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ABSTRACT 

Following the identification of a new lead bisphenol compound that had good topoisomerase IIα 

(EC 5.99.1.3) inhibitory activity, a series of bisphenol analogs were synthesized and tested in 

order to identify the structural features that were responsible for their activity. The bisphenols 

represent a new structural class of topoisomerase II inhibitor that potently inhibited the growth of 

CHO and K562 leukemia cells in the low micromolar range. The fact that cell growth inhibition 

was significantly correlated with topoisomerase IIα inhibition suggests that the catalytic 

inhibition of topoisomerase IIα likely contributed to their growth inhibitory activity. Only one of 

the bisphenols (O3OH) tested significantly induced topoisomerase IIα-mediated cleavage of 

DNA. Most of the bisphenols displayed only low-fold cross resistance to a K562 subline 

containing reduced levels of topoisomerase IIα Thus, it is likely that most of the bisphenols 

inhibited cell growth, not by acting as topoisomerase II poisons, but rather as catalytic inhibitors 

of topoisomerase IIα. Three-dimensional quantitative structure-activity analyses (3D-QSAR) 

were carried out on the bisphenols using comparative molecular field analysis (CoMFA) and 

comparative molecular similarity index analysis (CoMSIA) in order to determine the structural 

features responsible for their activity. The CoMSIA analysis of the topoisomerase IIα inhibitory 

activity yielded a statistically significant model upon partial least squares analyses. The 3D-

QSAR CoMSIA analysis showed that polar meta hydrogen bond acceptor substituents on the 

phenyl rings favored inhibition of topoisomerase IIα. For the hydrogen bond donor field para- 

and meta-substituted hydroxyl groups favored inhibition. Hydrophobic substituents on the bridge 

atoms disfavored inhibition. 
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 Topoisomerase II (EC 5.99.1.3) alters DNA topology by catalyzing the passing of an 

intact DNA double helix through a transient double-stranded break made in a second helix and is 

critical for relieving torsional stress that occurs during replication and transcription and for 

daughter strand separation during mitosis (Fortune and Osheroff, 2000; Li and Liu, 2001; Wang, 

2002). Mammalian cells contain α and ß isoforms of topoisomerase II with topoisomerase IIα 

being the most highly expressed in cells undergoing division (Akimitsu et al., 2003). Several 

widely used anticancer agents, including doxorubicin, daunorubicin (and other anthracyclines), 

amsacrine, etoposide and mitoxantrone also target topoisomerase II and are thought to be 

cytotoxic because they are topoisomerase II poisons (Fortune and Osheroff, 2000; Li and Liu, 

2001). Stabilization of the so called “cleavable complex” by topoisomerase II poisons increases 

the levels of protein-concealed DNA double strand breaks in cells (Wilstermann and Osheroff, 

2003). The action of DNA metabolic processes then transforms these complexes into permanent 

double strand breaks, which are highly toxic to cells (Zhang et al., 1990). 

 In contrast, the catalytic inhibitors of topoisomerase II do not increase the levels of DNA 

breaks in cells at pharmacologically relevant concentrations. There are several classes of 

structurally unrelated catalytic inhibitors including the bisdioxopiperazines (ICRF-187 

(dexrazoxane), ICRF-193 and ICRF-154), the anthracycline derivative aclarubicin, merbarone, 

the quinobenoxazines and novobiocin (Andoh and Ishida, 1998; Hasinoff et al., 1995; Larsen et 

al., 2003). In this study we report the discovery and synthesis of a new bisphenol class of 

topoisomerase II inhibitors. A lead bisphenol analog was obtained subsequent to screening 

compounds from the National Cancer Institute for the inhibition of the decatenation activity of 

topoisomerase IIα. Several of these bisphenols showed sub-micromolar inhibition of the 
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decatenation activity of topoisomerase IIα. Only one of the bisphenols tested increased the levels 

of topoisomerase IIα–DNA covalent complexes, which suggests that these compounds largely 

inhibited cell growth by acting as catalytic inhibitors of topoisomerase II. The topoisomerase IIα 

inhibitory activity of the bisphenols were analyzed using 3D-QSAR modeling methods in order 

to identify the structural features responsible for their activity. 
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Materials and Methods 

 

 Materials and synthesis of the bisphenols. pBR322 plasmid DNA was obtained from 

MBI Fermentas (Burlington, Canada) and the kDNA from TopoGEN (Columbus, OH). HindIII 

was from Invitrogen (Burlington, Canada). Unless indicated, other chemicals were from Sigma-

Aldrich (Oakville, Canada). The MTS CellTiter 96 AQueous One Solution Cell Proliferation 

Assay kit was obtained from Promega (San Luis Obispo, CA). The structures of the compounds 

tested are shown in Fig. 1. DHPDPS1, DHPDS2, SCHO1, SCHO2, OCHO1, OCHO2, S3OH, 

S4OH, O3OH, bisAC3, bispCP5 and cyclofenil diphenol were synthesized and characterized by 

1H- and 13C-nuclear magnetic resonance spectroscopy and electrospray ionization mass 

spectrometry as described in Supplementary Data. Of these OCHO1and S3OH have not been 

described before. DHDP, TDP, EIBP, BHPM, 4,4'-dihydroxybenzophenone and EBP were 

purchased from Sigma-Aldrich (Oakville, Canada) and the NSC-labeled1 compounds were 

obtained from the National Cancer Institute (Bethesda, MD). The linear and non-linear least 

squares analyses were done with SigmaStat (Systat, Point Richmond, CA). The error bars shown 

are ± SEM. 

