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a pterocarpan first encountered in the Brazilian tree
Platymiscium floribundum Vogel. (Fabaceae)

and prepared by synthesis for this study

IC50 µg/mL

HL-60: 0.06 (0.02*)
HCT-116: 0.73

OVCAR-8: 0.54 (0.34*)
SF-295: 1.09 (0.04*)
*corresponding values

for doxorubicin
(–)-1 much less active

ABSTRACT: Synthetically-derived samples of (+)-(6aS,11aS)-2,3,9-trimethoxypterocarpan [(+)-

1] and its enantiomer [(–)-1], both of which are examples of naturally-occurring isoflavonoids, 

were evaluated, together with the corresponding racemate, as cytotoxic agents against the HL-60, 

HCT-116, OVCAR-8 and SF-295 tumor cell lines. As a result it was established that compound 

(+)-1 was particularly active with OVCAR-8 cells being the most sensitive and responding in a 

dose-dependent manner. A study of cell viability and drug-induced morphological changes 

revealed the compound causes cells death through a mechanism characteristic of apoptosis. 

Finally, a computational study of the interactions of compound (+)-1 and (S)-monastrol, an 

established, synthetically-derived, potent and cell-permeant inhibitor of mitosis, with the kinesin-

type protein Eg5 revealed that both bind to this receptor in a similar manner. Significantly, 

compound (+)-1 binds with greater affinity, an effect attributed to the presence of the associated 

methoxy groups.

KEYWORDS: anticancer agents, Eg5, molecular docking, OVCAR-8 cell-line, pterocarpan 
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During the course of screening natural products as potential anti-cancer agents,1,2 the 

pterocarpans3 have become recognized for their diversity of biological activities that span anti-

inflammatory, anti-microbial, anti-malarial, anti-estrogenic, anti-diabetic as well as anti-tumor 

effects. These isoflavonoids are characterized by the presence of mutually annulated benzofuran 

and benzopyran rings and so creating the parent and cis-fused 6a,11a-dihydro-6H-benzofuro[3,2-

c]chromene (tetracyclic) ring-system that embodies stereogenic centres at C6a and C11a and that 

are more commonly both R-configured in the naturally-occurring compounds.2 One member of 

this family, and the subject of previous studies by some of us,4-7 is (+)-(6aS,11aS)-

trimethoxypterocarpan [(+)-1, Figure 1], a compound isolated from the heartwood of the Brazilian 

tree Platymiscium floribundum Vogel. (Fabaceae) and shown to exert high cytotoxicities (IC50 0.1-

2.9 g/mL) against leukemia (HL-60 and CEM), breast (MCF-7), colon (HCT-8), and skin (B16) 

cancer cell-lines.4 Furthermore, in an antimitotic assay using sea urchin eggs, pterocarpan (+)-1 

showed log IC50 values of –8.10 M (1st cleavage), –7.91 M (2nd cleavage) and –7.97 M 

(blastulation).5

The high cytotoxicity of compound (+)-1 against the leukemia cell line HL-60 (IC50 0.1 

g/mL),4 prompted us to begin investigating its mode of action6 and so revealing this involves 

both inhibition of DNA synthesis and the triggering of apoptosis, the latter arising through 

mitochondrial depolarization and caspase-3 activation. Parallel studies established that the anti-

proliferative effects of compound (+)-1 extended beyond HL-60 to other human leukemia cell 

lines (viz. K562, Jurkat and Molt-4) and its high selectivity towards these was revealed when 

tested against (healthy) human peripheral blood mononuclear cells (PBMCs).7 So after 

challenging the PBMCs with the natural product (administered at 10 g/mL) for 72 h 81% of them 

remained viable.
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Figure 1. The structure of (+)-(6aS,11aS)-2,3,9-trimethoxypterocarpan [(+)-1] [isolated from 
Platymiscium floribundum Vogel. (Fabaceae)] and its enantiomer (–)-1 [isolated from Pisum 

sativum Linn. (Fabaceae) infected with Fusarium solani] 

While all of the above-mentioned studies were performed using the naturally-derived and 

6aS,11aS-configured compound (+)-1, it should be noted that its enantiomer, viz. (–)-(6aR,11aR)-

2,3,9-trimethoxypterocarpan or (–)-1 (Figure 1), has been isolated from Pisum sativum Linn. 

