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Abstract—A novel mono-THF containing synthetic anticancer drug, COBRA-1, was designed for targeting a previously unrecog-
nized unique narrow binding cavity on the surface of a-tubulin. COBRA-1 inhibited GTP-induced tubulin polymerization in cell-
free tubulin turbidity assays. Treatment of human breast cancer and brain tumor (glioblastoma) cells with COBRA-1 caused
destruction of microtubule organization and apoptosis. Like other microtubule-interfering agents, COBRA-1 activated the pro-
apoptotic c-Jun N-terminal kinase (JNK) signal transduction pathway, as evidenced by rapid induction of ¢-jun expression. © 2000

Elsevier Science Ltd. All rights reserved.

Microtubules are cytoskeletal polymers formed by the
parallel association of protofilaments, linear polymers
of ap-tubulin heterodimers. Microtubules play a pivotal
role in mitotic spindle assembly and cell division.!™
Recently, the structure of the «ff tubulin dimer was
resolved by electron crystallography of zinc-induced
tubulin sheets.® According to the reported atomic model,
each 46x40x65 A tubulin monomer is made up of a 205
amino acid N-terminal GTP/GDP binding domain with
a Rossman-fold topology typical for nucleotide-binding
proteins, a 180 amino acid intermediate drug-binding
domain comprised of a mixed B sheet and five helices
that contains the binding sites for both taxol and vinca
alkaloids, and a predominantly helical C-terminal
domain implicated in the binding of microtubule-asso-
ciated protein (MAP) and motor proteins.>> The struc-
tures of a- and B-tubulin are essentially identical except
a-tubulin has a longer S(B-strand)9-S10 loop (in red and
pink, Fig. 1) on the inside surface due to an 8 amino
acid insertion (Fig. 1, in red), that may stabilize the M-
loop (residues 279-287, colored in yellow; see Fig. 1)
which plays a very important role for the lateral inter-
action between parallel protofilaments.” The nucleation
and organization of microtubules at the y-tubulin® con-
taining microtubule organizing centers plays a critical
role for their dynamic instability® and cellular function.
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Microtubules are attached to the microtubule organiz-
ing centers via the a-subunits at their minus ends.
Because of the continued presence of GTP in a-tubulin
and the stabilized M-loop, the last lateral contact
between the a-tubulin subunits at the minus end is very
strong.” Currently available tubulin binding anticancer
drugs, including new taxol derivatives and epothilones,
interact with B-tubulin and have no effect on microtubule
minus ends.'? Furthermore, cancer cells with an altered
B-tubulin expression profile may be resistant to these
agents.!!

In a systematic search for novel drug binding pockets
within the intermediate domain of tubulin, we recently
discovered a previously unidentified region with a
remarkable abundance of leucine and isoleucine resi-
dues which could provide a highly hydrophobic binding
environment for small molecule organic compounds.!?
Notably, this unique region, which is located near the
S9-S10 loop of a-tubulin (or part of the taxol binding
site of B-tubulin), contains a narrow cavity with elon-
gated dimensions which could accommodate a fully
stretched aliphatic chain with a length of up to 12 carbon
atoms (Fig. 1). The enclosure of this putative binding
cavity in g-tubulin (but not B-tubulin) is provided in
part by the S9—S10 loop (residues 361-368).

A comprehensive structure search of the organic com-
pound files in the Parker Hughes Cancer Center (PHCC)
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Figure 1. A ribbon representation of the a-tubulin structure (blue) and
a space-filling model of the compound COBRA-1 (green and white)
which was docked into the binding site of a-tubulin, based on the
electron crystallographic structure of tubulin.® Most of the residues in
the binding site are identical for o and B tubulin. The binding site on o
tubulin has an eight amino acid insertion (residues 361-368, colored in
red) which provides additional hydrophobic contact and constitutes
the major difference from the taxol binding site on B-tubulin. The
compound COBRA-1 forms extensive interactions with the leucine/
isoleucine-rich region near the S9-S10 loop (red and pink) on a-
tubulin. The M-loop is colored in yellow and GTP binding site is
indicated. The figure was prepared by Molscript and Raster3-D.!7-1°