 

 Cell culture and growth inhibition assays. Human leukemia K562 cells, obtained from 

the American Type Culture Collection and K/VP.5 cells (a 26-fold etoposide-resistant K562-

derived sub-line with decreased levels of topoisomerase IIα and topoisomerase IIß mRNA and 

protein) (Ritke et al., 1994b) were maintained as suspension cultures in Dulbecco's Modified 

Eagle Medium (Invitrogen, Burlington, Canada) containing 4 mM L-glutamine and 
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supplemented with 20 mM HEPES (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; Sigma, 

St. Louis, MO), 10% FCS (Invitrogen), 100 units/mL penicillin G, and 100 µg/mL streptomycin 

in an atmosphere of 5% CO2 and 95% air at 37°C (pH 7.4). The spectrophotometric 96-well 

plate cell growth inhibition MTS assay, which measures the ability of the cells to enzymatically 

reduce MTS after drug treatment, has been described (Liang et al., 2006). The drugs were 

dissolved in dimethyl sulfoxide. The final concentration of dimethyl sulfoxide did not exceed 

0.5% (v/v) and was an amount that had no detectable effect on cell growth. The cells were 

incubated with the drugs for the times indicated and then assayed with MTS. IC50 values for 

growth inhibition in both assays were measured by fitting the absorbance-drug concentration 

data to a four-parameter logistic equation as described (Liang et al., 2006). Typically 10 different 

concentrations were used in the non-linear least squares analysis to construct the dose-response 

curves and obtain the IC50 values. For 15 of the 23 bisphenol compounds IC50 values for K562 

growth inhibition were obtained from averaging experiments that were run 2 to 4 times on a 

different days. CHO cells (type AA8; ATCC CRL-1859), obtained from the American Type 

Culture Collection (Rockville, MD) and DZR cells (a dexrazoxane-resistant CHO cell line we 

previously described) (Hasinoff et al., 1997; Wu and Hasinoff, 2005) were grown in alpha 

minimum essential medium (α-MEM; Invitrogen, Burlington, Canada) containing 20 mM 

HEPES (pH 7.4) and assayed for their growth inhibitory effects using the MTT assay as 

described (Hasinoff et al., 2004). 

 

 Topoisomerase IIα kDNA decatenation inhibition assay. A spectrofluorometric 

decatenation assay was used to determine the inhibition of topoisomerase IIα by the bisphenols 
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(Hasinoff et al., 2005; Hasinoff et al., 2004; Liang et al., 2006). kDNA consists of highly 

catenated networks of circular DNA. Topoisomerase IIα decatenates kDNA in an ATP-

dependent reaction to yield individual minicircles of DNA. The 20 µl reaction mixture contained 

0.5 mM ATP, 50 mM Tris-HCl (pH 8.0), 120 mM KCl, 10 mM MgCl2, 30 µg/ml bovine serum 

albumin, 50 ng kDNA, test compound (0.5 µl in dimethyl sulfoxide) and 20 ng of topoisomerase 

IIα protein (the amount that gave approximately 80% decatenation). Using a high copy yeast 

expression vector, full-length human topoisomerase IIα was expressed, extracted and purified as 

described previously (Hasinoff et al., 2005).The final dimethyl sulfoxide concentration of 2.5% 

(v/v) was shown in controls not to affect the activity of topoisomerase IIα. The assay incubation 

was carried out at 37°C for 20 min and was terminated by the addition of 12 µl of 250 mM 

Na2EDTA. Samples were centrifuged at 8000 g at 25°C for 15 min and 20 µl of the supernatant 

was added to 180 µl of 600-fold diluted PicoGreen dye (Molecular Probes, Eugene, OR) in a 96-

well plate. The fluorescence, which was proportional to the amount of kDNA, was measured in a 

Fluostar Galaxy (BMG, Durham, NC) fluorescence plate reader using an excitation wavelength 

of 485 nm and an emission wavelength of 520 nm. IC50 values for inhibition of topoisomerase 

IIα decatenation activity were measured by fitting the fluorescence-drug concentration data to a 

four-parameter logistic equation as described (Liang et al., 2006). Typically 10 different 

concentrations were used in the non-linear least squares analysis to construct the dose-response 

curves and obtain the IC50 values. 

 

 Topoisomerase I pBR322 DNA relaxation inhibition assay. A gel assay was used to 

determine if the bisphenols inhibited topoisomerase I as well as topoisomerase IIα. The 
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recombinant human topoisomerase I, pBR322 DNA and assay buffer were from TopoGen. The 

20 µl assay mixture contained 50 ng of pBR322 DNA, 0.5 units of topoisomerase I and 10 µM of 

the test drugs. After a 30 min incubation at 37°C in assay buffer the reaction was terminated with 

0.5% (v/v) sodium dodecyl sulfate/25 mM Na2EDTA. Electrophoresis was carried out as for the 

topoisomerase IIα cleavage assay described below, except that neither the gel nor the running 

buffer contained ethidium bromide in order to obtain good separation of the relaxed and 

supercoiled DNA. In the absence of ethidium bromide the supercoiled DNA runs ahead of the 

relaxed DNA. 

 

 pBR322 DNA cleavage assays. Topoisomerase II-cleaved DNA complexes produced by 

anticancer drugs may be trapped by rapidly denaturing the complexed enzyme with sodium 

dodecyl sulfate (Burden et al., 2001; Liang et al., 2006).The drug-induced cleavage of double-

stranded closed circular pBR322 DNA to form linear DNA was followed by separating the 

sodium dodecyl sulfate-treated reaction products using ethidium bromide gel electrophoresis as 

described (Burden et al., 2001; Liang et al., 2006).The 20 µl cleavage assay reaction mixture 

contained 100 µM of the drug, 150 ng of topoisomerase IIα protein, 80 ng pBR322 plasmid DNA 

(MBI Fermentas, Burlington, Canada), 0.5 mM ATP in assay buffer (10 mM Tris-HCl, 50 mM 

KCl, 50 mM NaCl, 0.1 mM EDTA, 5 mM MgCl2, 2.5% (v/v) glycerol, pH 8.0, and drug (0.5 µl 

in dimethyl sulfoxide). The order of addition was assay buffer, DNA, drug, and then 

topoisomerase IIα. The reaction mixture was incubated at 37°C for 10 min and quenched with 

1% (v/v) sodium dodecyl sulfate/25 mM Na2EDTA. The reaction mixture was treated with 0.25 

mg/ml proteinase K (Sigma) at 55°C for 30 min to digest the protein. The linear pBR322 DNA 
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cleaved by topoisomerase IIα was separated by electrophoresis (1 h at 8 V/cm and then 15 h at 1 

V/cm in order to obtain good separation of the supercoiled and relaxed DNA) on a TAE (Tris 

base (4 mM)/glacial acetic acid (0.11% (v/v))/Na2EDTA (2 mM) buffer)/ethidium bromide (0.5 

µg/ml)/agarose gel (1.2%, wt/v)). The DNA in the gel was imaged by its fluorescence on a Alpha 

Innotech (San Leandro, CA) Fluorochem 8900 imaging system equipped with a 365 nm UV 

illuminator and a CCD camera. 

