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Abstract  

  Bioassay-guided fractionation was used to isolate the lignan polygamain as the 

microtubule-active constituent in the crude extract of the Mountain torchwood, Amyris 

madrensis.  Similar to the effects of the crude plant extract, polygamain caused dose-dependent 

loss of cellular microtubules and the formation of aberrant mitotic spindles that led to G2/M 

arrest.   Polygamain has potent antiproliferative activities against a wide range of cancer cell 

lines with an average IC50 of 52.7 nM.  Clonogenic studies indicate that polygamain effectively 

inhibits PC-3 colony formation and has excellent cellular persistence following washout.   

Additionally, polygamain is able to circumvent two clinically relevant mechanisms of drug 

resistance, the expression of P-glycoprotein and the βIII isotype of tubulin.  Studies with purified 

tubulin show that polygamain inhibits the rate and extent of purified tubulin assembly and 

displaces colchicine, indicating a direct interaction of polygamain within the colchicine binding 

site on tubulin.  Polygamain has structural similarities to podophyllotoxin and molecular 

modeling simulations were conducted to identify the potential orientations of these compounds 

within the colchicine binding site.  These studies suggest that the benzodioxole group of 

polygamain occupies space similar to the trimethoxyphenyl group of podophyllotoxin, but with 

distinct interactions within the hydrophobic pocket.  Our results identify polygamain as a new 

microtubule destabilizer that appears to occupy a unique pharmacophore within the colchicine 

site of tubulin. This new pharmacophore will be used to design new colchicine site compounds 

that might provide advantages over the current agents.   
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Introduction  

 Microtubule disrupting agents have found excellent utility in the treatment of adult and 

pediatric cancers and new drugs with improved properties continue to achieve FDA approval for 

cancer treatment.  Drugs that target cellular microtubules can be divided into 2 groups, 

microtubule stabilizers and microtubule destabilizers, based on their effects on tubulin 

polymerization and cellular microtubules. Microtubule stabilizing agents promote tubulin 

assembly and increase the density of cellular microtubules, while microtubule depolymerizers 

inhibit tubulin assembly and cause loss of cellular microtubules.  The taxanes and epothilones 

are clinically useful microtubule stabilizers and the microtubule depolymerizing vinca alkaloids 

also have clinical utility.  Colchicine is a microtubule depolymerizer that binds to tubulin at a site 

distinct from the vinca alkaloids. Although colchicine has not proven to be useful in the 

treatment of cancer, multiple compounds that bind within the colchicine site, including 

combretastatin A-4 phosphate (CA-4P), are advancing in clinical trials for anticancer indications.   

The identification of new drugs that can circumvent drug resistance is critically important 

to advance cancer therapeutics.  Some tumors are intrinsically resistant to chemotherapy and 

others develop resistance following therapy.  Multiple mechanisms of drug resistance have been 

identified for microtubule targeting agents, including expression of ATP-binding cassette (ABC) 

transporters that limit cellular drug accumulation.  Expression of the mdr-1 gene product, P- 

glycoprotein (Pgp), leads to diminished intracellular drug accumulation and to attenuated 

cytotoxic effects in vitro and in vivo (Gottesman et al., 2002).  Clinically, the expression of Pgp 

in both hematological and solid tumors is associated with poor treatment response to a number of 

drugs (Penson et al., 2004; Yeh et al., 2003).  All tubulin binding anticancer drugs used clinically 
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except cabazitaxel are substrates for Pgp, thus limiting their activity in multidrug resistant 

tumors. 

Additionally, multiple target-based resistance mechanisms, including alterations in β-

tubulin are linked with clinical drug resistance (Dumontet and Jordan, 2010; Kavallaris, 2010).  

Mammals have 7 β-tubulin genes resulting in tubulin isotypes that are highly homologous, but 

differ primarily in the 10-15 amino acids of the carboxy terminus (Ludueña, 1998).  In cell lines 

overexpression of βIII tubulin is associated with resistance to tubulin binding antimitotic agents 

(Kavallaris, 2010).  Clinically, expression of the βIII tubulin isotype in ovarian cancer, non-small 

cell lung cancer and breast cancer is linked with resistance to the taxanes (Dumontet et al., 2009; 

Galmarini et al., 2008; Seve et al., 2010).  Although many mechanisms of resistance to 

microtubule targeting agents have been identified in cell lines (Kavallaris, 2010) only expression 

of Pgp or the βIII tubulin isotype have been linked with clinical resistance.  The identification of 

new microtubule targeting agents that can overcome multidrug resistance mechanisms will 

provide a major advance.    

Our laboratory has expertise in the identification of new microtubule binding agents from 

diverse natural products including cyanobacteria (Smith et al., 1994), sponges (Mooberry et al., 

1999) and tropical plants (Tinley et al., 2003b).  Plants historically have been an excellent source 

for microtubule disrupting drugs; taxol was first isolated from the bark of the Pacific yew, Taxus 

brevifolia (Wani et al., 1971), the vinca alkaloids are isolated from the Madagascar periwinkle 

(Noble et al., 1958) and colchicine from the autumn crocus (Eigsti and Dustin, 1955).  

