkaloid binding
(spongistatin 1) and its analogues. These findings imply that some compounds may bind
to the B-tubulin portion of the vinca domain without participation of the o-subunit of
another heterodimer. Alternatively, the aberrant assembly products produced by some
agents may be of relatively small size or even unstable under the experimental conditions
used to study inhibition of binding of radiolabeled ligands.

Although not the most potent inhibitor of cell growth that binds to tubulin,
halichondrin B is nonetheless quite inhibitory. Most cdl lines in the NCI drug screen
(http://dtp.nci.nih.gov/) yielded 1Cs, values below 100 pM, and in animal tumor models
the compound showed excellent activity (Fodstad et al., 1996). In anticipation of clinical
trials, a large scale purification of halichondrin B from Lissodendoryx sp. sponges was
undertaken.

Meanwhile, halichondrin B was synthesized de novo (Aicher et al., 1992), and
this work led to syntheses of multiple "truncated" analogues (Littlefield et al., 2001;
Seletsky et al., 2004; Zheng et a., 2004), including the macrocyclic ketone analogue
NSC 707389 (also known as E7389 and previously as ER-086526; see Fig. 1). This
compound, too, showed impressive cytotoxic activity (Kuznetsov et al., 2004; Towle et
a., 2001), comparable to that of halichondrin B in the NCI cel screen
(http://dtp.nci.nih.gov/). NSC 707389 had excellent antitumor activity in animal models,
displayed cellular effects expected of an antitubulin drug, and inhibited tubulin assembly

(Towle et al., 2001). NSC 707389 is presently in clinical trials, having replaced
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halichondrin B as the lead candidate of this chemotype, in part because of potential
supply problems with the natural product.

In the studies presented here, we examined the biochemical mechanism of action
of NSC 707389 in greater detail and in a direct comparison with halichondrin B. We
found the synthetic compound to be more potent than halichondrin B in all assays. In
concert with the biochemical data presented here, the specific structural features of NSC
707389 and halichondrin B were used to perform detailed molecular modeling studies of

their potential binding site on tubulin.
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Materialsand Methods

Materials. Halichondrin B was obtained from Lissodendoryx sp. sponges
(Litaudon et al., 1997), and dolastatin 10 (Pettit et al., 1989) was synthesi zed as described
previously. NSC 707839 (Littlefield et al., 2001; Zheng et al., 2004) was generously
provided by the Eisai Research Ingtitute (Andover, MA).  Electrophoreticaly
homogeneous bovine brain tubulin was prepared as described previously (Hamel and Lin,
1984), as was tubulin with [8-**C]GDP bound in the exchangeable site (Duanmu et al.,
1986), referred to respectively, as appropriate, as tubulin-GDP and tubulin-[8-**C]GDP.
Both tubulin preparations were passed through Sephadex G-50 (superfine) columns to
remove unbound nuclectide and concentrated by precipitation with monosodium
glutamate (Grover and Hamel, 1994). [°H]Vinblastine was obtained from Amersham
(Piscataway, NJ), [*H]colchicine from Perkin-Elmer (Boston, MA), and [8-**C]GTP from
Moravek Biochemicals (Brea, CA) (repurified to > 98% purity by anion exchange
chromatography on DEAE-cellulose). [°H]Dolastatin 10 was provided by the Drug
Synthesis and Chemistry Branch, NCI (Rockville, MD). Human Burkitt lymphoma
CA46 cdlls were obtained from the American Type Culture Collection (Manassas, VA).
Three human leukemia cell lines and three monolayer cancer cell lines were generously
provided by the Screening Technologies Branch, NCI (Frederick, MD). Three human
primary endothelial cell lines and the culture medium and medium supplements in which
they were grown were purchased from BioWhittaker (Walkersville, MD).

Biochemical Methods. Tubulin assembly was followed by turbidimetry at 350
nm in Beckman (Fullerton, CA) recording spectrophotometers (models DU 7400 and DU

7500) as described previously (Hamel, 2003). Reaction mixtures contained 10 uM (1.0
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mg/ml) tubulin, 0.8 M monosodium glutamate (taken from a2 M stock solution adjusted
to pH 6.6 with HCI), varying drug concentrations, 4% (v/v) dimethyl sulfoxide (as drug
solvent), and 0.4 mM GTP. A drug-tubulin preincubation occurred prior to addition of
GTP. Preincubation (15 min) and incubation (20 min) temperature was 30°C.

Binding of [®H]colchicine was measured using the DEAE-cellul ose filter method,
as described by Luduefia et al. (1989). Binding of all other radiolabeled ligands was
measured by centrifugal gd filtration, using 1-ml columns of Sephadex G-50 (superfine)
swollen in a solution containing 0.1 M Mes (taken from a 1 M stock solution adjusted to
pH 6.9 with NaOH) and 0.5 mM MgCl, and prepared in tuberculin syringe barrels.
Unless indicated otherwise, in these experiments reaction mixtures also contained 0.1 M
Mes (pH 6.9, as above) and 0.5 mM MgCl,. Dimethyl sulfoxide, tubulin, and drug
concentrations were as indicated in the individual experiments.