 

  Thermal denaturation of DNA assay. Compounds that intercalate into DNA stabilize 

the DNA double helix and increase the temperature at which the DNA is denatured (Priebe et al., 

2001).The effect of 2 µM of the compounds on the change in the DNA thermal melt temperature 

(∆Tm) of sonicated calf thymus DNA (5 µg/ml) was measured in 10 mM Tris-HCl buffer (pH 

7.5) in a Cary 1 (Varian, Mississauga, Canada) double beam spectrophotometer by measuring the 

absorbance increase at 260 nm upon the application of a temperature ramp of 1°C/min. The 

maximum of the first derivative of the absorbance-temperature curve was used to obtain the 

∆Tm. Doxorubicin (2 µM), which is a strong DNA intercalator, was used as a positive control 

(Priebe et al., 2001). 

 

 Modeling and conformation search. All molecular modeling was done using SYBYL 

7.2.3 (Tripos, St. Louis, MO) on a Hewlett-Packard XW4100 PC workstation with a Redhat 

Enterprise 3 Linux operating system. All molecules were built using SYBYL. Geometry-

optimization was carried out with the Tripos force field using a conjugate gradient with a 
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convergence criterion of 0.01 kcal/mol and Gasteiger-Huckel charges and a distance-dependent 

dielectric constant. 

 3D-QSAR analyses. The CoMFA and CoMSIA analyses require that the 3D structures 

of the molecules be aligned to a core conformational template that is their presumed active form 

(Cramer III et al., 1988; Klebe et al., 1994; Kubinyi et al., 1998). For the CoMFA analysis, steric 

and electrostatic field energies were calculated using a sp3 carbon with a van der Waals radius of 

1.52 Å as the steric probe and a +1 charge as an electrostatic probe. Steric and electrostatic 

interactions were calculated using the Tripos force field with a distance-dependent dielectric 

constant at all lattice points of a regular spaced (2 Å) grid. The energy cutoff was 30 kcal/mol. 

The alignment and lattice box used for the CoMFA calculation were also used to calculate 

similarity index fields for the CoMSIA analysis. Steric, electrostatic, hydrophobic, hydrogen 

bond donor and acceptor fields were evaluated in the CoMSIA analysis. Similarity indices were 

computed using a probe atom with +1 charge, radius 1 Å, hydrophobicity +1, hydrogen bond 

donating +1, hydrogen bond acceptor +1, attenuation factor α 0.3 for the Gaussian-type distance. 

A partial least-squares (PLS) statistical approach, which is an extension of multiple regression 

analysis in which the original variables are replaced by a set of their linear combinations, was 

used to obtain the 3D-QSAR results. All models were investigated using the leave-one-out 

(LOO) method, which is a cross-validated partial least-squares method. The CoMFA and 

CoMSIA descriptors were used as independent variables and pIC50 was used as the dependent 

variable to derive the 3D-QSAR models. The q2 (cross-validated correlation coefficient r2) and 

the optimum number of components (N) were obtained by the LOO method. The final model 
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(non-cross-validated conventional analysis) was developed and yielded the non-cross-validated 

correlation coefficient r2 with the optimum number of components. 
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Results 

 

 Effect of the bisphenols on the thermal denaturation of DNA. Doxorubicin (2 µM), 

which is a well known DNA intercalating drug (Priebe et al., 2001), was used as a control and 

was observed to increase the ∆Tm of sonicated DNA by 13.2°C from 71.0°C. The following 

compounds were tested at 2 µM to see if they affected the ∆Tm: NSC38049, NSC85582, 

NSC402321, DHDP, NSC58409, SCHO1, SCHO2, TDP, BHPM, and EIBP. None of these 

compounds significantly changed the ∆Tm (results not shown) and thus it can be concluded that 

they did not act, at least at the concentrations tested, by binding to DNA. 

 

 Effect of the bisphenols on K562 cell growth inhibition. Examples of the growth 

inhibitory effects of the bisphenols S4OH and DHDP on K562 cells are shown in Fig. 2A. The 

IC50 data for the growth inhibitory effects of all the bisphenols tested on K562 and K/VP.5 cells 

are given in Table 1. It can be seen from the data in Table 1 from a comparison of the structure 

of DHDP with the 4,4'-bisphenol analogs TDP, BHPM, EIBP, DHDS2 and DHDS1 that an 

electronegative atom such as a S or O in the bridge between the phenyl rings increased growth 

inhibitory activity compared to a CH2 or CHCH3 bridge (IC50-values: DHDP < TDP < EIBP < 

BHPM). Further substitution of the C linker (as in bisphenol A) or conversion of the methyl 

substituted carbon linker in BHPM into either a ketone (4,4'-dihydroxybenzophenone) or double 

bonded conjugates (bispAC3, bispCP5, or cyclofenil diphenol) had little positive effect on 

activity. Conversion of the S in TDP to a sulfone or sulfoxide also decreased activity. A 
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comparison of the sulfones S4OH, DHDPS2 and S3OH indicated that electron donor groups at 

the 3,3' positions increased activity (IC50-values: S4OH < S3OH < DHDPS2). 