Colchicine binds to a distinct drug binding site on tubulin however it is too toxic for use as an 

anticancer agent.  Another plant derived microtubule depolymerizer that binds to the colchicine 
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site, podophyllotoxin, was first isolated from the Mayapple, Podophyllum peltatum 

(Podwyssotzki, 1880) and  although it was effective against skin cancers, it was also too toxic for 

systemic use.  The combretastatins are colchicine site-binding drugs that were initially isolated 

from the African bush willow, Combretum caffrum (Pettit et al., 1987).  Combretastatin A4-P 

(fosbretabulin, Zybrestat™) is advancing in clinical trials, suggesting that the colchicine site on 

tubulin has potential as an anticancer drug target.  We hypothesized that new microtubule active 

compounds could continue to be identified from nature and a project was initiated to evaluate the 

chemistry of plants that thrive in the harsh environment of South Texas for microtubule 

interacting compounds.  1088 extracts were made from 368 Texas plants and the extracts were 

evaluated for effects on the cytoskeleton and for cytotoxicity against a panel of cancer cell lines.  

One extract had potent microtubule depolymerizing properties and we identified the active 

constituent as polygamain, a cytotoxic compound with a previously unknown mechanism of 

action.  Here we describe the molecular pharmacology of this new tubulin binding, microtubule 

depolymerizing agent.   
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Materials and Methods 

 

Isolation of Polygamain from Amyris madrensis.  

The leaves and stems of Amyris madrensis, the Mountain torchwood, were collected, frozen and 

lyophilized. The freeze-dried material was ground to a powder and extracted using supercritical 

CO2.  The crude extract was tested in a cell-based phenotypic screen for effects on cellular 

microtubules, and microtubule depolymerization was observed.  Bioassay-guided fractionation 

using silica gel flash chromatography and C18 HPLC was used to isolate the active constituent.  

The structure of polygamain was determined using 1D and 2D NMR as well as mass 

spectroscopic methods.  The data were compared to those previously described (Hokanson, 

1979; Sheriha et al., 1987).  

 

Structure Elucidation. 

The structure of polygamain was determined using the following data (4): ESIMS m/z: 353.1 

[M+H], 335 [M+H-H2O]; 1H NMR (CDCl3) δ (ppm) 2.272 (m, H-2), 2.75 (m, H-3), 2.76 (m, 

Hα-4), 3.06 (d, J = 10.8 Hz, Hβ-4), 3.91 (t, J = 8.2 Hz, Hβ-11), 4.44 (dd, J = 8.0 Hz, 5.4, Hα-11), 

4.56 (d, J = 4.1 Hz, H-1), 5.89 (s, 6,7-OCH2O-), 5.90 (s, 6,7-OCH2O-), 5.92 (s, 3′,4′-OCH2O-), 

6.47 (s, H-8), 6.60 (s, H-2′), 6.62 (d, J = 8.1 Hz, H-6′), 6.65 (s, H-5), 6.68 (d, J = 7.7 Hz, H-′). 

 

Materials.   
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Podophyllotoxin was purchased from Sigma-Aldrich (St. Louis, MO).  The potassium salt of 

CA-4 was synthesized by the Frantz laboratory using a method based on those reported by Pettit 

(Pettit et al., 1995). 

 

Cell Culture.  

A549, SCC-4, HeLa, SK-OV-3, A-10, PC-3 and DU 145 cells were purchased from the 

American Type Culture Collection (Manassas, VA).  Prostate epithelial cells (PrEC) were 

purchased from Lonza (Walkersville, MD).  MDA-MB-435 and MDA-MB-231 cells were 

obtained from the Lombardi Cancer Center, Georgetown University (Washington, DC).  A549, 

MDA-MB-231, MDA-MB-435, and DU 145 cell lines were grown in Improved Minimum 

Essential, Richter’s Medium (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS) and 

25 μg/ml gentamicin.  A-10 and HeLa cells were cultured in Basal Medium Eagle with Earle’s 

salts (Sigma Chemical Co., St. Louis, MO) with 10% FBS and 50 μg/ml gentamicin.  SCC-4 cell 

lines were cultured in Dulbecco’s Modified Eagle Medium (Invitrogen) with 10% FBS and 50 

μg/ml gentamicin.  PC-3 cells were grown in RPMI Medium 1640 (Invitrogen) with 10% FBS 

and 50 μg/ml gentamicin.  PrEC cells were cultured in Prostate Epithelial Cell Basal Medium 

(Lonza).  HeLa WTβIII and SK-OV-3-MDR-1-6/6 cell lines were obtained, characterized and 

grown as previously described (Risinger et al., 2008).  All experiments were conducted using 

cells in log phase growth. 

 

Indirect Immunofluorescence and EC50 Calculation.   
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The effects of polygamain on cellular microtubules were evaluated in A-10 and HeLa cells by 

indirect immunofluorescence.  Cells were treated with vehicle (DMSO) or drug for 18 h, fixed 

and microtubules visualized using a β-tubulin antibody (T-4026; Sigma) as previously described 

(Tinley et al., 2003a).  Cells were stained with 0.1 μg/ml 4',6-diamidino-2-phenylindole to 

visualize DNA.  Images were analyzed using a Nikon Eclipse 80i microscope and NIS Elements 

Advanced Research imaging software.  The EC50, the concentration required to cause 50% loss 

of cellular microtubules, was determined in A-10 cells as previously described (Lee et al., 2010) 

and represent the average from 3 independent experiments.  