Formation of drug-induced oligomers was evaluated by HPLC size exclusion
chromatography with an Agilent (Palo Alto, CA) Series 1100 system. A Shodex Protein
KW-802.5 column (80 x 300 mm), protected with a KW-G (6 x 50 mm) guard column,
was used (obtained from Thompson Instruments, Oceanside, CA). The column was
equilibrated and developed with the 0.1 M Mes-0.5 mM MgCl, buffer solution at room
temperature (21-22°C), and the flow rate was 1.0 ml/min. Samples (50 ul), prior to
application to the column, were incubated for 30 min at room temperature and contained
2.5 uM tubulin, 0.1 M Mes (pH 6.9), 0.5 mM MQgCl,, 1% dimethyl sulfoxide (as drug
solvent), and drugs as indicated.

Cytological Methods. The leukemia and Burkitt lymphoma cells were grown in

suspension cultures in RPMI-1640 medium supplemented with 2 mM L-glutamine and
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5% bovine fetal calf serum. The monolayer cancer cell lines were grown in 96-well
microtitre plates in RPM1-1640 medium supplemented with 10% fetal calf serum. The
primary human endothelial cell lines were cultured as monolayers as recommended by
the supplier in 96-well microtitre plates. All cells were grown at 37°C in a humidified
atmosphere containing 5% CO,. For cells grown in suspension culture, drug effects on
increase in cell number were measured. For cells grown in monolayer culture, drug
effects on increase in cell protein were measured with sulforhodamine B.

Molecular Modeling. Insight Il (Accelrys, San Diego, CA) was used to visualize
and build the models. Discover 2.9, implemented as amodule in Insight 11, was used for
al energy refinements and dynamics simulations, applying the cff91 force field. The
HINT program (eduSoft), also implemented as a module in Insight II, was used to
evaluate model quality based on the quantitation of intermolecular contacts, as described
by Nguyen et al. (2005). In brief, HINT scores the hydropathicity of a protein-ligand
interaction by quantitating all atom-atom interactions between the two species. These
interactions include both unfavorable (hydrophobic-polar, base-base, and acid-acid) and
favorable (hydrophobic-hydrophobic, hydrogen bonds, and acid-base) contacts. HIiNT
parameter settings used during these studies were as follows. steric term = Lennard-
Jones 6-9 (for cff91 compatibility); lone pair vector focusing = 10; and distance
dependence atom-atom interactions = exp (-1/r).

The X-ray co-crystal structure of two tubulin heterodimers complexed with the
RB3 stathmin-like domain with two molecules of bound colchicinoid [N-deacetyl-N-(2-
mercaptoacetyl)-colchicing] and one molecule of bound vinblastine (Gigant et al., 2005)

was used for protein coordinates (PDB entry 1Z22B). Only the minus-end o.- and plus-end
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B-subunit, both of which interact with vinblastine, were retained for modeling purposes,
along with the exchangeable GDP bound to the B-subunit and the bound vinblastine
moiety. The RB3 stathmin fragment, the other two tubulin subunits, the colchicinoid
molecules, and the nonexchangeable GTP bound to the minus-end o-tubulin were
removed. Although the vinblastine molecule was retained in its original coordinate
space, it was decoupled from the internal terms of the potential energy calculations
during the docking of halichondrin B and NSC 707389 into their proposed binding site.
In addition, residues not included in the X-ray structure at the o-B-subunit interface of
interest were built into the model, and a magnesium ion was positioned in close
proximity to the diphosphate of the exchangeable GDP using X-ray crystal structure PDB
entry 1SAO0 (Ravelli et al., 2004) as a template.

The structures of halichondrin B and NSC 707389 were built using coordinates
from the X-ray crystal structure of norhalichondrin A p-bromophenacyl ester (Uemura et
al., 1985) (CSDB entry DAPRUH). Potentials were assigned to analogous nonhydrogen
atoms shared by norhalichondrin A p-bromophenacyl ester, halichondrin B, and NSC
707389, so that, during molecular mechanics simulations, RMS deviations were
minimized and the stereochemistry remained unchanged. Conformational isomers were
generated to explore steric and chemical complementarity between the ligand and protein
surfaces. This was achieved by using a molecular dynamics simulation employing the
cffol force field. First, both ligands were energy minimized until the norm of the
gradient was 0.001 kcal/A. Next, temperatures were slowly increased by 25 K
increments (starting at 0 K), until the target simulation temperature of 300 K was

attained. Once the target temperature was reached, the simulations were initiated with an

10
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equilibration phase using direct velocity scaling for 10 ps and a time step of 0.5 fs.
Subsequently, the Berendsen method of temperature-bath coupling was applied for 100
ps, with a structure collected every 100 fs (Giannakakou et a., 2000).