 

 The bisphenols inhibited the decatenation activity of topoisomerase IIα but did not 

inhibit the relaxation activity of topoisomerase I. As shown in Fig. 2B for S4OH and DHDP 

specifically, and in Table 1 for all compounds tested, the bisphenols varied considerably in their 

ability to inhibit decatenation activity of human topoisomerase IIα. This assay is a measure of the 

inhibition of catalytic enzyme activity only and is not a measure of whether these compounds 

acted as topoisomerase II poisons as do some widely used anticancer drugs (Fortune and 

Osheroff, 2000; Li and Liu, 2001).The activity of the sulfoxide S4OH was close in activity to the 

O-ether O3OH. An electronegative atom such as a sulfoxide (as in S4OH) or an O (as in O3OH) 

or S (as in SCHO1 OR SCHO2) in the bridge between the phenyl rings increased topoisomerase 

IIα inhibitory activity compared to a CH2 bridge (BHPM). Substitution of the 3-position in the 

O-ether DHDP with a single OH (as in O3OH) increased activity while replacement at the 3- or 

3'-OH with one or two formyl groups decreased activity (OCHO1 and OCHO2, respectively). 

Conversely though, when TDP with a sulfur ether was modified with the addition of either one 

or two formyl groups (SCHO2 and SCHO1, respectively) activity was increased. The most 

potent topoisomerase IIα inhibitor, the biscatechol sulfoxide S4OH, was also more potent than 

S3OH, indicating a preference for 3,3'-electronegative substitution. The two sulfones tested 

NSC38049 and NSC40763 were of lower activity suggesting a sulfoxide (or an S or O) was more 

favorable for activity. As with K562 cell growth inhibitory activity, further substitution or 
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conversion of the linker in EIBP (as in bisphenol A, 4,4'-dihydroxybenzophenone, bispAC3, 

bispCP5, or cyclofenil diphenol) did not improve activity. 

 Experiments to determine if the bisphenols had specificity for inhibition of topoisomerase 

IIα were carried out using topoisomerase I, which is a DNA processing enzyme (Pommier et al., 

1998) that also relieves torsional stress in DNA. Topoisomerase I relaxes DNA through a 

transient single strand break in DNA as compared to the transient double strand break in DNA 

induced by topoisomerase II (Pommier et al., 1998). As shown by the gel in Fig. 2C S4OH, 

O3OH, DHDP, SCHO1, OCHO1 and OCHO2 did not detectably inhibit the relaxation activity of 

topoisomerase I towards supercoiled pBR322 DNA, while the well known topoisomerase I 

inhibitor camptothecin did (Pommier et al., 1998).  

 

 QSAR correlation analyses of CHO on K562 cell growth inhibition with 

topoisomerase IIα inhibition. As shown in Fig. 3A and 3B the logarithms of the CHO and 

K562 IC50 data were significantly correlated with the logarithm of the IC50 data for the catalytic 

inhibition of topoisomerase IIα (r2 = 0.56, p < 0.001 and r2 = 0.24, p = 0.02, respectively). The 

significant correlation of the CHO and K562 IC50 data with topoisomerase IIα IC50 suggests that 

inhibition of topoisomerase IIα by the bisphenols contributed to the inhibition of cell growth. 

 

 Effect of bisphenols on the stabilization of the covalent topoisomerase IIα-DNA 

cleavable complex. Several widely used anticancer agents, including doxorubicin and the other 

anthracyclines, mitoxantrone and etoposide, (Fortune and Osheroff, 2000; Li and Liu, 2001) are 

thought to be cytotoxic by virtue of their ability to stabilize a covalent topoisomerase II-DNA 
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intermediate (the cleavable complex), thereby acting as topoisomerase II poisons. Thus, DNA 

cleavage assay experiments (Burden et al., 2001) were carried out as we previously described 

(Hasinoff et al., 2006), using etoposide as a positive control to see whether 250 µM of the test 

compounds stabilized the cleavable complex to produce linear DNA. As shown in Fig. 4A and 

Fig 4B the addition of etoposide (250 µM, lane 3) to the reaction mixture containing 

topoisomerase IIα and supercoiled pBR322 DNA significantly (p < 0.01) induced formation of 

linear DNA 2.6-fold compared to background levels in the absence of topoisomerase IIα. Linear 

DNA was identified by comparison with linear pBR322 DNA produced by action of the 

restriction enzyme HindIII acting on a single site on pBR322 DNA (not shown). O3OH also 

significantly (p < 0.001) increased formation of linear DNA an average of 1.8-fold over 

background levels. However, as determined by t-test, none of the other bisphenols shown in Fig. 

4A and Fig. 4B (S4OH, DHDP or SCHO1) statistically significantly increased formation of 

linear DNA over background levels. OCHO1, OCHO2, SCHO2, NSC402321, and NSC40763 

were also tested and gave similar negative results. These results indicate that only O3OH of the 

bisphenols tested acted as a topoisomerase IIα poison. 

 As exemplified by dexrazoxane (Fattman et al., 1996; Hasinoff et al., 1997), catalytic 

inhibitors of topoisomerase II may inhibit cleavable complex formation by topoisomerase II 

poisons such as etoposide (Andoh and Ishida, 1998; Jensen et al., 2006; Jensen et al., 2005; 

Larsen et al., 2003). Experiments were thus carried out to see if bisphenol pretreatment could 

antagonize etoposide-induced linear DNA formation by topoisomerase IIα. As the results in Fig. 

4C and 4D show, S4OH, O3OH, DHDP and SCHO1 all reduced the amount of linear DNA 

produced from etoposide-induced formation of the cleavable complex. SCHO1 decreased the 
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average amount of etoposide-induced linear DNA formation the most (from1.9- to 1.5-fold over 

no-drug control levels). However, there was no statistically significant bisphenol-induced 

decrease in linear DNA compared to the etoposide-treated control for any of the bisphenols 

tested. 

 

 The effect of the bisphenols on the growth of a K562 cell line compared to the 

K/VP.5 cell line with a decreased level of topoisomerase IIα. One method by which cancer 

cells increase their resistance to topoisomerase II poisons is by lowering their level or activity of 

topoisomerase II (Fortune and Osheroff, 2000; Ritke et al., 1994a; Ritke et al., 1994b).With less 

topoisomerase II in the cell, cells produce fewer DNA strand breaks and topoisomerase II 

poisons are less lethal to cells. These cell lines provide a convenient way to test whether a drug 

that inhibits topoisomerase II acts as a topoisomerase II poison (Hasinoff et al., 2005). 

