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Abstract

Resveratrol has been reported to possess cancer pre-
ventive properties. In this study, we analyzed anti-tu-
mor activity of a newly synthesized resveratrol analog, 
cis-3,4',5-trimethoxy-3'-hydroxystilbene (hereafter call-
ed 11b) towards breast and pancreatic cancer cell lines. 
11b treatments reduced the proliferation of human 
pancreatic and breast cancer cells, arrested cells in the 
G2/M phase, and increased the percentage of cells in 
the subG1/G0 fraction. The 11b treatments also in-
creased the total levels of mitotic checkpoint proteins 
such as BubR1, Aurora B, Cyclin B, and phosphory-
lated histone H3. Mechanistically, 11b blocks micro-
tubule polymerization in vitro and it disturbed micro-
tubule networks in both pancreatic and breast cancer 
cell lines. Computational modeling of the 11b-tubulin 
interaction indicates that the dimethoxyphenyl group 
of 11b can bind to the colchicine binding site of tubulin. 
Our studies show that the 11b treatment effects occur 
at lower concentrations than similar effects associated 

with resveratrol treatments and that microtubules may 
be the primary target for the observed effects of 11b.  
These studies suggest that 11b should be further ex-
amined as a potentially potent clinical chemothera-
peutic agent for treating pancreatic and breast cancer 
patients. 
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Introduction

Numerous agents have been clinically tested as 
potential treatments for pancreatic cancer, one of 
the most life-threatening neoplasms. Due to late 
diagnosis and poorly understood carcinogenic me-
chanisms, adequate treatments for pancreatic can-
cer are not yet available (Lockhart et al., 2005; 
Jimeno and Hidalgo, 2006; Kim and Saif, 2007). 
Pancreatic cancer is also highly resistant to many 
currently available chemotherapies and to radio-
therapy (Lockhart et al., 2005). In addition, although 
some neoadjuvant therapies have been tried in 
pancreatic cancer patients; for example, combining 
conventional external beam radiation with various 
combinations of anti-tumor drugs (e.g., 5-fluoro-
uracil, gemcitabine, and paclitaxel) (Ishii et al., 
1997; Epelbaum et al., 2002; Rich et al., 2004), no 
significant improvement in long-term survival has 
been observed (Kim and Saif, 2007).
    In breast cancer, there are several options for 
neoadjuvant chemotherapy, even for locally advan-
ced invasive stage tumors. Radiotherapy and some 
combinations of bevacizumab, docetaxel, doxoru-
bicin, and cyclophosphamide have shown good 
efficacy (Buzdar, 2007). However, since individual 
breast cancers are themselves heterogeneous and 
since some portion of many individual breast tumors 
can be resistant to existing anti-tumor agents, there 
is no current "gold standard" treatment (Buzdar, 
2007). Thus, additional therapeutic regimens need 
to be examined, and new patient-specific drugs 
need to be developed.
    Resveratrol, trans-3,5,4'-trihydroxy-trans-stilbene, 
is a natural polyphenol with potent cancer preven-
tive properties (Jang et al., 1997). It can modulate 
multiple cellular processes, including apoptosis, 
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Figure 1. Structures of trans-resveratrol and 11b. 11b is a chemically 
synthesized resveratrol analog, in which substituents are introduced at 
positions 3, 4' and 5 with a methoxyl functional group.

cell cycle progression, inflammation, and angioge-
nesis (Athar et al., 2007). Resveratrol has some 
structural similarities to diethylstilbene, a synthetic 
estrogen. Recent studies showed that resveratrol 
can modulate cell signaling in metastatic breast 
cancer cells through the estrogen receptor (Le 
Corre et al., 2005; Azios et al., 2007). In addition, 
resveratrol treatments reduced metastasis in a 
HER2 transgenic mammary tumor mouse model 
(Provinciali et al., 2005). Resveratrol also inhibited 
proliferation in two human pancreatic cancer cell 
lines, PANC-1 and AsPC-1, in a dose and time 
dependent manner (Ding and Adrian, 2002). 
However, resveratrol does not always kill tumor 
cells ; for example, it failed to significantly reduce 
the size of N-nitrosobis (2-oxopropyl) amine indu-
ced tumors or block tumor formation in a hamster 
pancreatic carcinogenesis model (Kuroiwa et al., 
2006). However, cis-3,4',5-trimethox-3'-hydroxystil-
bene (11b), a synthetic analog of resveratrol, 
showed greater anti-proliferative and pro-apoptotic 
activity than resveratrol in HL60 promyelocytic 
leukemia cell culture experiments (Roberti et al., 
2003). Therefore, we determined whether 11b might 
be potentially useful for preventing and/or treating 
human pancreatic and breast cancers. In this 
study, we characterized the anti-proliferation activi-
ties of 11b on pancreatic and breast cancer cell 
lines and determined whether these effects are 
associated with the effects of 11b on microtubule 
dynamics (i.e., polymerization or depolymerization).   