(Fabaceae) infected with Fusarium solani.8 

In order to more fully understand the structural features within compound (+)-1 that 

underpin its potent and selective cytotoxic effects, we now report on the analogous studies of its 

enantiomer and the corresponding racemate. These compounds, together with the original one [viz. 

(+)-1] were obtained by total synthesis and their activities evaluated against HL-60 (promyelocytic 

leukemia), HCT-116 (colon), OVCAR-8 (ovarian adenocarcinoma) and SF-295 (glyoblastoma) 

tumor cell-lines. In addition, we detail the outcomes of in silico docking studies conducted in 

order to evaluate the interaction of (+)-2,3,9-trimethoxypterocarpan [(+)-1] with the kinesin-type 

protein Eg5. This particular aspect of the present study was motivated by our earlier observations9 

that compound (+)-1 causes an increase in the number of mitotic cells incorporating monoastral 

spindles surrounded by condensed chromosomes.10 In addition, by using an immunofluorescence 

staining assay involving an anti--tubulin antibody, it was revealed that the (+)-form of the natural 

product blocks centrosome segregation. Such properties resemble those reported for monastrol 

(MON),11 a synthetically-derived hetereocycle that targets the kinesin-5 or kinesin spindle protein 

Eg5. This protein plays an important role, inter alia, in the establishment of spindle bipolarity, a 

key facet of effective cell division.12,13 As such, inhibitors of Eg5 are of considerable interest as 

potential therapeutic agents.14,15 
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In the period since our original studies on compound (+)-1 legislation introduced by the 

Brazilian Government,16 and designed to protect native flora and fauna, prevented the securing of 

further material from its natural source. Accordingly, the synthetic chemistry program detailed in 

the Supporting Information (SI) was undertaken and provided the (±)-, (+)- and (–)-forms of 

compound 1 each of which was assayed against the HL-60 (promyelocytic leukemia), HCT-116 

(colon), OVCAR-8 (ovarian adenocarcinoma) and SF-295 (glyoblastoma) tumor cell-lines with 

doxorubicin (Dox) being used as the positive control. As revealed in Table 1, and consistent with 

our earlier studies4 on the natural material, pterocarpan (+)-1 was the most active against all of 

these tumor cell lines, with IC50 values varying between 0.20 to 3.61 µM, the highest activity 

being exerted on HL-60 (IC50 0.20 µM). Interestingly, the levorotatory pterocarpan [(–)-1] was 

significantly less cytotoxic with the values for the racemate being more closely related to the 

cytotoxicity of enantiomer (+)-1. These results not only confirm the pivotal role of the absolute 

stereochemistry of the title pterocarpans on cytotoxicity but also highlight the potency of 

compound (+)-1 by virtue of its similarities in activity in most of these assays to the clinically 

deployed anti-cancer agent doxorubicin (Dox).
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Table 1. Cytotoxic activity (as determined via an MTT assay after 72 h) of (+)- , (–)- and (±)-2,3,9-
trimethoxypterocarpan against selected tumor cell lines.a 

Cancer Cell Line

HL-60 HCT-116 OVCAR-8 SF-295Sample

IC50 µg mL−1 (µM values in brackets) ± SEM

(+)-1 0.06 (0.20) ± 0.03 0.73 (2.42) ± 0.28 0.54 (1.79) ± 0.16 1.09 (3.61) ± 0.17

(–)-1 > 25 (82.78) 11.85 (38.54) ± 0.48 > 25 (82.78) 9.91 (32.81) ± 0.70

(±)-1 0.23 (0.76) ± 0.11 3.43 (11.36) ± 0.80 1.79 (5.93) ± 0.67 4.22 (13.97) ± 1.99

Dox 0.02 (0.04) ± 0.01 ndb 0.34 (0.62) ± 0.05 0.04 (0.08) ± 0.01

aData are presented as IC50 [µg/mL (µM values in brackets)] values ± standard error of measurement (SEM) obtained 
by non-linear regression analysis for all cell lines from three independent experiments. Doxorubicin (Dox) was used 
as positive control; bNot determined.