Conversely, a lack of change in sensitivity of a putative topoisomerase II poison to a cell line 

with a lowered topoisomerase II level can be taken to indicate that poisoning of topoisomerase II 

was not an important mechanism for this particular agent. We previously reported that 

topoisomerase IIα and topoisomerase IIß protein levels were reduced 6-fold and 3-fold 

respectively in K/VP.5 compared with K562 cells (Ritke et al., 1994b). A 72 h continuous 

treatment with a range of concentrations of the bisphenols was utilized to generate IC50 values 

for growth inhibition in K562 and K/VP.5 cells, as measured with the MTS assay (Table 1). 

None of the bisphenols were very cross resistant, which again suggests that the bisphenols 

inhibited cell growth mainly through the catalytic inhibition of topoisomerase II.  
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 Because the bisphenols display some structural resemblance to the bisdioxopiperazine 

dexrazoxane (ICRF-187) in that both have bis-substituted ring systems joined by linker atoms, 

we also determined the ability of the bisphenols to inhibit the growth of our previously 

characterized dexrazoxane-resistant DZR cell line (Hasinoff et al., 1997; Hasinoff et al., 2004; 

Wu and Hasinoff, 2005). The DZR cell line, which was derived from the parent CHO cell line 

and has a Thr48Ile mutation in topoisomerase IIα, is 400-fold resistant to dexrazoxane (Hasinoff 

et al., 1997; Hasinoff et al., 2004; Wu and Hasinoff, 2005). This mutation is located in the N-

terminal ATP binding region of topoisomerase II close to the dexrazoxane binding site (Classen 

et al., 2003a; Classen et al., 2003b) and likely interferes with dexrazoxane binding. The results in 

Table 1 show that none of the bisphenols were greater than 2.6-fold cross resistant to the DZR 

cell line, which indicates that the bisphenols did not inhibit the catalytic activity of 

topoisomerase IIα by binding to the bisdioxopiperazine binding site. 

 

 The effect of bisphenols on the K562 cell growth inhibitory effects of the 

topoisomerase II poisons doxorubicin and etoposide. We and others have shown that the 

bisdioxopiperazine topoisomerase II catalytic inhibitors dexrazoxane and ICRF-193 antagonized 

the growth inhibitory effects of doxorubicin, daunorubicin, etoposide and amsacrine (Hasinoff et 

al., 1996; Ishida et al., 1991; Sehested et al., 1993; Tanabe et al., 1991). Likewise, the purine 

NSC35866 (Jensen et al., 2005) can antagonize etoposide-induced growth inhibitory effects. In 

the case of dexrazoxane it may do this by trapping the enzyme in the form of a closed protein 

clamp, thus preventing the formation or stabilization of the topoisomerase II-DNA intermediate 

(Ishida et al., 1991; Sehested et al., 1993; Tanabe et al., 1991). 
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 In order to determine if the bisphenols acted similarly to dexrazoxane (Hasinoff et al., 

1996) and NSC35866 (Jensen et al., 2005) in antagonizing doxorubicin or etoposide growth 

inhibitory effects on K562 cells, experiments were carried out in which K562 cells were 

pretreated with either 5 µM O3OH or S4OH for 30 min prior to treatment with doxorubicin (Fig. 

5A and 5B) and then continuously incubated with both drugs for 72 h prior to the MTS assay. 

These concentrations of O3OH or S4OH are about 6-fold higher than that required to inhibit the 

catalytic activity of topoisomerase IIα (Table 1), but were not high enough to significantly inhibit 

the growth of the K562 cells. As shown in Figs. 5A and 5B, neither O3OH nor S4OH had much 

effect on the doxorubicin IC50 value. O3OH increased the doxorubicin IC50 value from 0.065 to 

0.14 µM, while S4OH decreased it 0.017 µM. Thus, it can be concluded that neither of these 

bisphenols antagonized doxorubicin-induced growth inhibition of K562 cells through their 

ability to inhibit topoisomerase IIα. 

 The ability of 300 µM of the weaker topoisomerase IIα inhibitor DHDP and S4OH to 

antagonize etoposide-induced growth inhibition of K562 cells were also evaluated. A 30 min 

pretreatment with the bisphenol was followed by a 1 h treatment with etoposide, after which both 

drugs were washed off. The concentrations of DHDP and S4OH were sufficiently high to 

strongly inhibit the catalytic activity of topoisomerase IIα (10- and 400-fold above the IC50 for 

catalytic activity inhibition, respectively, Table 1). As shown in Fig. 5C DHDP increased the 

etoposide IC50 nearly 6-fold from 17 to 97 µM, indicating that it antagonized the growth 

inhibitory effects of etoposide. However, as shown in Fig. 5D, S4OH, as with the doxorubicin 

treatment, had little effect, as it decreased the IC50 only slightly to 12 µM. A similar attempt was 

made to evaluate O3OH (30 µM) and SCHO1 (200 µM). However, these compounds could not 
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be evaluated, as even after removal of drugs by washing, both these drugs were growth 

inhibitory (data not shown) likely due to retained drug. 

 

 3D-QSAR modeling based on the inhibition of the decatenation activity of 

topoisomerase IIα and the growth inhibition of K562 cells. The wide range of topoisomerase 

IIα inhibitory IC50 values allowed us to carry out 3D-QSAR CoMFA and CoMSIA analyses in 

order to identify the structural features responsible for the inhibitory activity of the bisphenol 

compounds. The energy-minimized structure of OCHO2 (Fig. 6A) was selected as the template 

molecule as it had meta and para substituents on both phenyl rings and thus would occupy 3D 

space common to many of the bisphenols of Figure 1. The other compounds in the data set were 

prepared by modifying the structure of OCHO2 and energy minimizing all but the aromatic 

carbon atoms (Fig. 6A). The resulting aligned structures are shown in Fig. 6B. The results of the 

CoMFA and CoMSIA analyses of the IC50 data for the inhibition of the topoisomerase IIα are 

summarized in Table 2. Weakly inhibiting bisphenols with an IC50 larger than 570 µM were not 

included in the analyses due to inaccuracies in determining these values. No compound was 

found to be an outlier in the CoMFA analyses. However, S3OH was found to be an outlier in the 

CoMSIA analysis. Due to the relatively small numbers of compounds in each data set (19 and 

18, respectively) all structures were used in the analyses, rather than dividing them into training 

and validation sets. The predicted and experimental pIC50 values for the CoMFA and CoMSIA 

analyses for inhibition of topoisomerase IIα and K562 cell growth inhibition are plotted in Fig. 