Results

Structure of 11b

A resveratrol analog, 11b, was synthesized as we 
previously described (Roberti et al., 2003). 11b is a 
cis-stilbene with three OCH3 groups at positions 3, 
4' and 5 and one OH group at the 3' position, while 
resveratrol is a trans-stilbene with three OH group 
at positions 3, 4' and 5 (Figure 1). 

Effects of 11b on the viability of pancreatic and breast 
cancer cell 

Three human pancreatic cell lines (PANC-1, AsPC-1, 
Colo-357) were exposed to different dose of res-
veratrol and 11b for 24 h. Resveratrol had relatively 
small effects on the viability, of PANC-1 cells (83% 
survival) and AsPC-1 cells (78%), even at 50 μM, 
the highest dose (Figure 2A) but had somewhat 
larger effects on Colo-357 viability (53% in 50 μM,  
P ＜ 0.001). The viabilities of all three cell lines 
were significantly less when treated with 11b than 
when treated with the same concentrations of 

resveratrol and were dose dependent. For exam-
ple, 1 μM of 11b reduced the viability of PANC-1 
and Colo-357 to 57% and 63%, respectively and 
50 μM of 11b reduced the viability of PANC-1, 
AsPC-1, and Colo-357 to 8%, 23%, and 7%, res-
pectively. Survival of breast cancer cells (MCF-7 
and MDA-MB-231) was also more significantly 
affected by 11b than by resveratrol (Figure 2B). 
Thus, 1 μM of 11b reduced the viability of MCF-7 
and MDA-MB-231 cell to 43% and 57%, respec-
tively, whereas incubation with 1 μM resveratrol did 
not detectably affect the viability of either MCF-7 
(99%) or MDA-MB-231 (102%) cells. 

Effect of 11b on cell cycle progression

In order to assess the effect of 11b on cell cycle 
progression, we performed FACS analysis of cells 
after propidium iodide (PI) staining of cellular DNA. 
The cell cycle profiles of MDA-MB-231 (Figure 3A) 
and PANC-1 (Figure 3C) changed significantly 
after incubation with 10 μM of 11b for 24 h. In the 
diploid populations, the proportion of cells in the 
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Figure 2. Effects of resveratrol and 11b on the survival of human pancreatic and breast cancer cells. (A) The viability of pancreatic cancer cell lines, 
PANC-1, AsPC-1, and Colo-357, was measured after 24 h treatments with 0, 1, 5, 10, 25, and 50 μM resveratrol or 11b. (B) The viability of breast cancer 
cell lines, MCF-7 and MDA-MB-231, was measured after 24 h treatments with 0, 1, 5, and 10 μM of resveratrol or 11b. The data is representative of three 
independent experiments. The two-tailed Student t test was used for statistical analysis and the symbol (*P ＜ 0.001) in the figure indicates statistically 
significant differences from cells treated with the same concentrations of resveratrol. 

G2/M DNA population increased from 11% to 98% 
in MDA-MB-231 (Figure 3B), and from 10% to 88% 
in PANC-1 (Figure 3D). On the other hand, the G1 
phase decreased from 63% to 2% in MDA-MB-231 
and from 56% to 12% in PANC-1 cells. There were 
no S phase cells observed after treating either cell 
line with 11b for 24 h. The sub-G0/G1 fraction 
increased 40.7-fold in MDA-MB-231 cells (Figure 
3A) and 7.2-fold in PANC-1 cells (Figure 3C) after 
treatments with 10 μM 11b for 24 h. 