Both conformational analysis and the energy refinement strategy used during the
docking of halichondrin B and NSC 707389 are well described (Burnett et al., 2003;
Giannakakou et al., 2000; Gussio et al., 2000; McGrath et al., 2005; Nguyen et al., 2005).
For energy refinements, the protocol involved applying 2000 kcal/mol per AZ of force
that was stepped off the conformational isomer of the ligand and protein in 100 kcal/mol
decrements, followed by optimization with conjugate gradients until the norm of the
gradient was 0.01 kcal/A. This process was applied until all external force was removed.
Compound models (energetically and hydropathically feasible conformational isomers of
each ligand) were docked in the energy refined tubulin structure using an intermolecular
cutoff distance of 0.25 A. Atom-atom interactions between protein and ligand were
analyzed using the HINT program. Unfavorable tubulin-ligand contacts were removed
using rounds of trangdlational, rotational, and torsional adjustments, followed by tethered
minimizations. In order to evaluate and attain the most desolvated docked models of the
ligands, the complexes were layered with a 6 A solvent shell, and hydrogens of the
solvent shell were minimized until the norm of the gradient was 0.001 kcal/A. This was
followed by energy refinement of the entire complex, as described above, until the norm
of the gradient was 0.001 kcal/A. The only complexes accepted were those with the side
chains and backbone of the tubulin portion of the models falling within experimentally

determined X-ray crystallographic resolution.

11
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Results

Biochemical comparison of NSC 707389 with halichondrin B. Initialy, we
compared the activities of halichondrin B and NSC 707389 as inhibitors of the assembly
of purified tubulin in areaction dependent on glutamate and GTP (Hamel, 2003). In this
direct comparison, the analogue was 30-40% more potent than the natural product, for we
obtained 1Csp's of 1.4 =+ 0.1 (SEM) uM for NSC 707389 and 1.9 + 0.1 uM for
halichondrin B.

We next compared the effects of the two compounds on the binding of [8-
14C]GTP, [*H]vinblastine, and [*H]dolastatin 10 to tubulin. These studies were initially
performed across a concentration range (Fig. 2) with each radiolabeled ligand. NSC
707389 was more effective as an inhibitor of binding than was halichondrin B in al three
assays. Average ICsg's in these experiments were 5 uM for NSC 707389 and 28 uM for
halichondrin B vs GTP; 13 uM for NSC 707389 and 38 uM for halichondrin B vs
vinblasting; and 49 uM for NSC 707389 and > 60 uM for halichondrin B vs dolastatin
10.

Near complete inhibition of GTP binding by both compounds at 60 uM (Fig. 2A)
suggests that tubulin is saturated with either compound at this concentration. In contrast,
inhibition by both compounds of binding of vinblastine (Fig. 2B) or dolastatin 10 (Fig.
2C) was incomplete at 60 uM, as is typical for noncompetitive inhibition (see below).
The observed inhibitory plateaus suggest that when tubulin is saturated with halichondrin
B or NSC 707389, affinity in both cases for vinblastine is reduced about 75%, while for
dolastatin 10 affinity was reduced only about 25% with halichondrin B and about 50-60%

with NSC 707389.

12
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Previously, we had shown with halichondrin B that inhibition of GTP binding was
caused by the polyether's inhibiting nucleotide exchange, not by actually binding in the
exchangeable site (Bai et a., 1991). Thiswas done by showing that halichondrin B, like
virtually al other vinca domain drugs, prevented dissociation of prebound [8-**C]GDP
from the exchangeable site in the presence of excess GTP. This experiment was
performed with NSC 707389, in comparison with halichondrin B, and a similar result
was obtained, as shown in Figure 3. NSC 707389 was significantly more active than
halichondrin B in preventing displacement of [8-*C]GDP from the exchangeable site by
exogenous GTP, as it was in inhibiting binding of [8-**C]GTP to tubulin-GDP (Fig. 2A).
In control experiments, in the absence of any drug, dilution of the stock tubulin-[8-
C]GDP solution to 5 uM and its chromatography on the syringe-columns resulted in
recovery of 0.65 mol of [8-**C]GDP bound per mol of tubulin. Addition of 50 pM
nonradiolabeled GTP to the 5 uM  tubulin-[8-"*C] GDP resulted in the recovery of 0.04
mol of [8-"*C]GDP bound per mol of tubulin. We also compared NSC 707389 and
halichondrin B as inhibitors of tubulin-dependent GTP hydrolysis and obtained a similar
result: under the reaction conditions used, the analogue yielded an 1Cso of about 10 uM,
the natural product of about 18 uM (data not presented).

Earlier we had found that halichondrin B was a noncompetitive inhibitor of the
binding of [®H]vinblastine to tubulin and obtained an apparent K; value of 5 uM (Bai et
a., 1991). Under the same reaction conditions, we examined NSC 707389 at multiple
vinblastine and inhibitor concentrations and obtained a comparable result (Fig. 4). The
data shown in Figure 4 are plotted in the Hanes format (Dixon et al., 1979), with

competitive inhibition indicated by a family of parald lines at different inhibitor

13
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concentrations, and noncompetitive inhibition by a family of lines intersecting on the
negative abscissa. These data are most consistent with NSC 707389 being a
noncompetitive inhibitor. Dixon analysis of the data shown in Figure 4, and of data
obtained in other experiments, yielded an apparent K; value of 1.9 = 0.1 (SD) uM for
NSC 707389, consistent with the 5 uM obtained previously (Bai et al., 1991) for the less
active halichondrin B.