7A, 7B, 7C and 7C, respectively. The CoMSIA analysis was well correlated with an r2 value of 

0.90 and a moderately good q2 value of 0.46. However, the CoMFA analysis did not yield good 
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r2 or q2 values. The CoMSIA analysis for the inhibition of the topoisomerase IIα likely yielded a 

better model because, in addition to the steric and electrostatic contributions to the field, 

CoMSIA also measures hydrophobic and hydrogen bond donor and acceptor contributions to the 

field, and thus provides a more complete description of the interaction of the molecules with its 

binding site. The electrostatic contribution to the CoMSIA-derived field at 31.7% was the largest 

contributor to the overall field (Table 2). The hydrogen bond acceptor and hydrogen bond 

acceptor components at 25.2% and 23.7%, respectively, were the second and third largest 

contributors to the field (Table 2). 

 An examination of the four isocontour diagrams ("stdev*coeff", Fig. 6C, 6D, 6E and 6F) 

for the four largest field components for inhibition of topoisomerase IIα that were mapped onto 

the OCHO2 molecule, shows the regions in space that were either favored or disfavored for 

inhibitory activity. The green contours indicate regions that increased inhibitory activity, and the 

red contours indicate regions that decreased inhibitory activity. An examination of the 

electrostatic field, which makes the largest contribution to the CoMSIA-derived field, showed 

that bisphenol analogs with polar substituents such as hydroxyl groups in the meta position on 

the phenyl rings were favored. For the hydrogen bond acceptor field, the second largest 

contributor to the CoMSIA-derived field, a meta-substituted hetero atom, as in an hydroxyl or 

formyl group was favored, while the sulfoxide or sulfone oxygens on the bridge were disfavored. 

For the hydrogen bond donor field para- and meta-substituted hydroxyl groups were favored. For 

the hydrophobic field, the region around the bridge atom was disfavored, which probably reflects 

the higher hydrophobicity of the alkyl substituents in this region. 
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 CoMFA and CoMSIA analyses was also carried out on the IC50 data for K562 and 

K/VP.5 cell growth inhibition for the 23 bisphenols in Table 1. The CoMSIA analysis yielded q2 

values of 0.29 and 0.55, respectively, but with 6 and 7 optimum components respectively (Table 

3). The r2 values of 0.91 and 0.97, respectively were quite good. The predicted and experimental 

pIC50 values for the CoMFA and CoMSIA analyses are plotted in Fig. 7C and Fig. 7D for the 

K562 cells. The electrostatic and hydrogen bond acceptor terms, respectively, made the largest 

contribution to the overall field, similar to what was found for the topoisomerase II CoMSIA 

analysis, as might be expected given that their activities are correlated (Fig. 3). As with the 

topoisomerase IIα data, the CoMFA analysis did not yield high r2 or q2 values. 
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Discussion 

 Following the identification of DHDP as a new lead bisphenol compound from the NCI 

data base with good topoisomerase IIα inhibitory activity, a series of bisphenol analogs were 

prepared and tested in order to identify the structural features that were responsible for their 

activity. The bisphenols represent a new structural class of catalytic topoisomerase II inhibitors. 

Some of the bisphenols potently inhibited the growth of CHO and K562 cells in the low 

micromolar range. The fact that cell growth inhibition of CHO and K562 cells was positively 

correlated with topoisomerase IIα inhibition (p < 0.001 and 0.02, respectively, and an r2 of 0.56 

and 0.24, respectively) suggests that the catalytic inhibition of topoisomerase II contributed to 

the growth inhibitory activity, even though it may not have been the only mechanism by which 

these compounds acted. This correlation can be compared to a previous QSAR study in which 

we showed that a series of 12 bisdioxopiperazines, that included dexrazoxane (ICRF-187) and 

ICRF-193, that the logarithm of the CHO IC50 was correlated with the catalytic inhibition of 

topoisomerase II with an r2 = 0.74 and a p of 0.0003 (Hasinoff et al., 1995). As a group the 

bisdioxopiperazines may only target topoisomerase II, whereas the bisphenols may also have 

inhibited cell growth through other mechanisms involving other targets and also possibly through 

cytotoxic metabolites. 

 Of the bisphenols tested only O3OH significantly induced formation of linear DNA. Thus 

O3OH may act, in part, as a topoisomerase IIα poison. While O3OH and S4OH were equipotent 

in their ability to inhibit the decatenation activity of topoisomerase IIα (Table 1), only the former 

induced significant topoisomerase IIα-mediated cleavage of DNA (Fig. 4A and Fig. 4B). This is 

analogous to the situation with doxorubicin and aclarubicin, two structurally similar 
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anthracyclines that differ only in their sugar residue, in which only the former is a topoisomerase 

II poison (Larsen et al., 2003). Most bisphenols were not cross-resistant or were only low-fold 

cross resistant, to the K/VP.5 cell line containing reduced levels of topoisomerase IIα and 

topoisomerase IIß (Ritke et al., 1994a; Ritke et al., 1994b). These results suggest that most of the 

bisphenols exerted their activity as catalytic inhibitors of topoisomerase II but did not act as 

topoisomerase II poisons. Topoisomerase II catalytic inhibitors such as the bisdioxopiperazines 

dexrazoxane and ICRF-193 (Hasinoff et al., 1996; Sehested et al., 1993) and a newly identified 