Elevation of mitotic checkpoint proteins expression

In order to test whether these 11b treatment effects 
were associated with mitotic cell cycle arrest, we 
looked for changes in the mobility of several mitotic 
checkpoint proteins by standard Western blot ana-
lysis. The mobility of BubR1 shifted in 11b-treated 
MDA-MB-231 cells while the mobility of about half 
of the BubR1 in PANC-1 cells had shifted following 

treatments with 5 μM 11b (Figure 4). Incubation of 
the cell lysates with lambda phosphatase before 
electrophoresis completely eliminated these mobi-
lity shifts, suggesting that a significant fraction of 
the total BubR1 protein is phosphorylated in 11b 
treated cells. This finding suggests that the 11b 
treatments are activating at least one mitotic 
checkpoint (Chen, 2002). We found that histone 
H3 was also phosphorylated by these 11b treat-
ments (Figure 4). Phosphorylation of histone H3 is 
required for proper sister chromatid segregation 
(Wei et al., 1999). The amounts of the Aurora 
kinase, a mitotic spindle checkpoint kinase (Adams 
et al., 2001) that is important during the mitotic- 
phase phosphorylation of histone H3 at Ser-10 
(Ota et al., 2002) were elevated in these 11b 
treated cells (Figure 4). In addition, the 11b treat-
ments also significantly increased Cyclin B protein 
levels in both cell lines (Figure 4). Cyclin B is a key 
regulator of the cell cycle that controls the G2/M 
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Figure 3. Flow cytometric analysis 
of MDA-MB-231 and PANC-1 cells. 
Cells were treated with 10 μM 11b 
for 24 h and then stained with propi-
dium iodide (PI). Cell cycle dis-
tributions of MDA-MB-231 (A) and 
PANC-1 cells (C) were analyzed us-
ing FACS and the proportion of 
stained cells in the G1, S and G2/M 
phases in MDA-MB-231 (B) and 
PANC-1 cells (D) were  measured. 

transition (Sanchez and Dynlacht, 2005). These 
protein level and protein phosphorylation effects, 
combined with the FACS cell cycle results, suggest  
the hypothesis that 11b treatments arrest proli-
ferating MDA-MB-231 and PANC-1 cells in meta-
phase and that well-known cell cycle regulatory 
proteins are likely to be involved in this cell cycle 
arrest.

11b treatments inhibit microtubule polymerization

Since 11b treatment resulted in cell cycle arrest 
and increased mitotic checkpoint protein levels 
and/or phosphorylation, we tested whether these 
11b treatments might also interfere with micro-
tubule assembly as other chemotherapeutic agents 
(taxanes or vinca alkaloids). Microtubule assembly 
was measured by the change of absorbance at 

340 nm during 40 min reactions at 37oC. Severely 
reduced in vitro microtubule polymerization was 
observed with both 10 and 50 μM of 11b (Figure 5). 
In the absence of 11b, absorbance reached a 
plateau of OD 0.232 at 14 min. In contrast, 11b 
treatment slowed both the rates of increase in OD 
and the maximum ODs obtained, 0.083 for 10 μM 
of 11b and 0.036 for 50 μM of 11b after 40 min. 
Incubation with nocodazole, a well-characterized 
microtubule inhibitor, also reduced both the reac-
tion rate and maximum OD (0.075). 
    We also observed severe alterations of the mi-
totic microtubule network in PANC-1 and MCF-7 
cells treated with 11b. Control cells, without any 
treatments, exhibited the network staining pattern 
of normal microtubules (Figure 6A and G). Paclitaxel 
(1 μM), a tubulin stabilizing agent, promoted the 
formation of large microtubule bundles (Figure 6B 
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Figure 4. Effects of 11b on G2/M transition-related proteins. MDA-MB- 
231 and PANC-1 cells were incubated with or without 5 μM 11b for 24 h. 
Western blots were performed with anti-BubR1, anti-phospho-histone H3, 
anti-Aurora B and anti-cyclin B antibodies. Lambda phosphatase (LP, 
100 units) was used for dephosphorylation of BubR1.