Drug Discovery Program led to the identification of a
novel mono-THF containing synthetic anticancer drug
(WHI-261) as the first enantiomerically pure prototype
compound targeting this unique binding cavity in o-
tubulin.!?> This compound was designated COBRA-0
because of its mono-THF head portion attached to a
long aliphatic chain resembling the shape of a cobra
(Fig. 2.). The C;, aliphatic side chain of COBRA-0 is
capable of forming hydrophobic interactions with this
leucine-rich binding cavity of tubulin. The THF moiety
with two flagging hydroxy groups of COBRA-0 further
enhanced the interactions between COBRA-0 and the
novel binding cavity of tubulin by forming hydrogen
bonding interactions with the Asn226 residue of tubu-
lin. The THF binding region is more hydrophilic and
compatible with the hydroxyl group and oxygen atom
of the THF ring. Our modeling studies indicated that
the THF binding region is relatively exposed and more
forgiving in accommodating different substitutents on
the THF ring at the opposite side of the long chain.!?

In a systematic effort aimed at identifying a simple
methodology required for an efficient and flexible syn-
thetic entry into the COBRA system that will allow
the preparation of related cytotoxic compounds, we
explored the addition of a substituent to the primary
alcohol carbon of COBRA-0 as shown in COBRA-1
(Fig. 2). The new compound COBRA-1 maintained all
of the favorable binding features of COBRA-0 for the
COBRA binding pocket of a-tubulin and displayed the
same tubulin depolymerizing and apoptosis-inducing
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Figure 2. A schematic drawing of COBRA-1 interacting with protein
residues in the target binding pocket of a-tubulin.

properties as COBRA-0. COBRA-1 provides the opportu-
nity for future modifications due to its newly added double
bond. Herein, we report the modeling design, synthesis and
bioactivity of this novel epoxy-THF containing syn-
thetic compound as a new tubulin depolymerizing anti-
cancer agent. Also provided is unprecedented evidence
that COBRA-1 activates the pro-apoptotic c-Jun N-term-
inal kinase (JNK) signal transduction pathway, as evi-
denced by rapid induction of c¢-jun expression.

The enantiomerically pure THF-epoxide 1, which was
synthesized in a straightforward fashion from the com-
mercially available tridecanal 2 in 11 steps with an overall
yield of 24%,'3 was reacted with allylmagnesium bromide
to form COBRA-1 (Scheme 1).'* COBRA-1 was docked
into the putative binding pocket near the taxol binding
site of B-tubulin and the same region of a-tubulin using
the Affinity module within the INSIGHTII program.
This binding pocket has approximate dimensions of
6x22x7 A (Fig. 1). The long aliphatic chain of COBRA-
1 can interact with the leucine and isoleucine residues 23,
209, 212, 217, 219, 234, 231, 230, 368 and 276 (Fig. 2).
Additionally, the THF rings of COBRA-1 can form
favorable interactions with tubulin via hydrogen bonds
with residue Asn226 on o tubulin. The results of our
molecular modeling and docking studies!’ indicated
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Scheme 1. Synthesis of COBRA-1.
that COBRA-1 would fit much better the binding cavity 0.15-
on a-tubulin than the corresponding region on B-tubu- '
lin because of an enclosure on the target binding cavity
which is provided in part by the S9-S10 loop in o-
tubulin (residues 361-368), which is not present in B-
tubulin. COBRA-1 has a total molecular surface area of
350 A? (defined by Connolly!'®), approximately 256 A? 0.01-

of which is in contact with the binding pocket on o
tubulin based on our calculations.

Our molecular modeling studies indicated that COBRA-
1 interacts with the S9—S10 loop on a-tubulin and may
therefore destabilize the adjacent M-loop, which is other-
wise well positioned for the strong lateral contact with
neighbouring subunits. The destabilization of the M-loop
on a-tubulin by COBRA-1 is likely to weaken the con-
certed interaction between parallel protofilaments at the
minus ends of the microtubule and disrupt microtubule
dynamics. In accordance with this proposed mode of
action, COBRA-1 inhibited tubulin polymerization in
the presence of GTP (Fig. 3), as measured by cell-free
tubulin turbidity assays.?"