In studies with the spongistatin family of compounds, which appear to be
structurally related to the halichondrins, we found one of the most potent, spongistatin 1,
to be a noncompetitive inhibitor of dolastatin 10 binding to tubulin. We have not
evaluated halichondrin B in detail because of its weak inhibitory effects on dolastatin 10
binding (Fig. 2C), but the stronger activity of NSC 707389 led usto evaluate its effects at
multiple concentrations (Fig. 5). Hanes analysis of these data are most consistent with
NSC 707389 acting as a noncompetitive inhibitor of dolastatin 10 binding, as was the
case with the till more potent spongistatin 1. Dixon analysis of the experiment shown in
Figure 5, and of data obtained in other experiments, yielded an apparent K; value of 3.4 +
0.6 (SD) uM for NSC 707389. The more potent spongistatin 1 yielded an apparent K;
value of 0.6 uM in the previous study (Bai et a., 1995a).

Halichondrin B has been evaluated for its ability to cause aberrant tubulin
assembly by a number of methods, but no evidence for such reactions has yet been
obtained. NSC 707389 has a similar inability, and HPLC gd filtration studies are shown
in Figure 6. As demonstrated previoudy (Bai et al., 1995b), dolastatin 10 caused a
concentration dependent shift of the tubulin peak (Fig. 6B-D, 2-10 uM dolastatin 10)

from the 100 kDa position to the void volume (structures > 400 kDa). Even much higher

14
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concentrations of either halichondrin B or NSC 707389 (Figs. 6E and 6F, respectively,
with the compounds at 100 uM) did not affect the elution pattern of the tubulin.

A number of the vinca domain drugs show a strong ability to stabilize an active
conformation of tubulin (Bai et al., 1990, 1996; Ludueia et al., 1989, 1992). We have
evaluated this property by examining the ability of this group of drugs to prevent loss of
colchicine binding activity during a 3 h preincubation at 37°C. So far, we have found
complete correlation between a drug's ability to induce aberrant polymer formation, as
measured by the HPLC method, and its ability to stabilize colchicine binding. Table 1
shows that this generalization extends to NSC 707389, which, like halichondrin B, failed
to prevent loss of tubulin's colchicine binding activity. In this study, maytansine was
included as another compound known not to stabilize the colchicine binding activity of
tubulin nor induce aberrant polymer formation, and dolastatin 10 was included as a
compound that strongly stabilizes the colchicine binding activity of tubulin and, as
redemonstrated above, causes formation of aberrant tubulin polymers.

Comparison of the effects of NSC 707389 and halichondrin B on the growth
of human cancer and endothelial cells. We compared the effects of the two compounds
on the growth of eight human cancer cel lines (four leukemias, one lymphoma, three
solid tumors), and, somewhat surprisingly, in all cases halichondrin B was modestly more
active than NSC 707389 (Table 2). The ratios of the ICsy of NSC 707389 to that of
halichondrin B varied from 1.3 to 5.0 in these eight lines.

To examine the possibility that NSC 707389, as compared with halichondrin B,
might have a disproportionate effect on angiogenesis through inhibition of endolthelial

cell growth, we also examined effects of the two compounds on three primary cultures of
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human endothelial cells. With these lines, however, halichondrin B was 25-50-fold more
growth inhibitory than was NSC 707389 (Table 2).

Molecular modeling studies. Docking studies were performed to gain insights
into how halichondrin B and NSC 707389 might interact with tubulin. The X-ray
crystallographic structure PDB entry 1Z2B (Gigant et al., 2005), reproduced in Figure 7A
without the stathmin fragment, was used for protein coordinates, since this structure
includes the binding site for vinblastine on tubulin created by neighboring tubulin
heterodimers. Besides the stathmin fragment, the crystal structure contains two of-
tubulin heterodimers, with GDP bound in the exchangeable sites and GTP in the
nonexchangeable sites, along with N-deacetyl-N-(2-mercaptoacetyl)colchicine bound to
each heterodimer and a single vinblastine molecule bound between heterodimers. This
structure was chosen because of the inhibitory effects of halichondrin B and NSC 707389
on vinblastine binding, and because we wanted to determine whether docking studies
could explain the biochemical effects described above, including the greater potency of
NSC 707389 as compared with the natural product. Only theinternal plus-end 3-subunit
of one heterodimer and the minus-end o-subunit of its neighbor were used in modeling
the binding site for halichondrin B (Fig. 7B) and NSC 707389, since only these subunits
encompass the vinblastine binding site and, presumably, the vinca domain.

The process of identifying potential binding sites for halichondrin B and NSC
707389 was guided by the biochemical interactions of these compounds with tubulin,
with the assumption initially made that the inhibitory effects of these compounds are
caused primarily by steric rather than allosteric factors. Thus, as noncompetitive

inhibitors of vinblastine binding, halichondrin B and NSC 707389 cannot bind at the
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same location as vinblastine, but their binding site should be located near the vinblastine
site. Further, halichondrin B and NSC 707389 do not bind directly to the exchangeable
nucleotide site, but they do prevent nucleotide exchange, making it likely that they
interact with tubulin near the exchangeable site.

These considerations led us to examine a deep pocket near the vinblastine site and
adjacent to the exchangeable site between the minus-end o-subunit and the plus-end B-
subunit in the crystal structure of Gigant et al. (2005), as shown in Figure 7A. Figure 7B
shows halichondrin B docked into this site following the reiterative process described
abovein Materials and Methods.