Figure 5. Inhibition of tubulin polymerization. In vitro tubulin polymer-
ization assays were performed for 40 min at 37oC in the presence of 
0.5% DMSO (the negative control), 10 μM nocodazole (the positive con-
trol), and 5 μM or 10 μM 11b. The kinetics and extent of tubulin polymer-
ization was monitored by measuring optical density at 340 nM every two 
minutes. Data are means ± SE from three independent experiments. 

and H), while nocodazole (10 μM), a tubulin depo-
lymerzing agent, decreased microtubule amounts 
and/or density (Figure 6C and I). As expected from 
our in vitro microtubule polymerization experi-
ments, treating cells for 3 h with either 5 μM 11b 
(Figure 6E and K) or 25 μM of 11b (Figure 6F and 
L) disrupted the microtubule network and decrea-
sed microtubule density. Incubation with 25 μM of 
resveratrol did not detectably alter the microtubule 
network of either the breast cancer or the pan-
creatic cancer cell lines (Figure 6D and J).

Simulated docking of 11b into the colchicine binding 
site of tubulin 

Molecular modeling studies, with docking simulat-
ions, were conducted to explore the interaction of 
11b with tubulin. Docking simulations were pro-
duced using several potential binding conforma-
tions of 11b. All low-energy conformations of 11b 
were compared with the bound conformation of 
DMA-colchicine as determined from the crystal 
structure (PDB: 1SA0). The docking procedure 
was further validated by comparing the binding 
mode obtained by docking known tubulin polymeri-
zation inhibitors, including DMA-colchicine, podo-
phyllotoxin, and combretastatin A-4. The results 
were quantified in terms of both lowest estimated 
energy of binding and RMSD between the binding 
conformation predicted by our model and others 
reported previously (Bai et al., 1996; Nogales et al., 
1998; Ravelli et al., 2004; Kong et al., 2005; 
Lawrence and McGown, 2005). In this docking si-
mulation, we found that the dimethoxyphenyl moiety 
of 11b was positioned similarly to that of the trime-
thoxyphenyl group of DMA-colchicine with an RMSD 
deviation of 0.71Å. This molecular conformation of 

11b was chosen as an initial binding conformation 
for further molecular dynamics simulations. 
    Docking of inhibitors in a rigid protein binding 
site derived from a complex with another ligand 
may not predict correct binding mode due to the 
induced fit effect. Hence we further refined the 
binding mode of 11b using MD simulations. Initially, 
tubulin-11b complex was subjected to energy mini-
mization to relieve any bad contacts. The minimi-
zed structure was then used for a MD simulation 
run of 200 ps, performed in the NVE ensemble. 
Since α,β-tubulin heterodimer is large, during the 
simulation, residues within 15Å of the ligand were 
allowed to move, whereas all other residues were 
kept fixed. Low-energy minimum structures were 
collected every 10 ps, giving a total of 20 struc-
tures and these are used for analysis. To evaluate 
the readjustment of the active site residues in the 
calculated tubulin-11b complexes, the RMSD bet-
ween starting tubulin-11b complex and simulated 
tubulin-11b complex was determined. In the case of 
backbone atoms superimposition, the RMSD was 
lower than 0.4Å, whereas for side chains, the 
maximum RMSD found was approximately 0.95Å. 
These data show that ligand-induced conforma-
tional changes were minimal and more pronounced 
for side chains than for the polypeptide backbone. 
    Finally, the global energy minimum of the 20 low 
energy minimum structures was selected as the 
preferred binding model. As seen Figure 7, the 
three-dimensional arrangement of the dimethoxy-
phenyl moiety of 11b occupies the space similar to 
that of the trimethoxyphenyl group of the bound 
DMA-colchicine. This overlapping ensemble was 
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Figure 7. Molecular modeling of interaction of 11b with tubulin. The im-
age shows overlayered binding models of both 11b and colchicine with 
α,β-tubulin. The polypeptide backbone of α,β-tubulin is rendered as a 
wire model (light blue). The interactive residue side chains of α,β-tubulin 
that bind colchicine at the colchicine site are colored magenta in stick 
rendering. The 11b and colchicine atoms are also shown in stick render-
ing, with the carbon atoms of bound colchicine colored blue. The oxygen 
atoms of 11b are colored red and the carbon atoms of 11b are colored 
green. The black broken line identifies one potential intermolecular hy-
drogen bond between 11b and α,β-tubulin. 