The immediate early response gene c-jun is induced in
response to a diverse set of cytotoxic agents and is directly
involved in the molecular signaling of the final common
pathway of programmed cell death (i.e., apoptosis). c-jun
Induction is triggered by activation of the c-Jun N-terminal
kinase (JNK), which leads to enhanced c-jun transcription
by phosphorylation of Jun at sites that increase its ability to
activate transcription.?! Microtubule-interefering agents,
including paclitaxel, docetaxel, vinblastine, vincristine,
nocodazole, and colchicine have been shown to activate
the JNK/c-jun signaling pathway in human cancer
cells.??> The activation of the JNK/c-jun signaling path-
way results in phosphorylation and inactivation of the
anti-apoptotic protein BCL-2.?* To determine if human
cancer cells show a similar c¢-jun response to COBRA-1
treatment, we treated BT-20 breast cancer cells with 25—
250 uM COBRA-1 for 4 h and examined total RNA
harvested from cells immediately after treatment for
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Figure 3. Effect of COBRA-1 on GTP-Dependent Tubulin Poly-
merization. Bovine brain tubulin (Sigma, St. Louis, MO) was used in
standard turbidity assays to test the effects of COBRA-1 on GTP-
induced tubulin polymerization. COBRA-1 (in 1% DMSO) was added
to tubulin (1 mg/mL, 0.1 M MES, | mM EGTA, 0.5 mM MgCl,, 0.1
mM EDTA, 2.5 M glycerol, 1 pg/mL leupeptin, 1 pg/mL aprotinin,
pH 6.5) followed by stimulation of polymerization with | mM GTP at
2 min and 1 mM taxol at 40 mins. Optical density was measured using
a Becton Dickinson UV spectrophotometer (350 nm) using a thermo-
statted cuvette holder to keep the reaction at 37 °C. Readings obtained
from the spectrophotometer were standardized by subtracting the
background absorbance of the compound in water from the sample
reading following drug addition. COBRA-1 caused partial depoly-
merization of tubulin and inhibited its polymerization in the presence
of GTP. COBRA-1 treated tubulin remained responsive to taxol-
induced stabilization.
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expression levels of ¢-jun mRNA by quantitative North-
ern blot analysis, as previously described.?* As shown in
Figure 4, COBRA-1 exposure increased the level of c-jun
mRNA expression in a concentration-dependent manner
without significantly affecting the B-actin control tran-
script levels, with a maximum stimulation index (as
determined by comparison of the c-jun/B-actin ratios in
vehicle-treated control cells versus COBRA-1 treated
cells) of 8.5 at 250 uM. Similar results were obtained
with U373 glioblastoma cells (data not shown).

Treatment of BT-20 breast cancer and U373 glioblastoma
cells with high micromolar concentrations of COBRA-1
caused destruction of microtubule organization and
apoptosis, as documented by confocal laser scanning
microscopy (Fig. 5).2° These effects are reminiscent of
the pro-apoptotic effects of other tubulin-binding cyto-
toxic agents which disrupt microtubule dynamics.?® At
low micromolar concentrations (1-10 uM), COBRA-1
inhibited the proliferation of BT-20 and U373 cells by
impairing the mitotic spindle assembly which is essential
for cell division (data not shown).