“purine class” (NSC35866) of compounds (Jensen et al., 2005) can antagonize the growth 

inhibitory effects of topoisomerase II poisons. However, not all of the purines acted like 

NSC35866 as our follow-up study showed that most of the purines were not capable of 

antagonizing etoposide-induced cytotoxicity and DNA strand breaks in cells (Jensen et al., 

2006). While S4OH, O3OH, DHDP, and SCHO1 did decrease etoposide-induced linear DNA 

formation by purified topoisomerase IIα (Fig. 4C and 4D) these decreases did not achieve 

statistical significance. Consistent with these results the bisphenols S4OH and O3OH did not 

antagonize the K562 cell growth inhibitory effects of the topoisomerase II poison doxorubicin or 

etoposide (Fig. 5A, 5B and 5D) though, in contrast, DHDP did antagonize the growth inhibitory 

effects of etoposide (Fig. 5C). These results suggest subtle differences in the way that the 

bisphenols interacted with topoisomerase II. In addition, interference with doxorubicin activity 

may have been complicated by other mechanisms of growth inhibition such as generation of 

reactive oxygen species (Gewirtz, 1999). The lack of cross resistance (Table 1) with the 

bisdioxopiperazine-resistant DZR cell line indicates that in spite of some general structural 
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similarities, the bisphenols did not interact with the bisdioxopiperazine binding site of 

topoisomerase IIα. 

 In order to further define the structural factors that result in high cell growth inhibitory 

potency and topoisomerase IIα inhibitory activity for the bisphenols, 3D-QSAR CoMFA and 

CoMSIA analyses were carried out in order to derive a model for the prediction of activity to aid 

in the synthesis of new and more active analogs. Based on a common substructure alignment 

(Fig. 6A and 6B), only the CoMSIA analyses for the topoisomerase IIα inhibitory activity gave a 

high quality model based on its q2 value (Table 2). The largest contributors to the CoMSIA field 

were electrostatic, hydrogen bond acceptor, hydrogen bond donor, hydrophobic and steric 

contributions, in that order. Mapping of these fields (Fig. 6) onto the structure of OCHO2, one of 

the most cytotoxic bisphenols showed that, for both the electrostatic and hydrogen bond acceptor 

fields, bisphenol analogs with an hydroxyl or formyl groups in the meta position on the phenyl 

rings there was a favorable contribution to the topoisomerase IIα inhibitory activity, while the 

sulfoxide or sulfone oxygens on the bridge were disfavored. Polar meta hydrogen bond acceptor 

substituents on the phenyl rings also favored inhibition of topoisomerase IIα. 

 In summary, a series of bisphenol compounds were identified that were catalytic 

inhibitors of topoisomerase II. Thus, it is likely that the bisphenols exerted their cell growth 

inhibitory activity, in part, through their ability to inhibit topoisomerase IIα. Of the bisphenols 

tested only O3OH induced significant topoisomerase IIα-mediated cleavage of DNA. Forward 

development of these compounds or their analogs as clinically useful topoisomerase II targeting 

agents is supported by the results presented. If these bisphenols are able to antagonize etoposide-

induced cleavable complex formation then these compounds may be clinically useful in 
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preventing systemic toxicity while targeting brain cancer tumors with high dose therapy with 

topoisomerase II poisons as has been suggested for dexrazoxane in previous reports (Holm et al., 

1998; Jensen and Sehested, 1997a; Jensen and Sehested, 1997b). 
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Figure captions 

 

Fig. 1. Structures of the bisphenols tested for inhibition of topoisomerase IIα and inhibition of 

cell growth. 

 

Fig. 2 The bisphenols inhibit K562 cell growth and the catalytic decatenation activity of 

topoisomerase IIα but do not inhibit the relaxation activity of topoisomerase I. A, Inhibition of 

growth of K562 cells by S4OH (○) and DHDP (●). Cells were treated with the bisphenol 

indicated for 72 h prior to assessment of growth inhibition by an MTS assay. The curved solid 

lines are non-linear least squares fits to a 4-parameter logistic equation and yield IC50 values of 

64 ± 24 and 9.7 ± 5.5 µM, respectively for S4OH and DHDP. B, Inhibition of the catalytic 

decatenation activity of topoisomerase IIα by S4OH (○) and DHDP (●) The curved solid lines 

are non-linear least squares fits to a 4-parameter logistic equation and yield IC50 values of 0.69 ± 

0.07 and 31 ± 12 µM, respectively for S4OH and DHDP. C, Effects of bisphenols and 

camptothecin on the ability of topoisomerase I to relax supercoiled pBR322 DNA. This 

fluorescent image of the ethidium bromide-stained gel shows that the bisphenols did not 

detectably inhibit the relaxation activity of topoisomerase I, while the topoisomerase I inhibitor 

camptothecin did (lane 1). All lanes except lane 2 contained topoisomerase I. All drugs, where 

indicated, were present at a concentration of 10 µM in the assay mixture. In this gel, which was 

stained with ethidium bromide after it was run, the supercoiled DNA (SC) ran ahead of the 

relaxed DNA (RLX). A small amount of nicked circular (NC) is normally seen in pBR322 DNA. 
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Fig. 3. Correlations of growth inhibition of CHO and K562 cells with inhibition of 

topoisomerase IIα by the bisphenols. A, Correlation of the IC50 for growth inhibition of CHO 

cells with the IC50 for the inhibition of topoisomerase IIα. B, Correlation of the IC50 for growth 

inhibition of K562 cells with the IC50 for the inhibition of topoisomerase IIα. The data is plotted 

on both axes with logarithmic scales. The straight lines were calculated from a linear least 

squares analysis. 