Much like the vinblastine site, the proposed halichondrin B/NSC 707389 pocket is
surrounded by both rigid and flexible secondary structural features of tubulin (Fig. 7B).
On the a-subunit side, these include 1) a flexible turn located between helices 45 and 46,
2) part of alarge flexible loop, including residues Gly-43 though Asp-47, that shields the
binding site from solvent, and 3) aturn between helix 41 and sheet 4(E6). The 3-subunit
side of the pocket includes 1) helix 20, 2) a portion of aflexible turn leading into helix 27
(Thr-223% and Gly-225), and 3) residues Phe-94 and Gly-95.

With a suitable ligand binding pocket identified, the first phase of the docking
simulations involved identifying feasible binding locations for the relatively rigid,
conformationally restricted macrocycles of halichondrin B and NSC 707389. These
portions of the ligands exhibited their greatest steric and hydropathic complementarity
and their maximally desolvated binding modes within the widest and deepest section of
the binding pocket. This placed the macrocycles adjacent to the exchangeable nucleotide

site.  We next focused on halichondrin B, since any sterically and hydropathically

17

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 29, 2006 as DOI: 10.1124/mol.106.026641
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #26641

feasible binding mode for this ligand must also accommodate its TP-TF extension and
terminal glycerol tail. Accommodating the TP-TF/glycerol tail portion of halichondrin B
significantly reduced the number of possible macrocyclic conformations that could bind
in the proposed tubulin pocket. Nevertheless, it was still necessary to conduct exhaustive
rounds of trandational, rotational, and torsional adjustments, followed by tethered
minimizations and hydropathic evaluations, to obtain the best modeled binding modes for
halichondrin B and NSC 707389.

In the best models, shown in Figure 8AC and Figure 8BD for halichondrin B and
NSC 707389, respectively, the macrocycles of the two compounds attain maximum
desolvation via hydrophobic contacts with surrounding residues. These include o-
subunit residues Phe-244, Ala-247, Leu-248, and Tyr-357 and 3-subunit residues Gly-81,
Pro-82, Thr-223 and Gly-225. (None of these residues interact with vinblastine, as is
apparent in Figure 7B.) In concert with solvent shielding, two of the polar groups, O-4
and O-5 (see aso Fig. 1), of the ligands orient toward the solvent; the O-4 atom engages
in a favorable acid-base interaction with B-GIn-15; and the carbonyl oxygen at C-1 (O-2)
of each ligand forms a hydrogen bond with the side chain hydroxyl of 3-Ser-80.

In the halichondrin B mode (Fig. 8A), the TP-TF moiety adopts a conformation
that allowsit to arch into the groove, which gradually narrows, between the minus-end o-
subunit and the plus-end 3-subunit. In thisregion, ligand desolvation is achieved through
favorable hydrophobic contacts with the side chain methyl of o-Thr-130, the pyrrolidine
of B-Pro-72, and the phenyl side chain of B-Phe-94 (Fig. 8A). Moreover, the hydroxyl
groups of the glycerol tail lock the proposed conformation in place via hydrogen bonds

with the backbone carbonyl oxygen atoms of 3-Phe-94 and B-Gly-95, as well as with the
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side chain amide carbonyl oxygen of B-GIn-96. For comparison, in the NSC 707389
model (Fig. 8B) the hydroxyl group of the terminal aminopropanol moiety forms a
hydrogen bond with the side chain carboxylate of a-Asp-47, while the amino group
forms a strong hydrogen bond with the side chain carboxylate of B-Asp-76. Overall, and
characteristic of high quality protein-ligand structures (< 2.0 A resolution), halichondrin
B and NSC 707389 are docked so that they possess optimal steric and electrostatic
complementarity with tubulin and minimal solvent exposure, as shown in space-filling
models in Figure 8C and Figure 8D.

Finally, the impact of halichondrin B and NSC 707389 binding on the vinblastine
site was evaluated. As shown in Figures 7 and 8, neither docked compound directly
interacts with the vinblastine site. However, the proposed halichondrin B/NSC 707389
binding models propagate regional structural changes that would have a negative impact
on vinblastine binding. Specifically, during halichondrin B/NSC 707389 binding,
residues surround the macrocyclic ring and engage in hydrophobic collapse with these
ligands to provide a favorable complementary surface. As a consequence of these local
structural changes, a concomitant movement in the residues of the vinblastine site occurs,
causing a loss in complementarity for vinblastine (Fig. 9), which is consistent with the

noncompetitive inhibition observed with halichondrin B and NSC 707389.
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Discussion

We have found that NSC 707389, a simplified analogue of the natural product
halichondrin B, is moderately more active than the parent compound as an antitubulin
agent at the biochemical level. This was true for every property we examined
quantitatively, including inhibition of assembly, nucleotide exchange, [°H]vinblastine
binding, and [*H]dolastatin 10 binding. We had initially postulated that the effects of
halichondrin B and NSC 707389 on ligand binding were probably caused by steric effects
(the bulky halichondrin B and NSC 707389 blocking access to other sites) as opposed to
allosteric effects (commonly invoked to explain noncompetitive inhibition).