We next examined the cytotoxic activity of COBRA-1
against clonogenic NALM-6 leukemia and PC-3 prostate
cancer cells using standard in vitro clonogenic assays.?’
Cells were treated with 0.1, 1, 10 and 100 uM of COBRA-
1 for 18 h at 37°C/5% CO,, washed, and assayed for
clonogenic growth in methylcellulose cultures, as pre-
viously described.?” Clonogenic growth of NALM-6
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Figure 4. COBRA-1-induced activation of the pro-apoptotic c-jun
signal transduction pathway in human cancer cells. BT-20 human
breast cancer cells were treated with the indicated concentrations of
COBRA-1 for 4 h after which total RNA was extracted. Twenty pg of
total RNA was denatured in formaldehyde/formamide loading dye
(Ambion, Austin, TX) containing 0.2 mg/mL ethidium bromide, at
65°C for 5 min. RNA was then immediately loaded onto a 1% agar-
ose/formaldehyde gel and electrophoresed at 2 V/cm for 2.5 h. The
RNA was transferred to a positively charged nylon membrane by
downward capillary transfer in 20x sodium chloride — sodium citrate
buffer. Northern blot membranes were hybridized to the c-jun probe
radiolabeled by random priming with [o¢*?P] dCTP (3000 Ci/mM)
(Amersham Pharmacia Biotech) overnight at 42°C in Ambion’s
hybridization buffer. Unbound probe was removed by washing at
42°C to a final stringency of 1XSSC/0.1%SDS. Results were visualized
by autoradiography. The blots were then stripped in boiling 0.1% SDS
for 5 min, and rehybridized with the human B-actin probe to normal-
ize for loading differences. The c-jun stimulation indices were calcu-
lated using the GS-525 Phosphoimager System (Bio-Rad) for
quantitative scanning.

and PC-3 cells was not affected by COBRA-1 at con-
centrations <10 pM. Notably, COBRA-1 killed >99%
of clonogenic NALM-6 cells and 91% of clonogenic PC-
3 cells at 10 uM. COBRA-1 abrogated the clonogenic
growth of both cell lines at 100 uM, which corresponds
to >99.9% kill (data not shown).

In conclusion, we used a three-dimensional computer
model of tubulin constructed based upon its recently
resolved electron crystallographic structure for rational
design of a novel mono-THF containing synthetic anti-
cancer drug targeting a unique narrow binding cavity
on the surface of tubulin. Our modeling studies pre-
dicted a high affinity interaction of COBRA-1 with a
unique hydrophobic binding site on tubulin located
between the GDP/GTP binding site and the M-loop.
This unique binding pocket on a-tubulin has elongated
dimensions and was predicted to favorably interact with
the aliphatic side chain of COBRA-1. The modeling
studies also indicated that COBRA-1 is capable of favor-
able interactions with tubulin via hydrogen bonding with
Asn226 residue. Modeling studies of the novel mono-
THF containing synthetic anticancer agent COBRA-1
docked into the target binding site of tubulin revealed
additional sterically available space which could be suc-
cessfully exploited for the design of potentially more
effective analogues of this novel anticancer agent. It is
noteworthy that curacin A, a thiazoline-containing cyto-
toxic natural product from the marine cyanobacterium
Lynbya majuscula that has been reported to interact
with the colchicine binding site?® on tubulin, also con-
tains a long aliphatic chain that shows resemblance to
the aliphatic chain in COBRA-1. However, curacin A
contains a unique header group and a branched, unsa-
turated Cl4 chain that differs from the saturated,
unbranched C12 chain in COBRA-1. These structural
differences between curacin A and COBRA-1 may lead
to different binding conformations upon interaction with
tubulin. Nevertheless, curacin A is structurally more
similar to COBRA-1 than it is to colchicine. Therefore,
this cyanobacterial lipid may exert its cytotoxic activity

200 uM

Figure 5. Cytotoxicity of COBRA-1 against breast cancer and brain
tumor cells as documented by Confocal Microscopy. BT-20 breast
cancer cells and U373 brain tumor cells are large cells with a well
organized microtubule cytoskeleton (A). When treated for 24 h with
COBRA-1 the cells shrink and the microtubules become less orga-
nized. Treatment with 100-200 uM COBRA-1 results in cell death
with nuclear fragmentation and complete loss of microtubule forma-
tion. Green =microtubules, blue=DNA, Bar=20 pum.
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at least in part by interacting with the COBRA-1 bind-
ing site on tubulin.
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