Figure 6. Immunofluorescent stain-
ing of microtubules in PANC-1 (A-F) 
and MCF-7 (G-L) cells. Cells treated 
for 3 h with 0.5% DMSO (A and G), 
1 μM paclitaxel (B and H), 10 μM 
nocodazole (C and I), 25 μM resver-
atrol (D and J), 5 μM 11b (E and K), 
and 25 μM 11b (F and L), were 
stained with a β-tubulin antibody 
(green) and propidium iodide (red).

buried in the α,β-tubulin structure near the Leuβ238, 
Leuβ242, and Valβ318 (Figure 7). Analyses of 20 
lowest-energy minima of 11b-tubulin complex re-
vealed a potential H-bond interaction with Val-α181 
as opposed to the starting complex structure. This 
corroborates the induced fit effect upon ligand 
binding to the tubulin and also suggests that, 
although ligand-induced conformational changes 
are minimal, such changes can be critical to the 
protein active site side chains during ligand binding. 
The molecular elements of the ligand connected to 
dimethoxyphenyl group of 11b were positioned in a 
slightly different location in the binding site than the 
molecular elements of DMA-colchicine relative to 
the trimethoxyphenyl group due to the non-planar 
nature of 11b. The dimethoxyphenyl moiety was 
buried well inside the hydrophobic pocket contai-
ning Val-β238, Cys-β241, Leu-β242, Leu-β248, Leu- 
β255, and Val-β318. Dimethoxy group of this mo-
iety is oriented in such a way to form favorable 
hydrophobic interactions with the hydrophobic side 
chains of β-tubulin located above and below the 
plane of the phenyl ring. 
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Discussion

According to Roverti et al. (2003), 11b is more 
cytotoxic than resveratrol for HL60 premyelocytic 
leukemia cells. The anti-proliferative activity (IC50) 
and apoptotic-inducing activity (AC50) of resveratrol 
towards HL60 cells was 5 ± 0.9 μM and 50 ± 8.2 
μM, respectively. In contrast, the IC50 and AC50 
values of 11b were at least 10-fold lower, 0.3 ± 
0.001 μM for IC50 and 0.04 ± 0.0045 μM for the 
AC50 value (Roverti et al., 2003). Here, using cell 
lines derived from two other types of cancers, we 
found that resveratrol also had significantly less 
cytotoxic activity than 11b.
    This study is the first to report that 11b is 
superior to resveratrol for killing and/or inhibiting 
the growth of breast and pancreatic cancer cell lines. 
These effects of 11b are likely to be related to the 
ability of 11b to disrupt microtubule polymerization 
in vitro. Simulations of the molecular docking bet-
ween α,β-tubulin and either colchicine or 11b su-
ggest that the dimethoxyphenyl group of 11b could 
occupy almost exactly the same space as the 
trimethoxyphenyl group of colchicine. In addition, 
since the hydroxyl group of 11b could potentially 
form an H-bond with Val-α181 of tubulin (Figure 7), 
our simulations suggest a mechanistic explanation 
for the greater potency of 11b (i.e., resveratrol does 
not form H-bonds in our binding pocket simula-
tions). In our simulation 11b is buried in the hydro-
phobic cavity created by three tubulin residues, 
Leuβ238, Leuβ242, and Valβ318 (Figure 7). En-
sembles of 11b revealed H-bond interaction with 
Val-α181 due to the induced fit effect upon ligand 
binding, which suggests that ligand-induced con-
formational changes can be critical to the protein 
active site side chains during ligand binding. Thus, 
the dimethoxyphenyl moiety buried deep into the 
hydrophobic pocket can make interactions with β- 
tubulin similar to the interactions identified for the 
trimethoxyphenyl moiety of DMA-colchicine. 
    Our results also suggest that the molecular level 
effects of 11b described here, binding to tubulin, 
inducing changes in the tubulin structure and increa-
sing the expression and/or phosphorylation of 
mitosis checkpoint protein such as BubR1, p-HH3, 
Aurora B, and Cyclin B, may at least partially 
explain the biological effects of 11b on breast and 
pancreatic cancer cells. That is, it has been pre-
viously shown that defects in microtubule polyme-
rization prevent microtubules from attaching to cen-
tromeres during metaphase (Weaver and Cleve-
land, 2005) and that the absence of normal centro-
mere-microtubule interactions activates mitotic che-
ckpoint proteins, resulting in a block of cell cycle 
progression into anaphase and failure to form 