Our modeling results have caused us to modify thisinitial assumption, although it
remains valid as arationale for inhibition of nucleotide exchange. The proposed binding
models of halichondrin B and NSC 707389 readily explain in steric terms the activity of
these compounds as inhibitors of nucleotide exchange. As shown in Figure 8AB, the
space occupied by the macrocycles is the only plausible route for nucleotide exit and
entry at the exchangeable site. Nucleotide exchange on B-tubulin is thought to involve
initial rapid dissociation of the nucleotide bound in the exchangeable site (Brylawski and
Caplow, 1983), followed by rapid binding of the incoming nuclecotide. The data
presented above with tubulin-[8-**C]GDP showed that both compounds interfere with the
initial nucleotide release step.

In the case of vinblastine binding, however, the bound models of both
halichondrin B and NSC 707389 occupy a different region of the af interface between
heterodimers than does vinblastine in the crystal structure (Gigant et al., 2005).

Moreover, refinement of the binding of halichondrin B and NSC 707389 at this interface
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resulted in constricting the vinblastine site so that it no longer was easily accessible to the
vinca alkaloid (Fig. 9). The modéd thus predicts that the polyether macrocycles cause a
change in conformation at the vinblastine site. This is clearly inhibition of vinblastine
binding due to an alosteric effect on the conformation of tubulin.

Localization, albeit only through molecular modeling, of halichondrin B and NSC
707390 to the interdimer interface predicts that these agents, too, should induce an
aberrant tubulin polymerization reaction. However, thus far we have found no evidence
for such a reaction by electron microscopy, turbidimetry, or HPLC, as shown above in
Figure 6. Thiswould imply that the binding site for these agents should be solely on 3-
tubulin.  Our studies were al performed with 10 uM tubulin in 0.1 M Mes-0.5 mM
MgCl,, primarily at room temperature. In contrast, under substantially different reaction
conditions, NSC 707389 caused formation of ill-defined tubulin aggregates (Jordan et al.,
2005), observed by electron microscopy. The studies of Jordan et al. (2005) were
performed at 37°C, and reaction mixtures contained 10-fold higher tubulin and almost 4-
fold higher Mg concentrations, microtubule seeds, EGTA, GTP, and a mixture of Mes
and 1,4-piperazineethanesulfonate buffers. It is not readily obvious which of these
difference(s) in reaction conditions account for the different findings regarding aggregate
formation. In studies with peptide and depsipeptide antimitotic drugs, we have found
aberrant polymer formation to be strongly influenced by reaction temperature, reaction
pH, and Mg*" concentration (unpublished data, E. Hamel). We therefore tentatively
concludethat in 0.1 M Mes-0.5 mM MgCI, the binding species for these compounds, if a
higher order aggregate, is unstable, since the HPLC analysis described above was not

performed under equilibrium conditions.
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Approaching this question will require ample amounts of active analogues to
evaluate stoichiometry of binding and potential assembly reactions under equilibrium
conditions. An even more definitive answer might be obtained if stathmin fragment-
tubulin-colchicinoid crystals containing bound polyether could be analyzed, as described
by Gigant et al. (2005) following introduction of vinblastine into the crystals. Our
binding model predictsthat, like with vinblastine, a single polyether model should bind at
the heterodimer interface, with major contributions from o-tubulin and B-tubulin from
different heterodimers to the binding site.

The binding models help explain why the truncated NSC 707389 is moderately
more potent than the larger natural product as an inhibitor of tubulin assembly. The
macrocycles of both compounds fit snugly into the cleft between of3-heterodimers,
adjacent to GDP bound in the exchangeable site of the B-subunit. On thermodynamic
grounds, especially considering the location of the macrocycle binding pocket, one would
anticipate that the smaller NSC 707389 would bind more readily than halichondrin B.
Specifically, relative molecular size may itself affect binding efficiency. Although the
proposed binding modes for both compounds show that each achieves good
complementarity and desolvation (Fig. 8), the larger molecule, halichondrin B, has a
greater number of accessibility requirements than does NSC 707389. Thisis particularly
true given the number of loops and flexible components present in the proposed binding
site. Since proteins are a dynamic ensemble of conformations, the smaller NSC 707389
should possess greater steric access to acommon binding site. As one of several possible

examples, the a-subunit side of the TP-TF moiety of halichondrin B is shielded from

solvent by residues o-Gly-43 through o-Asp-47. These amino acids are part of a large
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flexible loop. Its natural movements would result in fewer accessible conformations for
halichondrin B than for NSC 707389, which has a minimal interaction with this loop.
Moreover, in our models NSC 707389 forms tighter hydrogen bonds with tubulin as
compared with halichondrin B. Both the hydroxyl and amino substituents of the terminal
aminopropanol moiety of NSC 707389 form strong hydrogen bonds with acidic residues
in a portion of the binding pocket that has limited solvent exposure (Fig. 8BD). In
comparison, the flexible glycerol tail hydroxyl groups of halichondrin B form weaker
hydrogen bonds with more solvent exposed amino acid residues (Fig. 8AC).