 

Cell Cycle Analysis.  

Cell cycle distribution of HeLa cells was determined by flow cytometry.  Cells were treated with 

vehicle (DMSO) or drug for 18 h.  The cells were harvested, stained with Krishan’s reagent 

(Krishan, 1975) and analyzed with a FACSCalibur flow cytometer (BD Biosciences). 

 

Inhibition of Cellular Proliferation.  

Inhibition of cellular proliferation was measured using the sulforhodamine B (SRB) assay (Boyd 

and Paull, 1995; Skehan et al., 1990).  Cells were plated in 96-well plates, allowed to attach and 

grow for 24 h, and then treated with vehicle or a range of drug concentrations for 48 h.  IC50 

values were calculated from at least 3 independent experiments, each conducted in triplicate as 

previously described and are presented as the mean ± S.D. (Tinley et al., 2003b). 

     

Clonogenic Assay. 
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PC-3 cells were plated at a density of 200 cells per 60 mm tissue culture dish and 24 h after 

plating they were treated with vehicle (DMSO) or the IC50 concentration of each compound.  

After a 12 h exposure, the drug containing media was removed, the cells washed with warm 

sterile PBS and fresh media was added to the plates.  After an additional 9 days, the colonies 

were washed with PBS and stained with a 20% MeOH: 0.5% crystal violet solution.  Colonies 

were counted using GeneTools software (Syngene) in 4 independent experiments. 

 

Tubulin Assembly.  

Purified porcine brain tubulin (Cytoskeleton, Denver, CO) was diluted to 3 mg/ml with tubulin 

buffer and incubated with 10% glycerol and 1 mM GTP in the presence of vehicle or drug.  

Tubulin polymerization was monitored by absorbance at 340 nm for 1 h at 37°C. 

 

Colchicine Displacement. 

The ability of polygamain to displace colchicine binding to tubulin was evaluated using a 

fluorescent colchicine displacement assay (Das et al., 2009) as previously described (Risinger et 

al., 2011).  Briefly, a solution containing 2 μM tubulin alone or 2 µM colchicine and 2 µM 

tubulin was incubated for 2 h at 37°C with vehicle or competing drug.  The fluorescence of the 

samples was analyzed using a Horiba Fluoromax-3 spectrofluorometer (Horiba Jobin Yvon, 

Edison, NJ) using an excitation wavelength of 380 nm and an emission wavelength of 438 nm 

(Banerjee and Ludueña, 1992).  The fluorescence values were normalized by subtracting the 

baseline of buffer alone and defining the fluorescence of tubulin and colchicine as 100%. 

 

Molecular Modeling and Docking Studies. 
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The X-ray crystal structure of two α,β-tubulin heterodimers complexed with podophyllotoxin 

fragment (PDB: 1SA1) was used for the molecular docking simulations of polygamain.  Tubulin 

structure was minimized with AMBER 9.0 (Case et al., 2006) with SANDER default parameters. 

Docking experiments were performed using SurflexDock module of Sybyl 8.1 (Tripos 

International, St. Louis, USA) with the number of solution conformations set to 90.  The best 

docked geometry for polygamain was energy minimized with SANDER module of AMBER 9.0 

(Case et al., 2006).  

 

Molecular Dynamics Simulations.  

The minimized complex was subjected to molecular dynamics simulations using AMBER 9.0 

(Case et al., 2006) with the general amber force field (Wang et al., 2004) and RMSD charge 

models (Bayly et al., 1993).  Molecular dynamics simulations performed in the NVE ensemble 

consisted of an initial equilibration of 25 ps followed by a production run of 300 ps dynamics at 

300 K.  The final complex structure at the end of the molecular dynamics simulation was 

subjected to 2000 steps of steepest descent energy minimization followed by conjugate gradient 

energy minimization.  A distance-dependent dielectric constant and nonbonded distance cutoff of 

12 Å were used.  

 

Aqueous Solubility.  

The aqueous solubility of polygamain was determined using a protocol modified from the 

Millipore solubility assay as previously described (Lee et al., 2010).  A standard curve was 

generated using fixed concentrations of each drug in a universal solvent.  The concentration of 
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each drug in an aqueous solution was determined from the standard curve using linear 

regression.  Values are an average of 2 independent experiments. 

 

Statistical Analysis. 

Data are reported as mean ± SD.  The statistical significance of the data from the clonogenic 

assays was determined using a one-tailed Student’s t-test.  Differences were considered 

significant at p < 0.05. 
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Results  

Isolation of Polygamain and Evaluation of its Microtubule and Cell Cycle Effects.  

 Potent microtubule depolymerizing activity was observed in a lipophilic extract of 

Amyris madrensis.  Bioassay-guided fractionation yielded polygamain (Fig 1A) as the 

microtubule-active constituent.  Polygamain has structural similarity to podophyllotoxin (Fig 

1B), a known cytotoxic lignan with microtubule depolymerizing activity.  Polygamain and 

podophyllotoxin are both lignans and represent a different structural class than the well-known 

microtubule depolymerizers colchicine and CA-4 (Fig 1 C, D).  