The OVCAR-8 cell line represents a severe ovarian carcinoma that is resistant to a number 

of therapies and normally only detected after metastasis (viz. at stages II-IV). Normal treatments 

often involve chemotherapy using combinations of paclitaxel and carboplatin.17 Given its 

morbidity and that, as revealed above, it is significantly affected by the pterocarpans we sought to 

analyze the effect of compounds (±)-1 and (+)-1 on this cell line in more detail. Specifically, the 

impacts of differing concentrations (1, 2 and 4 µM) of these compounds on OVCAR-8 

proliferation over an interval of 98 h were studied using the xCELLigence system. The specified 

concentrations of compounds were selected as a result of outcomes of the initial studies described 

above. Paclitaxel or PTX (0.05 µM) was used as positive control. As revealed in Figure 2, those 

tumor cells treated with the enantiopure pterocarpan (+)-1 caused a reduction of cellular growth in 

a dose-dependent manner. At the highest concentration of this pterocarpan (4 µM), the cellular 

growth profile was similar to that observed, particularly over the first few hours after treatment, 

when the same cell line was treated with PTX at a concentration of 0.05 µM. In striking contrast, 

treatment of OVCAR-8 with the corresponding racemate [viz. (±)-1] at any one of three 
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concentrations (viz. at 1, 2 or 4 µM) had no impact whatsoever, yielding growth curves closely 

resembling those observed for the untreated cells. 

Figure 2. Growth curves observed for untreated OVCAR-8 cells and those treated with varying 
concentrations (1.0, 2.0 and 4.0 µM) of compounds (±)-1, (+)-1 or paclitaxel (PTX – positive 
control at 0.5 µM). Data acquired using the xCELLigence system. 

In order to delineate the anti-proliferative mechanism of action of compound (+)-1 on the 

OVCAR-8 cell-line a flow cytometry analysis using propidium iodide as the fluorescent 

intercalating agent was performed. As revealed in Table 2, when these cells were treated with the 

racemate [viz. compound (±)-1] at concentrations of 5.0 or 10.0 µM for 24 h a significant increase 

of G2/M frequencies (42.06 ± 0.32 %) was observed albeit only at the higher dosage. In contrast, 

treatment of the cells with a 5.0 µM concentration of the enantiopure pterocarpan (+)-1 exerted 

twice the effect (viz. 75.24 ± 5.57 % of the cells were arrested ones at the G2/M stage). At the 

higher concentration (10 µM) the percentage of arrested cells at G2/M stage was 79.13 ± 0.78 %. 

Our previous cell-cycle study9 of the impact of treating MCF-7 breast cancer cells with naturally-

derived (+)-1 for 24 hours established that 32 ± 1.7% of them were arrested at the G2/M stage. So 

as to determine whether or not (+)-2,3,9-trimethoxypterocarpan [(+)-1] influences (potentiates) the 
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capacity of paclitaxel (PTX) to arrest the cell-cycle at the G2/M stage, the impacts of co-

administering 2.5 µM and 0.05 µM solutions, respectively, of these compounds were studied. In 

the event, an increase in the percentage of cells arrested at the G2/M stage (78.62 ± 2.16 %) was 

observed when compared with the impacts of testing each of these compounds alone at the same 

concentrations [32.71 ± 0.56 % for (+)-1 and 49.97 ± 1.34 % for PTX]. These results suggest that 

the two compounds act at different molecular targets. 

Table 2. Flow cytometry analyses of the impacts of (±)-1, (+)-1 and a (+)-1/PTX combination on 
the cell-cycle of OVCAR-8 cells after a 24 h incubation. 

Negative control (NC) was treated with the vehicle used for diluting the tested substance. Paclitaxel (PTX) at 0.05 µM 
was used as positive control. Experiments performed in independent triplicates with five thousand events per 
experiment. * P < 0,05, when compared with negative control through ANOVA followed by the application of 
Dunnett’s test. 