anaphase-promoting complex (Weaver and 
Cleveland, 2005). Although our data does not 
allow us to decide which of the biochemical effects 
of 11b described here, blocking microtubule poly-
merization or inducing/activating cell cycle check-
point proteins, is the primary effect, numerous 
studies suggest that blocking microtubule polyme-
rization activates cell cycle checkpoints (reviewed 
in Cuschieri et al., 2007). 
    The results of our study are also consistent 
published studies suggesting that apoptosis path-
ways can be activated by treatments with agents 
that block microtubule polymerization (Ikegami et 
al., 1997; Gorman et al., 1999). Our studies found 
that treatments with low concentrations of 11b 
caused 98% (MDA-MB-231) and 88% (PANC-1) of 
live cells (excluding sub-G0/G1 fraction) to 
accumulate at the G2/M transition. Long-term arrest 
of cells in the M phase is known to drive cells to 
apoptotic cell death mediated by Bax, PARP, and 
caspase-3 (Tao et al., 2005). In this study, we 
found that 11b treatments caused 57% (MDA-MB- 
231) and 86% (PANC-1) of total cells to accumu-
late at a position of hypoploid fraction, indicative of 
apoptosis, in a standard FACS analysis. However, 
our study does not provide direct evidence that the 
increased cells in sub-G0/G1 fractions are apop-
totic cells.    
    In these studies, we showed that 11b has greater 
activity than resveratrol for blocking microtubule 
polymerization in vitro, for blocking in vivo cell 
proliferation and for promoting cell death. Further 
study of the effects of and mechanism(s) involved 
in 11b-caused cytotoxicity, especially in appropriate 
animal models are warranted to determine if this 
resveratrol derivative may have potential in humans, 
either as a chemopreventive agent for pancreatic 
cancer or as an anti-tumor agent for breast cancer. 

Methods

Cell culture 

Human pancreatic cancer cell lines were cultured in either 
DMEM (PANC-1) or RPMI 1640 media (AsPC-1 and Colo- 
357) supplemented with 10% FBS. Human breast cancer 
cell lines, MCF-7 and MDA- MB231, were cultured in DMEM 
supplemented with 5% FBS. All cell culture reagents were 
purchased from BioWhittaker, Inc. (Walkersville, MD).

Cell viability assay

Cell survival was determined by MTT assays as previously 
described (Bae et al., 2004). Cells were seeded in 96-well 
plates at densities of 3 × 104 cells per well, grown 
overnight, treated with different concentrations of 11b or 
resveratrol for 24 h and then assayed for MTT dye 
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reduction. Cell viability values were calculated as a percen-
tage of the control cells (100%) and expressed as means 
± SE for three independent experiments.

Cell cycle analysis

MDA-MB-231 and PANC-1 cells were cultured with or 
without 10 μM of 11b for 24 h, detached with trypsin/EDTA 
buffer, harvested, washed with cold PBS, and fixed with 
70% ethanol for 30 min at 4oC. The fixed cells were treated 
with DNA staining solution (3.4 mM Tris-Cl (pH 7.4), pro-
podium iodide, 0.1% triton X-100 buffer and 100 μg/ml 
RNase A). These samples were then analyzed with 
FACSort (Becton Dickson, San Jose, CA) at the Flow 
Cytometry and Cell Sorting Core Facility of Georgetown 
University Medical School. Cell cycle distributions were 
determined using Modfit software (Verity Softwarehouse, 
Topsham, ME). At least 20,000 events were collected and 
analyzed for each measurement, as previously described 
(Bae et al., 2005).