The effects of polygamain on cellular microtubules were evaluated in A-10 and HeLa 

cells and compared with the effects initiated by podophyllotoxin or CA-4.  A-10 cells are useful 

for evaluating microtubule disrupting agents because they are large, flat and, similar to other 

smooth muscle cells, they arrest in interphase in response to tubulin binding agents 

(Blagosklonny et al., 2004).  Normal interphase microtubules form an intricate network that 

extends from the microtubule organizing center in the central region of the cell and radiates out 

to the cell membrane (Fig 2A).  Polygamain caused a concentration dependent loss of cellular 

microtubules.  The first effect noticed was a loss of microtubules in the cell periphery with a 75 

nM concentration.  Higher concentrations of polygamain caused more extensive microtubule loss 

and total depolymerization occurred with 1 µM (Fig 2C).  The effects of a 290 nM concentration 

are shown in Fig. 2B and they were essentially identical to the microtubule depolymerizing 

effects initiated by podophyllotoxin or CA-4, but polygamain was substantially less potent.  

Initial microtubule depolymerization was observed with 3.5 nM podophyllotoxin and total 

depolymerization occurred with 10 nM podophyllotoxin (Supplemental Figure 1C).  CA-4 at 5 
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nM caused modest microtubule loss and total depolymerization was seen with a 20 nM 

concentration (Supplemental Figure E).  Polygamain has an EC50, the concentration that causes 

approximately 50% loss of cellular microtubules of 290 nM.  In comparison, the EC50 for 

podophyllotoxin and CA-4 were 6 and 10 nM respectively (Supplemental Figure 1B, D).  

Podophyllotoxin and CA-4 showed very steep dose response curves in this assay, while 

polygamain’s effects occurred over a much broader range yielding a substantially higher EC50. 

The effects of polygamain on mitotic spindles were evaluated in HeLa cells.  Normal 

bipolar mitotic spindles and chromatin congression at the metaphase plate was observed in 

vehicle treated cells (Fig 2D).  No effects on either mitotic spindles or DNA alignment was noted 

with a 10 nM concentration of polygamain, but with 20 nM, lagging chromosomes at one or both 

spindle poles were observed, even though phenotypically normal bipolar mitotic spindles were 

present (Fig 2E).  With higher concentrations, 25 and 30 nM polygamain, multiple mitotic 

defects were noted including lack of complete DNA congression at the metaphase plate and the 

formation of multipolar mitotic spindles (data not shown).  A 50 nM concentration of 

polygamain caused the formation of multiple mitotic spindle asters in mitotic cells, accompanied 

by failure of DNA congression at the metaphase plate (Fig 2F), suggesting that the mitotic 

spindles were unable to function normally.  Multipolar mitotic spindles were retained with higher 

concentrations of polygamain, but the length of the spindles diminished, and very short spindles 

radiated from the spindle asters.  Similar effects have been noted with other microtubule 

depolymerizers (Supplemental Figure 1G, H) (Risinger et al., 2011; Tinley et al., 2003a).   

These results indicate that polygamain interrupts the ability of the mitotic spindles to 

align the chromosomes in the metaphase plate and suggests that it interrupts cell division.  This 

was tested by evaluating the effects of polygamain on cell cycle progression.  HeLa cells were 
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treated with polygamain, podophyllotoxin or CA-4 to determine the lowest concentration that 

caused maximal G2/M accumulation.  While vehicle treated cells had a normal cell cycle 

distribution (Fig 2G), each of the microtubule disrupting agents caused dose-dependent G2/M 

accumulation.  Maximal G2/M accumulation was achieved with 50 nM polygamain (Fig 2H), 10 

nM podophyllotoxin and 10 nM combretastatin (data not shown).   

 

Polygamain Has Antiproliferative Activity Against a Broad Range of Cancer Cell Lines. 

 The antiproliferative and cytotoxic effects of polygamain were evaluated using the SRB 

assay in a panel of cancer cell lines (Table 1).  Polygamain caused dose-dependent inhibition of 

proliferation in each of the cell lines with a mean IC50 of 52.7 nM.  In all the cell lines except 

A549 and MDA-MB-231 polygamain caused complete inhibition of cellular proliferation and 

initiated cell death.  The A549 and MDA-MB-231 cell lines are known to be relatively resistant 

to anticancer agents (Huang et al., 2009), and in these cell lines polygamain had only cytostatic 

effects, consistent with the effects of podophyllotoxin and CA-4 in these two cell lines.  

Podophyllotoxin has a low therapeutic window and therefore the effects of polygamain and CA-

4 were compared to the effects of podophyllotoxin in normal prostate epithelial cells.  Each 

compound was evaluated at 5X the average IC50 concentration obtained in the cancer cell lines 

(Table 1).  As expected podophyllotoxin caused 42 ± 8% cell death.  In contrast, polygamain 

caused only 5 ± 4% cell death and 9 ± 2% cell death was observed with CA-4.  Polygamain and 

CA-4 differ substantially from podophyllotoxin in their effects on normal epithelial cells.  

 

βIII-Mediated Drug Resistance 
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  The identification of new microtubule targeting agents that can circumvent clinically 

relevant mechanisms of drug resistance could provide a major advance in cancer chemotherapy.  