So as to establish whether the growth inhibition exerted by compound (+)-1 arises through 

its inducing apoptosis and/or necrosis, treated OVCAR-8 cells were analyzed by fluorescence 

microscopy after dual acridine orange/ethidium bromide (AO/EB) staining and, thereby, the 

numbers of viable, apoptotic and necrotic cells were determined. As shown in Figure 3, after 

treatment of the cells with varying concentrations of (+)-2,3,9-trimethoxypterocarpan reductions 

in the number of viable ones occurred in a dose-dependent manner while there was also a 

corresponding increase of the number of apoptotic cells (p < 0.01) this being notably larger than 

DNA (%) ± S.D.
Sample

Concentration 

(µM) G0/G1 S G2/M

NC - 67.06 ± 1.42 7.1 ± 0.86 25.78 ± 0.71

PTX 0.05 34.28 ± 1.62* 15.72 ± 0.30* 49.97 ± 1.34*

5.0 52.61 ± 0.15* 10.02 ± 0.39 37.16 ± 2.22
(±)-1

10.0 46.72 ± 0.10* 10.93 ± 0.37* 42.06 ± 0.32*

2.5 58.16 ± 0.97 9.1 ± 0.40 32.71 ± 0.56

5.0 15.83 ± 5.14* 8.76 ± 0.58 75.24 ± 5.57*(+)-1

10.0 10.84 ± 0.27* 9.92 ± 0.65 79.13 ± 0.78*

(+)-1/PTX 2.5/0.05 10.98 ± 0.08* 10.39 ± 2.06 78.62 ± 2.16*
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the number of necrotic cells being produced. Similar results were observed when the cells were 

treated with the positive controls doxorubicin (Dox) and paclitaxel (PTX).

Figure 3. Effect of compound (+)-1 on the viability of OVCAR-8 cells (viable cells – yellow bar; 
apoptotic cells – orange bar; necrotic cells – red bar) as determined by fluorescence microscopy 
after AO/EB staining and a 48 h incubation period. The data are presented as the mean values ± 
S.D. from three independent experiments performed in duplicate. The negative control (C) was 
treated with the same vehicle that diluted the tested substance (viz. 0.1% DMSO). Doxorubicin 
(D; 0.6 M) and paclitaxel (PTX; 0.03 M) served as the positive controls.* p<0.05 compared to 
the negative control as determined through ANOVA followed by the application of Dunnett’s 
test. 

Hematoxylin and eosin staining techniques were applied to both treated and untreated cells 

so as to gain insights into their morphologies. Specifically, after a 24 h incubation period, such an 

examination of the OVCAR-8 cells revealed drug-mediated changes. So, while the control 

(untreated) cells exhibited typical non-adherent, round morphology with vacuolization (Figure 4), 

those exposed to compound (+)-1 (at concentrations of 20 and 40 µM) displayed chromatin 

condensation, a morphological hallmark of apoptosis. Paclitaxel (0.03 µM) showed the same 

behavior after treatment, including a reduction in cell volume, chromatin condensation and nuclear 

fragmentation (Figure 4).
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Figure 4. The effect of compound (+)-1 (at 20 and 40 µM concentrations) on the morphology of 
OVCAR-8 cells. The cells were stained with hematoxylin and eosin then analyzed by optical 
microscopy after a 48 h incubation period. In the negative control (NC) experiment the cells were 
treated with the same vehicle (0.1% DMSO) used to dilute the test compound. Paclitaxel (PTX, at 
a concentration of 0.03 µM) served as the positive control. The black arrows show apoptotic 
bodies while the red ones highlight those (bodies) in which cell division has been arrested. 

The foregoing results and our earlier ones6,7,9 suggest that compound (+)-1 and PTX have 

complementary modes of action with the former causing cell death through the triggering of 

apoptosis. As such and given both its potency and cytoselective properties, (+)-2,3,9-

trimethoxypterocarpan warrants further investigation as a drug development candidate but to do so 

requires a more detailed understanding of its biological target and how it might interact with this. 

As noted above, various of our earlier studies6,7,9 on the naturally-derived (+)-enantiomeric form 

of 2,3,9-trimethoxypterocarpan led us to conclude that its most likely receptor is the protein Eg5. 