Finally, we should note that the enhanced activity of NSC 707389 relative to
halichondrin B in the tubulin assays was not mirrored in its effects on cell growth. In the
8 cancer cell lines we examined, in every case the natural product was more potent. The
differences, however, were not great, and such discrepancies have been observed among
many classes of tubulin inhibitors. Nevertheless, we were surprised by this result
because NSC 707389 was superior to halichondrin B in NCI in vivo tumor studies (Alley
et al., 2005). We speculated that perhaps the superior antitumor activity of NSC 707389
might derive from a differential effect on endothelial cells, as significant vascular effects
have been reported with a number of antitubulin drugs. However, in the three primary
endothelial lines we examined, halichondrin B was substantially more inhibitory than
NSC 707389. The most likely explanation, therefore, for the greater antitumor activity of
the synthetic analogue is that it has less toxicity in vivo than the natural product (Alley et
al., 2005). This lower toxicity may result from a generaly lower sensitivity of
nonneoplastic cells to NSC 707389 as compared with halichondrin B, as occurred in the

primary endothelial lines we examined.
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Footnotes

This work was partially supported by National Cancer Institute Contract # NO-1-
CO-12400.

'Further details of the modeling studies, including coordinates, can be obtained
from R. Gussio (gussio@ncifcrf.gov).

The designations of protein secondary structural features are as in PDB entry
1712B.

*The amino acid residue numbers used for B-tubulin follow the convention in
Nogales et a. (1998), which maximized sequence alinement with o-tubulin, rather than
the actual sequence established by sequencing the polypeptide chain (see Krauhs et al.,

1981).
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Legendsfor Figures

Fig. 1. Molecular structures of halichondrin B and NSC 707389. Numbering asin Hirata
and Uemura, 1986, and Uemura et al., 1985.

Fig. 2. Comparison of the inhibitory effects of NSC 707389 (e) with those of
halichondrin B (0) on the binding of [8-**C]GTP (A), [*H]vinblastine (B), and
[*H]dolastatin 10 (C) to tubulin. Each reaction mixture contained 10 uM tubulin, except
in the dolastatin 10 binding experiments in which 5.0 uM tubulin was used, 0.1 M Mes,
0.5 mM MgCl,, 1% dimethyl sulfoxide (as drug solvent), and drugs as indicated.
Radiolabeled ligand concentrations were 50 uM for GTP (A), 10 uM for vinblastine (B),
and 5.0 uM for dolastatin 10 (C). Incubation was for 30 min at room temperature for
vinblastine and dolastatin 10 binding and on ice for GTP binding. In the GTP binding
experiments, observation of an inhibitory effect requires that drug be added to tubulin
prior to the nuclectide, so the [8-**C]GTP was the last component added to the reaction
mixtures. Reaction volume was 0.3 ml, and 0.15 ml aliquots were applied to duplicate
syringe columns. Samples were applied to room temperature columns and centrifugation
was at room temperature in the vinblastine and dolastatin 10 binding studies. Inthe GTP
binding studies, application of samples to columns and centrifugation were performed at
4°C. Stoichiometry of binding in control reaction mixtures. 0.64 mol GTP/moal tubulin;
0.34 mal vinblastine/mol tubulin; and 0.31 mol dolastatin 10/mol tubulin.

Fig. 3. Comparison of the effects of NSC 707389 () and halichondrin B (0) on the
ability of nonradiolabeled GTP to displace [8-**C]GDP bound in the exchangesble
nucleotide site on tubulin. The study was performed exactly as described for the [8-

1C]GTP binding study described in the legend for Figure 2, except that tubulin-[8-
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14C1GDP was used instead of tubulin-GDP, and nonradiolabeled GTP was used instead of
[8-Y'C]GTP.

Fig. 4. NSC 707389 inhibits the binding of [*H]vinblastine to tubulin noncompetitively,
as shown by Hanes analysis. The studies were performed exactly as described in the
Figure 2 legend for vinblastine binding, except that the concentrations of tubulin and
dimethyl sulfoxide were, respectively, 50 uM and 2%. The [°H]vinblastine
concentrations are shown in the Figure; the NSC 707389 concentrations were as follows:
(e), none; (0), 6.0 uM; and (V¥), 8.0 uM. Ordinate units. uM vinblastine x ug
tubulin/pmoal vinblastine bound.

Fig. 5. NSC 707389 inhibits the binding of [*H]dolastatin 10 to tubulin
noncompetitively, as shown by Hanes analysis. The studies were performed exactly as
described in the Figure 2 legend for dolastatin 10 binding, except that the concentration
of dimethyl sulfoxide was 2%. The [°H]dolastatin 10 concentrations are shown in the
Figure; the NSC 707389 concentrations were as follows: (e), none; (0), 3.0 uM; and (V),
6.0 uM. Ordinate units: uM dolastatin 10 x ug tubulin/pmol dolastatin 10 bound.

Fig. 6. Dolastatin 10, but not NSC 707389 or halichondrin B, causes a concentration-
dependent formation of progressively larger tubulin oligomers. Reaction mixtures
contained 10 uM tubulin, 0.1 M Mes, 0.5 mM MgCl,, 4% (v/v) dimethyl sulfoxide, and
drugs as follows: A, none. B, 2 uM dolastatin 10. C, 5 uM dolastatin 10. D, 10 uM
dolastatin 10. E, 100 uM halichondrin B. F, 100 uM NSC 707389. In A, E, and F, the
major protein peak corresponds to 100 kDa, the molecular weight of the of3-tubulin

heterodimer. In D, the major protein peak isin the void volume of the column. Previous
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studies have shown that the included peaks occur at positions predicted for 100, 200, 300
and 400 kDa species.