One mechanism of drug resistance to microtubule targeted agents is expression of the βIII 

isotype of tubulin.  This tubulin isotype is normally found primarily in the brain (Ludueña and 

Banerjee, 2008) and when expressed in cancer cells it confers resistance to multiple microtubule 

targeted agents including paclitaxel (Risinger et al., 2008).  The ability of polygamain to 

overcome βIII tubulin mediated multidrug resistance was evaluated in a HeLa isogenic cell line 

pair (Risinger et al., 2008).  HeLa cells and a HeLa cell line overexpressing wild type βIII 

tubulin (WTβIII) were treated with polygamain, podophyllotoxin or CA-4 and inhibition of 

proliferation evaluated.  Polygamain had an IC50 of 36.9 nM in the WTβIII cell line and 37.9 nM 

in the parental HeLa cells (Table 1).  A relative resistance value (Rr) was calculated by dividing 

the IC50 obtained in the βIII expressing cell line by the IC50 value obtained in the parental cell 

line.  A Rr value of 1.0 was calculated for polygamain, similar to the Rr of 1.1 obtained for 

podophyllotoxin and CA-4 (Table 1).  These data indicate that the expression of βIII tubulin does 

not change the sensitivity of HeLa cells to these compounds, suggesting that they are able to 

overcome drug resistance mediated by the expression of βIII tubulin.  

 

Pgp-Mediated Drug Resistance 

 Another major mechanism of multidrug resistance in cancer is expression of P-

glycoprotein (Pgp).  An isogenic SK-OV-3 cell line pair was used to test the ability of 

polygamain to overcome Pgp-mediated drug resistance.  The parental SK-OV-3 and the Pgp-

expressing SK-OV-3-MDR-1-1/6 cell lines were treated with polygamain, podophyllotoxin or 
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CA-4 and the IC50 values determined (Table 1).  Paclitaxel, a documented Pgp substrate, has a Rr 

value of 860 in this cell line pair whereas non-Pgp substrates 2-methoxyestradiol and epothilone 

B have Rr values of 2.6 and 6.8, respectively (Risinger et al., 2008).  The IC50s of polygamain 

were 51.3 and 102.1 nM respectively in the parental and Pgp expressing cell lines yielding a Rr 

of 2.0 (Table 1).  This Rr value was slightly lower, but generally comparable to the 6.3 and 7.4 

Rr values obtained for podophyllotoxin and CA-4 (Table 1).  A direct drug efflux assay was also 

used to determine whether polygamain is a direct substrate of Pgp.  Polygamain, 

podophyllotoxin and CA-4 were unable to inhibit efflux of rhodamine 123, a fluorescent 

substrate of Pgp, but vinblastine, a known Pgp substrate, inhibited rhodamine 123 efflux 

(Supplemental Figure 2).  These data suggest that polygamain is a poor substrate for transport by 

Pgp and as such has advantages over many microtubule targeted natural products. 

 

Polygamain Inhibits Colony Formation Following a 12 h Drug Exposure.   

A clonogenic assay was used to evaluate the ability of polygamain to inhibit colony 

formation of PC-3 cells following a 12 h exposure to the IC50 concentration.  Notable differences 

in cellular persistence have recently been noted among compounds representing diverse classes 

of microtubule disrupting agents (Risinger and Mooberry, 2011; Towle et al., 2011).  The effects 

of polygamain in this assay were compared with the effects of podophyllotoxin and CA-4.  

Representative plates are shown in Fig. 3A and the number of colonies in each plate expressed as 

percent of the vehicle treated control.  Differences in colony formation are apparent among these 

microtubule depolymerizers.  Podophyllotoxin caused a slight, 20%, inhibition of colony 

formation but CA-4 was very effective, inhibiting colony formation by 88%.  Polygamain was 

intermediate between these compounds causing 55% inhibition of colony formation (Fig 3A).  
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The size of the resultant colonies was additionally affected, with the smallest colonies observed 

in the CA-4 treated plates and the largest colonies in the plates treated with podophyllotoxin.  At 

their respective IC50’s, polygamain and CA-4 were substantially more effective than 

podophyllotoxin at inhibiting colony formation after 12 h treatment, suggesting that polygamain 

and CA-4 have better cellular persistence than podophyllotoxin.  

 

Polygamain Inhibits Tubulin Assembly  

 The microtubule depolymerizing effects of polygamain suggested the possibility that it 

interacts directly with tubulin to inhibit assembly.  This was tested using a biochemical tubulin 

polymerization assay.  Polygamain inhibited the rate and overall extent of purified tubulin 

assembly in a concentration dependent manner (Fig 4A).  A 1 µM concentration of polygamain 

inhibited the extent of tubulin polymerization by 32% at 1 h.  The rate of tubulin assembly can 

be determined by evaluating the time necessary to reach steady state, indicated by the plateau of 

the reaction (Fig 4A).  The plateau in the assembly reaction was reached after approximately 30 

min in the vehicle control and yet even after 1 h a plateau had not yet been reached with any 

concentration of polygamain tested.  Total inhibition of tubulin polymerization was achieved 

with 10 μM polygamain (Fig 4A) and an IC50 for inhibition of tubulin assembly of 2.5 μM was 

calculated.  Podophyllotoxin and CA-4 also inhibited the rate and extent of tubulin 

polymerization in this assay with complete inhibition at 10 μM and IC50 values of 2.3 μM and 

6.2 μM respectively.  The effects of polygamain on tubulin assembly were essentially identical to 

the effects of CA-4 and podophyllotoxin differing only in relative potency.  At 2.5 μM, 

podophyllotoxin inhibited tubulin polymerization by 64%, polygamain by 56% and CA-4 29% 

(Fig 4B).  Interestingly, the rank potency of the 3 compounds in the purified tubulin assay is 
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different than that obtained in the antiproliferative assays where CA-4 was more potent than 

podophyllotoxin, and polygamain was the least potent in every cell line tested (Table 1).  