Since a 1.8 Å resolution X-ray crystal structure of the Eg5 motor domain co-crystallized with 

MON has been reported18 we sought to use these data for the purposes of establishing, through in 

silico studies, whether compound (+)-1 has any capacity to dock in the allosteric pocket of Eg5 

and, if so, to compute the energy of interaction of the resulting complex. In the event, on 
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undertaking the relevant molecular docking studies (see SI for details) these revealed that 

compound (+)-1 seemed disposed toward binding with Eg5 (Figure 5) in the same region 

previously reported11,19 for MON-Eg5 interaction. Through flexible ligand docking, the lowest 

energy associated to the best pose of potential inhibitor (+)-1 inside the protein (when the latter 

was modeled in a fixed conformation) was −7.58 kcal/mol. This seemingly favored binding mode 

features the nesting of compound (+)-1 between the distal Arg119 (in the main pocket) and 

Arg221 (in the minor pocket) residues, a interaction absent in the MON-Eg5 complex.19 In this 

same pose compound (+)-1 forms hydrophobic interactions, within the main cavity, with the 

Glu116, Gly117, Glu118, Trp127, Ala133, Ile136, Pro137, Tyr211, Leu214 and Glu215 residues 

while there is π-alkyl interaction of the benzopyran (chromane) ring of the pterocarpan with the 

Arg221 residue. Hydrogen bonding with the Arg119 residue also seems likely.
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Figure 5. Molecular docking between Eg5 and compound (+)-1. (a) Eg5 binding site (blue) where 
(+)-1 showed greatest stability. (b) The best conformation of (+)-1 docked in a conformationally 
rigid form of the protein. (c) Most relevant amino-acid residues contributing to the stability of the 
(+)-1-Eg5 complex.

The molecular fragmentation with conjugated caps or MFCC technique20-22 has been 

highlighted as a useful one for calculating, rather precisely, the interaction energies associated 

with protein-ligand complexes and so this was applied in the present setting. To such ends, an 

imaginary layer of radii r was identified, with each contributing value representing the shortest 

distance between the amino-acid of interest and the ligand and through a summation of these a 

binding pocket layer (BPL) was defined. A binding pocket of radius r, BP(r), was established as 

the set of amino-acid residues with at least one atom inside the corresponding BPL. Thereby, the 

total interaction energy, E(r), of the ligand complexed with Eg5 was determined as a function of r 

and calculated by summing the energies of all the interacting elements inside BP(r). The value of 

E(r) as a function of increasing values of BP(r), and wherein more and more amino-acid residues 

were considered, was then calculated. Figure 6 shows the resulting values for the interaction 
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energies of pterocarpan (+)-1 and MON with Eg5 as a function of r (recorded in Å). The profiles 

of these were similar with the values for compound (+)-1 being, almost invariably, lower (more 

negative) than the corresponding ones for MON. Both curves “stabilized” at an r value of ca. 10 Å 

with the interaction energies at this point being –219.09 kcal/mol for (+)-1 and –216.10 kcal/mol 

for MON and thus very similar in magnitude. The most notable variation between the curves 

occurred when r was close to 5 Å and at which point the interaction energy continued to decrease 

for the pterocarpan but increased, over the 5 to 6 Å, range for MON. 

Figure 6. The total interaction energies of the (+)-1-Eg5 (blue squares) and MON-Eg5 (purple 
balls) complexes as a function of the binding pocket distance from the ligand and calculated using 
the MFCC method (key amino-acid residues involved in the binding interaction are shown). The 
inset shows the protein surface color map value based on proximity to the ligand and highlights 
the molecular pose of this in the binding pocket.

Parts (a) and (b) of Figure 7 show both the line diagrams and three-dimensional chemical 

structures of MON and compound (+)-1, respectively, as well as highlighting the various key and 

chemically similar substructures within them while the remaining parts (c and d) illustrate the best 
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fit of these compounds within Eg5 binding pocket. In another portrayal of the binding modes of 

these two ligands, Figure 8 serves to quantitate both the favorable (bars to the left) and 

unfavorable (bars to the right) interaction energies (in kcal/mol) between the associated 

substructures and the key amino-acid residues associated the binding region of Eg5. The region 

(boldface letters) and the atoms of the ligand which are closer to each residue at the binding site 

are specified at the end of these bars. For distances (r) shorter than 11.0 Å, the Arg221, Leu214, 

Glu116, Leu160, Arg119, Asp130, Trp127, Pro137, Ala133, Glu128, Ile136, Glu167, Ala218, 

Tyr211, Phe239, Glu129, Asp170, Glu124 and Gly117 residues of Eg5 contributed, as listed in 

descending order with respect to (+)-1, to the stabilizing interactions with both ligands. Within the 

same range, Gly217, also enhanced binding with (+)-1 but had the opposite effect on MON 

binding. In descending order of effect, the protein residues contributing to the binding of MON 

were Arg119, Glu116, Leu214, Pro137, Glu167, Ala133, Glu118, Tyr211, Trp127, Glu128, 