Fig. 7. Global views of the vinblastine and halichondrin B/NSC 707389 binding sites.
A, crystal structure of two of3-tubulin heterodimers with two bound colchicinoid
molecules and a single bound vinblastine (Gigant et al., 2005), with the RB3 stathmin
fragment removed. Vinblastine, colchicinoid, GTP, and GDP molecules are space-filled.
Vinblastine carbons are orange, colchicine analogue blue, and GDP/GTP magenta
(exchangeable site GDP bound to B-tubulin, nonexchangeable site GTP to o-tubulin).
Oxygen atoms are red, nitrogen dark blue, sulfur yellow, and phosphorous pink. The a-
subunits are yellow-green ribbons, the 3-subunits blue-green ribbons. B, the minus-end
o-subunit/plus-end B-subunit interface with halichondrin B (space-filled; white carbons)
docked in its predicted binding site. Other atoms and ribbons are colored asin A. The
vinblastine binding site (Gigant et al., 2005) is depicted in orange mesh as a location
reference only, since vinblastine and halichondrin B cannot bind simultaneously. The
exchangeable GDP on B-tubulin is aso shown, but, for greater clarity, the colchicine
analogue at the B-tubulin minus-end and the nonexchangeable GTP at the a-tubulin plus-
end have been deleted.

Fig. 8. Close-up views of docked models of halichondrin B (A, C) and NSC 707389 (B,
D). Carbon atoms of the o-subunit are yellow-green, of the B-subunit blue-green, of
halichondrin B and NSC 707389 white, and of GDP magenta. In A and B, halichondrin
B, NSC 707389, GDP, and tubulin residues that interact with and/or surround the binding
sites of the compounds are shown as thicker sticks than the remainder of the visible

residues. All oxygen atoms are red and nitrogen dark blue. Y ellow dashed linesindicate
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predicted hydrogen bonds. In C and D, Connolly surfaces of the tubulin subunits are
shown to emphasize the depth of binding and high level of desolvation achieved by the
proposed binding modes for both halichondrin B and NSC 707389.

Fig. 9. Steric collapse of the vinblastine site after halichondrin B/NSC 707389 binding.
All colors are as described in the legend for Figure 7. A and B show Connolly surfaces
of the vinblastine binding site, with and without the drug, respectively. For comparison,
C shows the steric collapse of the vinblastine binding site that occurs when either

halichondrin B or NSC 707389 are docked at their predicted binding site.
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Tablel

NSC 707389 does not stabilize the colchicine binding activity of tubulin

Each final 100 ul reaction mixture contained, as described by Ludueia et al. (1989), 3.7
UM tubulin, 57 uM [°H]colchicine, 0.1 M Mes (pH 6.4 with NaOH in 1 M stock
solution), 0.1 mM EDTA, 1 mM GTP, 0.5 mM MgCl,, 1 mM 2-mercaptoethanol, 1 mM
EGTA, 5% (v/v) dimethyl sulfoxide, and an additional compound, as indicated, at 40
uM. The preincubation, if performed, was for 3 h a 37°C. At this point the
[®H]colchicine was added to the preincubated reaction mixtures. Incubation was for 2 h

at 37°C. Average results from two experiments presented in triplicate are presented.

Drug added No preincubation Preincubation

Colchicine bound (% relative to nonpreincubated control)

None 100 50
NSC 707389 109 61
Halichondrin B 117 56
Maytansine 115 55
Dolastatin 10 128 133
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Table2

Effects of halichondrin B and NSC 707389 on human tumor and endothelial cell growth

Cdlls were grown for 72 h in suspension culture or 48 h in monolayer culture. Cellsin
suspension cultures were counted at zero time and at the end of the incubation, with the
ICso defined as the compound concentration that reduced increase in cell number by 50%
to cultures without drug. Cell growth in monolayer cultures was measured by increasein
cell protein, using the sulforhodamine B stain. Average results from at least two

experiments are presented.

Cel line Halichondrin B NSC 707389 |Cs0 (NSC 707389)
ICso (halichondrin B)
------- ICso (NM) £ SD - - - - - - -

CA462 0.30+0.1 0.70+0.1 2.3
CCRF-CEMP 0.90+ 0.1 25 +05 2.8
K-562° 90 +1 30 +3 3.3
MOLT-4° 0.20+0.1 0.45 + 0.07 2.3
RPM-8226" 0.30+0.1 0.40+0.2 1.3
MCF7°¢ 0.30° 1.0° 3.3
pC-3% 0.28 + 0.09 0.83+0.2 3.0
NCI-H522%9 0.12+0.03 0.60+ 0.3 5.0
HUVECS 0.068 + 0.01 1.7 +£05 25
HMVEC-LY 049 + 0.1 23 +10 47
HAECY 0.070 + 0.04 36 + 2 51

®Human Burkitt lymphoma line, grown in suspension culture. ®Human leukemia line,
grown in suspension culture. “Human breast carcinoma line. 9Grown in monolayer

culture. °The same value was obtained in two experiments. 'Human prostate carcinoma

line. Human non-small cell lung carcinoma line. "Human umbilical vein endothelial
cells. "Human lung microvascular endothelial cells. 'Human aortic endothelial cells.
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