 

Polygamain Displaces Colchicine from Tubulin  

A colchicine displacement assay was used to evaluate the ability of polygamain to inhibit 

colchicine binding to tubulin.  Although tubulin and colchicine are not fluorescent alone, 

colchicine binding to tubulin initiates a conformational change in colchicine causing it to 

fluoresce (Bhattacharyya and Wolff, 1974) (Fig 4C).  When colchicine is displaced from tubulin 

with a compound that does not fluoresce when bound to tubulin, the displacement is measured as 

a decrease in fluorescence.  Podophyllotoxin and CA-4 competed with colchicine for binding on 

tubulin and caused a decrease in the fluorescence of the colchicine-tubulin complex.  20 µM 

podophyllotoxin inhibited fluorescence 98% and 20 µM CA-4 inhibited fluorescence 87% (Fig 

4C).  5 μM polygamain was able to inhibit fluorescence by 21% and 20 μM polygamain was able 

to inhibit fluorescence 80% (Figure 4C).  These data indicate that polygamain competes with 

colchicine binding to purified tubulin suggesting that polygamain binds to tubulin within the 

colchicine binding site.   

 

Molecular Modeling of Polygamain in the Colchicine Site.  

Molecular docking studies were conducted to explore the interaction between tubulin and 

polygamain, and how it differs from podophyllotoxin.  The majority of polygamain poses 

generated by the docking studies produced similar conformations to that of podophyllotoxin.  We 
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also found that the vast majority of low-energy trajectory conformations generated by the 

molecular dynamics (MD) very closely approximated podophyllotoxin (PDB:1SA1).  

Analyses of the MD simulations generated 25 lowest-energy minima of the polygamain 

docked model revealed a similar pattern of interactions and spatial positioning which is likely 

due to its intrinsic rigidity.  The interactions and the three-dimensional arrangement of 

polygamain occupy a space similar to that of podophyllotoxin (Fig. 5).  The polygamain 

benzodioxole moiety is buried well inside the hydrophobic pocket containing Val238, Cys241, 

Leu242, Leu248, Ala250, Leu255, Ala317, Val318, and Ala354 of β-tubulin, residue numbering 

as described previously (Ravelli et al., 2004), and forms favorable hydrophobic interactions 

similar to podophyllotoxin above and below the plane of the phenyl ring.  The dimethoxyphenyl 

moiety in podophyllotoxin forms an H-bond with Cys-β241 and the methyl groups of the 

trimethoxyphenyl moiety are oriented so that favorable hydrophobic interactions occur with the 

side chains of β-tubulin residues Val238, Leu242, Leu248, Ala250, Leu255, Ala317, Val318, 

and Ala354 located above and below the plane of the phenyl ring.  This interaction provides 

significant differences with respect to the interaction of polygamain and podophyllotoxin with 

tubulin. 

 

Aqueous Solubility 

The aqueous solubility of polygamain was determined and compared to the solubility of 

CA-4 and podophyllotoxin (Table 2).  The results show that CA-4 is soluble in a universal 

aqueous buffer up to 399 μM and podophyllotoxin is soluble up to 428 μM.  Polygamain shows 

lower aqueous solubility of 78 μM.  
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Discussion 

 The identification of polygamain as a new tubulin binding antimitotic agent demonstrates 

that higher plants remain a source for the discovery of new microtubule active agents.  

Polygamain has cellular activities similar to other microtubule depolymerizing agents in that it 

causes a dose-dependent loss of cellular microtubules and the formation of aberrant mitotic 

spindles that are ineffective in aligning the chromosomes at the metaphase plate, leading 

ultimately to G2/M arrest.  Phenotypically, polygamain does not appear to have any effects on 

mitotic spindles or interphase microtubules to differentiate it from other microtubule 

destabilizing agents.  However, differences between polygamain, CA-4 and podophyllotoxin are 

seen when comparing the ratio of the antiproliferative and microtubule depolymerizing effects.  

We have used the ratio of microtubule depolymerizing potency to antiproliferative potency 

(EC50/IC50 ratio) to compare a large number of colchicine site agents for mechanistic similarities 

and potential differences (Gangjee et al., 2011; Lee et al., 2010; Risinger et al., 2011).  

Podophyllotoxin has an EC50/IC50 ratio of 1, CA-4 a ratio of 4 and polygamain has a 

substantially higher ratio, 11, suggesting subtle differences among these compounds.  It is also 

interesting to note that podophyllotoxin, with the lowest ratio, has no clinical utility whereas CA-

4, with a higher ratio, is currently in stage III clinical trials.  A ratio of 5.4 was obtained with 

2ME2 (Rao et al., 2002) and although it did not advance to FDA approval for cancer, it was 

devoid of serious side effects (James et al., 2007).  This ratio may not only relate mechanistic 

differences and binding modes but also the differential activity in cancer vs normal cells.  This is 

further supported by the low cytotoxicity of polygamain and CA-4 in normal epithelial cells as 

compared to podophyllotoxin which caused substantial cytotoxicity.  In future in vivo studies it 

will be interesting to determine whether this relationship can predict toxicity.  The low yield of 
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polygamain from Amyris plants precluded in vivo studies but synthetic approaches are being 

developed to address this important question in the future. 