Glu129, Glu124, Asp130, Ile136, Ala218, Arg221 and Phe239, a trend revealing that the most 

important difference in the binding of the two ligands involves Arg221 (Figure 8) since region iv 

of the pterocarpan (Figure 7b), viz. that involving the C2 methoxy group, is much closer to this 

residue as compared to the analogous region (i) (Figure 7a) of MON (1.8 vs 4.9 Å).
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Figure 7. (a and b) The 2-D and 3-D chemical structures of MON and (+)-1, respectively [the 
colored highlights show key binding regions within MON and (+)-1]. (c and d) The Eg5 binding 
pocket containing MON (from co-crystallization data) and (+)-1 (pose after docking), 
respectively.

Figure 8. The key amino-acid residues of Eg5 interacting with MON (purple bars) and (+)-1 (blue 
bars) and their respective energy contributions. Ligand atoms close to the relevant amino-acid 
residues of Eg5 are specified at the end of each bar.
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The data shown in Figure 8 also reveals that Glu116 is the most important Eg5 residue 

involved in binding to both ligands (ca. 20 kcal/mol in both instances) and this is the result of 

hydrogen bonding between one of the O-C=O oxygens of Glu116 with the C26-bound hydrogen 

of the methoxy group located in region (iv) of the pterocarpan or through a region (i)-derived N-

H...N bond in the case of MON and wherein the contact distance is just 1.9 Å (from the chain 

nitrogen of the amino-acid). Other perspectives taken on the binding of the two ligands (see 

Figures S3 and S4 in the SI for details) reveal that the benzofuran and benzopyran residues 

associated with compound (+)-1 engage in alkyl-type interactions (10 kcal /mol) with Ala133 and 

Pro137 residues as well as a π-alkyl type interaction (ca. 11 kcal/mol) with Arg119 (Figures 7b, 8 

and S4d). Interactions equivalent to these were also observed for MON and mainly because of the 

phenolic group associated with region (ii) of this compound (see Figures 7a, 8 and S3). The 

Leu214 and Ala218 residues were also important for stabilization of the binding of (+)-1 because 

they participated in two alkyl interactions with the benzene ring present in region (i) of the 

pterocarpan structure (Figures 7b, 8, S4c and S4d), these being of about 19 and 9 kcal/mol in 

value, respectively. In an overall sense, then, ligand (+)-1 would appear to engage in tighter 

binding to Eg5 than MON and this is the result of the presence of the methoxy groups in the 

former, especially that located in region (iii) (see Figure 7b).

The work reported here clearly reveals that (+)-2,3,9-trimethoxypterocarpan [(+)-1], but 

not its enantiomer, is a potent cytotoxic compound that most likely exerts these effects through 

binding to the MON allosteric binding site of the kinesin-type protein Eg5 (and does so more 

strongly than MON). The computational identification of the key binding features that stabilize the 

(+)-1/Eg5 complex should allow for the development of more potent analogues and these, together 

with the natural product itself, could provide a pathway for establishing therapies to treat, for 

example, refractory OVCAR-8-type solid tumors. Work directed toward such ends is now 

underway.
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ca. 150 Word Lay-Summary

Through synthetic chemistry studies the natural product (+)-2,3,9-trimethyoxypterocarpan, which, due 

to recently introduced environmental protection legislation, can no longer be extracted from its 

original source (a Brazilian tree), has been obtained. Testing of this compound against various cancer 

cell-lines, including a very aggressive one associated with breast cancer, reveals that it, but not its 

enantiomer, is very active while leaving healthy cells essentially untouched. The origins of this 

selectivity have been investigated and shown to involve the promotion of apoptosis (programed cell 

death) through interactions with Eg5, a protein involved in the assembly and maintenance of the 

mitotic spindle in dividing cells. The interaction of (+)-2,3,9-trimethyoxypterocarpan with Eg5 

prevents the functioning of the latter and so slowing propagation of cancer cells. The detailed nature 

of this interaction has been revealed through high-level molecular modeling and thus offering the 

possibility of designing even more effective versions of the natural product.  
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