Western blot analysis

MDA-MB-231 and PANC-1 cells were cultured with or 
without 5 μM of 11b for 24 h, and lysed in a buffer (50 mM 
Tris-Cl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40). The 
proteins in total cell extracts were separated on SDS- 
PAGE gels, Western blots were prepared as described in 
Kim et al. (2006) and then analyzed using anti-BubR1 
mouse monoclonal antibody (BD Bioscience Inc., Bedford, 
MA), anti-phospho-histone H3 (Cell Signaling Technology, 
Inc., Boston, MA), anti-Aurora B, anti-Cyclin B (Abcam, 
Inc., Cambridge, MA) and anti-β actin (Santa Cruz Biote-
chnology Inc., Santa Cruz, CA) as the primary antibodies.  
The membranes were then incubated for 1 h at room 
temperature with HRP-conjugated secondary antibodies. 
Membrane bound secondary antibodies were visualized by 
enhanced chemiluminescence (ECL) (Santa Cruz Biote-
chnology) detection kits. 

Tubulin polymerization assay

Tubulin polymerization was analyzed with a tubulin poly-
merization assay kit from Cytoskeleton, Inc. (Denver, CO). 
Assays were performed according to the manufacturer’s 
protocol. Reaction mixtures containing 10 mg/ml of tubulin 
in the presence of 10 μM nocodazole and 10 μM or 50 μM 
11b were placed in quartz cuvettes and incubated at 37oC. 
The turbidity resulting from the polymerized tubulin was 
measured every two minutes as absorbance at 340 nm, 
using an ultra 384 spectrophotomer (Tecan, Research 
Triangle Park, NC) at the Macromolecular Analysis Core 
Facility of Georgetown University Medical School. 

Immunofluorescence staining

PANC-1 cells, cultured on poly-D-lysine coated coverslips 
(BD Bioscience, Bedford, MA), were incubated for 3 h with 
or without 10 μM nocodazole and either 10 μM or 50 μM of 
11b. Cells were then washed with PBS, fixed with 4% 
paraformaldehyde for 15 min, and permeabilized with 0.5% 

Triton X -100 for 5 min. Cells were then incubated with 
monoclonal anti β-tubulin antibody (Sigma, St. Louis, MO) 
for 1 h, washed in PBS, and incubated with Alexa-fluor 488 
conjugated goat anti-mouse IgG (Molecular Probes, 
Eugene, OR) and propidium iodide. Fluorescence images 
were taken with a fluorescence microscope (Olympus). 

Molecular modeling and docking simulations

The X-ray crystal structure of α,β-tubulin heterodimers 
complexed with DMA-colchicine and a stathmin fragment 
(PDB: 1SA0) was used for the molecular docking of the 
compound 11b. Inconsistencies between the PDB format 
and the tubulin residues library translation to atomic po-
tential types were corrected manually. First, the 11b ligand 
was constructed using SYBYL8.0 (Tripos, Inc., St. Louis, 
MO) and optimized with MP2/6-31G* basis set using the 
Gaussian 03 quantum mechanical program (Frisch et al., 
2003). Docking experiments were performed with the 
FlexX program (Rarey et al., 1996). In FlexX, all the 
parameters were used in their default settings, except that 
the number of solution conformations was set to 90. The 
best docked geometry for 11b was minimized using 
AMBER9.0 (Case et al., 2006). The minimized complex 
was subjected to 200ps molecular dynamics (MD) simula-
tions to relax the protein-inhibitor complex. MD simulations 
were carried out using the SANDER module of the 
AMBER9.0 simulation package (Case et al., 2006) with the 
PARM98 force-field parameter. The SHAKE algorithm 
(Hanson et al., 2003) was used to keep all bonds involving 
hydrogen atoms rigid. Weak coupling temperature and 
pressure coupling algorithms (Berendsen et al., 1984) 
were used to maintain constant temperature and pressure, 
respectively. MD simulations were performed using 0.001 
picosecond (ps) time steps with temperature set at 300 K. 
Electrostatic interactions were calculated with the Ewald 
particle mesh method (Darden et al., 1993) with a dielectric 
constant at 1Rij and a nonbonded cutoff of 12 Å for the real 
part of electrostatic interactions and for van der Waals' 
interactions. 
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