 Polygamain is less potent in cancer cells than CA-4 or podophyllotoxin, with an average 

IC50 of 52.7 nM as compared to average IC50 values of 5.5 and 10.6 nM for CA-4 and 

podophyllotoxin respectively.  In contrast to the potency rank of the antiproliferative effects of 

polygamain, CA-4 and podophyllotoxin against cancer cells, in the tubulin polymerization assays 

polygamain and podophyllotoxin were essentially equipotent and were more potent than CA-4.  

The different isotype composition of brain-derived tubulin used in the biochemical assay as 

compared to the tubulin isotypes expressed in epithelial-derived cancer cells may underlie this 

difference in relative potency.  Brain tissue is enriched in the βII and βIII tubulin isotypes which 

comprise 58% and 25% of neuronal tubulin, respectively (Panda et al., 1994).  It is possible that 

polygamain has higher affinity for βII tubulin as compared to CA-4.  The expression of βIII 

tubulin in the HeLa-derived WTβIII cells had no effect on the potency of any of these 

compounds as compared to the parental cells, suggesting that βIII tubulin in brain tubulin does 

not contribute to differences in potency among these agents. 

 Our studies indicated several differences between the binding mode of polygamain and 

podophyllotoxin.  Traditionally, colchicine site binding agents are thought to need a biaryl 

structure, limited conformational mobility and a trimethoxyphenyl group in order to effectively 

bind this site (Xu et al., 2009).  For purposes of this discussion, the rings of podophyllotoxin will 

be labeled from left to right (Fig 1) with the lactone designated as ring A.  Modeling studies 

indicate podophyllotoxin contains six pharmacophore fragments that bind within this site.  These 

pharmacophore fragments include two H-bond acceptors, the methoxy group on ring C and the 

ester on ring D; one H-bond donor, the OH group on ring C; two hydrophobic centers, the A ring 
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lactone and the E ring trimethoxyphenyl; and one planar group, ring B (Nguyen et al., 2005).  

The absence of the OH group on ring C of polygamain precludes interactions with α-tubulin due 

to a loss of this H-bond donor.  Podophyllotoxin is able to interact with the carbonyl oxygen of 

Thrα179 through its OH on ring C (Nguyen et al., 2005).  Polygamain can no longer form that 

interaction, translating to fewer favorable interactions.  The second, more important difference is 

the lack of methoxy groups in polygamain.  Podophyllotoxin has three methoxy groups on the E 

ring which act as H-bond acceptors.  The methoxy group on C4, where numbering begins with 

the carbon bonded to ring C (Fig 1), acts as an H-bond acceptor leading to a stabilizing 

interaction with the sulfur of Cysβ241.  In polygamain the entire trimethoxyphenyl ring of 

podophyllotoxin is replaced with a benzodioxole moiety.  The lactone ring portion of this moiety 

is still a hydrophobic center and an H-bond acceptor but the favorable interactions formed with 

Cysβ241 are now highly unlikely because they would need to form with an ethyl group.  Fewer 

favorable interactions may be responsible for the lower potency of polygamain in cellular assays 

as compared to podophyllotoxin.  It is interesting to note that Cysβ241 is the same residue that 

differs between βIII and other β-tubulin isotypes.  Our data suggest that the interactions of the 

drugs with this specific residue are not critical since no differences were noted among the drugs 

with regard to relative resistance in the parental and βIII expressing HeLa cells.  

 Polygamain contains structural similarities to podophyllotoxin and other colchicine site-

binding agents and yet has features that distinguish it.  The three methoxy groups on 

podophyllotoxin allow a much larger degree of flexibility as compared to polygamain which has 

a rigid structure (Casanovas et al., 2005).  The flexibility of podophyllotoxin allows a one-step 

but completely reversible reaction with tubulin.  This interaction has a high entropic penalty 

because the residues within the colchicine binding pocket must undergo a conformational change 
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to accommodate binding (Cortese et al., 1977; Torin Huzil et al., 2006).  The rigidity seen in 

polygamain may lead to a more entropically favorable binding reaction.  Colchicine is also a 

very rigid molecule and colchicine binding proceeds in a slow, two-step reaction that is 

essentially irreversible (Cortese et al., 1977).  Polygamain may have a binding mode more like 

colchicine, contributing to its high cellular persistence in the clonogenic assay.   

 Interesting differences were noted among these compounds in the cellular persistence 

measured using a washout clonogenic assay.  Both CA-4 and polygamain had substantially 

higher cellular persistence as compared to podophyllotoxin.  Factors that can contribute to 

cellular persistence include the ability of a drug to be concentrated across the cell membrane and 

the rate of intracellular metabolism (Towle et al., 2011).  Major differences in cellular 

persistence are found among microtubule targeted agents.  Colchicine, vinblastine, eribulin and 

taccalonolide A have excellent persistence after washout whereas paclitaxel and vinblastine do 

not (Risinger and Mooberry, 2011; Towle et al., 2011).  One might expect that enhanced cellular 

persistence might be associated with more neurotoxicity, but this has not proven to be the case 

with eribulin. Cellular persistence can be useful for comparing drug analogs for in vivo testing 

but cellular persistence alone cannot predict optimal antitumor response.  Many other factors 

relate to in vivo efficacy including half-life, volume of distribution and metabolism.   

 The probable binding interaction of polygamain within the colchicine site of tubulin 

offers new opportunities for structural modifications that may generate analogs with higher 

affinity and the potential for lower toxicity.  Additional modification of polygamain, however, 

will be needed to facilitate optimal aqueous solubility for in vivo testing. 
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 The identification of polygamain as a new microtubule depolymerizer provides a new 

pharmacophore for binding within the colchicine site.  Polygamain’s unique orientation within 

this site, potent activity and good cellular persistence provides a new modeling platform for 

analog development for the design and synthesis of improved colchicine site agents.  The 

synthesis of polygamain analogs with improved aqueous solubility that retain fewer hydrophobic 

interactions within the binding site has the potential to reduce the toxicities associated with the 

essentially irreversible binding that occurs with colchicine and the strong interactions of 

podophyllotoxin.  A new binding mode together with notable cellular persistence provides a new 

approach to identify colchicine site agents that can improve on those found in nature for optimal 

antitumor activities and clinical potential. 
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Figure Legends 

Figure 1. Chemical structures of polygamain (A), podophyllotoxin (B), colchicine (C) and 

combretastatin A-4 (D). 

 

Figure 2. Effects of polygamain on interphase microtubules, mitotic spindles and cell cycle 

distribution.  A-10 cells treated with vehicle (DMSO) (A), 290 nM polygamain (B) or 1 µM 

polygamain (C).  HeLa cells were treated with vehicle (D), 20 nM polygamain (E) or 50 nM 

polygamain (F).  Cellular microtubules were visualized using indirect immunofluorescence.  

HeLa cells were treated with vehicle (G) or 50 nM polygamain (H) for 18 h, stained with 

Krishan’s reagent and cell cycle distribution quantified using flow cytometry. 

 

Figure 3.  Effects of a 12 h exposure on clonogenic cell viability.   PC-3 cells were treated with 

the IC50 of polygamain, podophyllotoxin or CA-4 for 12 h, then the media replaced. Colony 

formation is shown after an additional 9 days of growth (A).  Quantification of the colony 

formation experiments (n=3) (B).  Each compound inhibited colony formation to a statistically 

significant degree. ** p << 0.05;  * p = 0.0.  

 

Figure 4.  Effects of polygamain on tubulin assembly and colchicine displacement.  Tubulin 

polymerization in the presence of vehicle and a range of concentrations of polygamain (A).  

Tubulin polymerization in the presence of vehicle or 2.5 µM polygamain, podophyllotoxin or 

CA-4 (B).  Controls from three different experiments were averaged and normalized to 1 and the 
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individual data for each drug was normalized to control.  Colchicine displacement by 

polygamain, podophyllotoxin or CA-4 (C).   

 

Figure 5. Structural model of polygamain in complex with α (gray), and β (green)-tubulin.  (A) 

Polygamain (red and grey) structural model with podophyllotoxin (green) overlaid onto it. The 

polypeptide backbones are rendered as ribbons.  Interactive residue side chains on tubulin are 

shown in stick model.  (B) Root mean square fit of polygamain (red and grey) with 

podophyllotoxin (green) inside the colchicine binding site.  α,β-Tubulin is represented by the 

grey and green ribbon respectively. 
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Cell Line IC50 (nM) 
 Polygamain Rr Podophyllotoxin Rr CA-4 Rr 

MDA-MB-435 26.3 ± 2.5  5.7 ± 0.5  2.4 ± 0.1  
DU 145 54.9 ± 4.6  9.4 ± 1.0  5.3 ± 0.3  

PC-3 70.6 ± 2.6  16.1 ± 1.3  7.9 ± 0.6  
SCC4 36.4 ± 2.0  14.5 ± 0.5  7.3 ± 0.9  
A549 65.8 ± 3.7  9.8 ± 0.9  5.9 ± 0.5  

MDA-MB-231 78.2 ± 5.4  13.6 ± 1.0  7.3 ± 0.3  
HeLa 37.9 ± 1.9  8.4 ± 0.5  3.5 ± 0.4  

WTβIII 36.9 ± 1.5 1.0 9.1 ± 0.6 1.1 3.7 ± 0.8 1.1 
SK-OV-3 51.3 ± 2.1  7.5 ± 0.2  4.4 ± 0.4  

SK-OV-3-MDR-1-6/6 102.1 ± 1.9 2.0 47.5 ± 2.5 6.3 32.4 ± 7.4 7.4 
 

Table 1.  IC50 values for antiproliferative activities of polygamain, podophyllotoxin and CA-4 

against diverse cancer cell lines.   
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Compound Aqueous Solubility (μM) 
polygamain 78 ± 0.1 

podophyllotoxin 428 ± 13.2 
CA-4 399 ± 9.1 

 

Table 2.  Aqueous solubility of polygamain, podophyllotoxin and CA-4.   
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