 

Fig. 4. Effect of bisphenols on the topoisomerase IIα-mediated relaxation and cleavage of 

supercoiled pBR322 DNA and their inhibition of etoposide-induced DNA cleavage. A, This 

typical fluorescent image of gels run in the presence of ethidium bromide shows the ability of the 

bisphenols to produce linear DNA above control levels (lane 1). As shown in lane 3 etoposide 

treatment produced linear DNA (LIN). In this gel the relaxed DNA (RLX) ran ahead of the 

supercoiled DNA (SC). Topoisomerase IIα was present in the reaction mixture in all lanes but 

lane 1. B, Bar graph of average ± SEM integrated band intensity values for linear DNA for the 

compounds in A above. Only etoposide (lane 3; **, p < 0.01) and O3OH (lane 5; ***, p < 0.001) 

significantly induced formation of linear DNA compared to control (lane 1). None of the other 

bisphenols tested produced significant amounts of linear DNA, indicating that they were not 

topoisomerase IIα poisons. The error bars are calculated from replicates from 5 determinations 

on different days. The bisphenols and etoposide were present at 250 µM. Topo IIα is 

topoisomerase IIα. C, This typical fluorescent image of gels run in the presence of ethidium 

bromide shows the effect of the bisphenols (lanes 4 - 7) on etoposide-induced formation of linear 

DNA (lane 3). Where indicated the bisphenols and etoposide were present at 100 µM. D, Bar 
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graph of the average ± SEM integrated band intensities for the linear DNA band for the 

compounds tested in C above. Etoposide produced an average 1.9-fold increase in linear DNA 

compared to the no-drug control (lane 1). While all of the bisphenols decreased the amount of 

linear DNA, none of these decreases achieved statistical significance compared to etoposide-only 

induced formation of linear DNA. The error bars are calculated from 4 replicate determinations 

on different days. 

        

Fig. 5. Effect of preincubation of K562 cells with bisphenol topoisomerase IIα catalytic 

inhibitors. A, K562 cells were either untreated (○) or pretreated (●) with 5 µM O3OH for 30 min 

prior to treatment with doxorubicin for 72 h prior to assessment of growth inhibition by an MTS 

assay. The curved solid lines are non-linear least squares fits to a 4-parameter logistic equation 

and yield IC50 values of 0.065 ± 0.022 and 0.142 ± 0.008 µM, respectively, for no pretreatment 

and pretreatment with 5 µM O3OH. B, K562 cells were either untreated (○) or pretreated (●) 

with 5 µM S4OH for 30 min prior to treatment with doxorubicin for 72 h prior to assessment of 

growth inhibition by an MTS assay. The curved solid lines are non-linear least squares fits to a 4-

parameter logistic equation and yield an IC50 of 0.0017 ± 0.006 µM for pretreatment with 5 µM 

O3OH. The concentration of 5 µM of O3OH or S4OH are about 6-fold higher than that required 

to inhibit the catalytic activity of topoisomerase IIα. Neither O3OH nor S4OH antagonized the 

growth inhibitory effects of doxorubicin. C, K562 cells were either untreated (○) or pretreated 

(●) with 300 µM DHDP for 30 min prior to a 1 h treatment with etoposide after which both drugs 

were washed off. After 72 h growth inhibition was assessed by an MTS assay. The curved solid 

lines are non-linear least squares fits to a logistic equation and yield IC50 values of 17 ± 11 and 
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97 ± 22 µM, respectively, for no pretreatment and pretreatment with 300 µM DHDP. D, K562 

cells were either untreated (○) or pretreated (●) with 300 µM S4OH for 30 min prior to a 1 h 

treatment with etoposide. After 72 h growth inhibition was assessed by an MTS assay. The 

curved solid lines are non-linear least squares fits to a 4-parameter logistic equation and yield an 

IC50 of 12 ± 10 µM for pretreatment with 300 µM S4OH. The concentration of 300 µM of DHDP 

or S4OH were much higher than that required to inhibit the catalytic activity of topoisomerase 

IIα. 

 

 Fig. 6. A, Structure of OCHO2 that was used as a template molecule in the 3D-QSAR modeling 

for the inhibition of topoisomerase IIα. The atoms connecting the bonds in bold were used for the 

molecular alignments in the CoMFA and CoMSIA analyses. B, Structures of 23 bisphenol 

energy-minimized structures aligned to the template molecule OCHO2 used in the 3D-QSAR 

modeling. C, Electrostatic, D, H-bond acceptor, E, H-bond donor and F, hydrophobic 

stddev*coeff contour maps superimposed on the structure of OCHOH2 obtained from the 

CoMSIA modeling for the topoisomerase IIα inhibitory activity of 18 bisphenols. In this order, 

these were the four most important field components that resulted from the CoMSIA modeling. 

The green grids outline the regions in space for each field that were favored for topoisomerase 

IIα inhibition, while the red areas show the regions that were disfavored.  

 

Fig. 7. A and B, Correlation of the predicted and experimentally determined values of pIC50 for 

inhibition of the decatenation activity of topoisomerase IIα by the bisphenol analogs used in the 

building of the CoMFA and CoMSIA models, respectively. C and D, Correlation of the predicted 
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and experimentally determined values of pIC50 for inhibition of the K562 cell growth by the 

bisphenol analogs used in the building of the CoMFA and CoMSIA models, respectively. The 

straight lines were calculated from a linear least squares analysis. 
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Table 1. Cell growth inhibitory and topoisomerase II inhibitory effects of the bisphenols 
 

 MTS cell growth inhibition  MTT cell growth inhibition  topoisomerase IIα inhibition 

Compound or NSC No. K562 
IC50 
(µM) 

K/VP.5 
IC50 
(µM)  

RRa  CHO 
IC50 
(µM) 

DZR 
IC50 
(µM) 

RRa  IC50 
(µM) 

SCHO1  6.2 5.9 0.96  11 20 1.89  7.8  
OCHO2  8.9 2.6 0.29  18 24 1.34  44  
O3OH  9.3 15 1.61  13 14 1.04  0.74  
DHDP  9.7 32 3.28  13 13 1.02  31  

NSC38049 21 26 1.26  50 41 0.82  252  
NSC58409 24 24 1.00  9.2 21 2.27  585  

TDP  33 68 2.08  171 127 0.74  326  
SCHO2  51 50 0.99  39 104 2.64  18  
OCHO1  54 32 0.59  36 27 0.73  26  
bispCP5 55 56 1.02  63 145 2.30  110  

NSC402321 63 94 1.49  133 115 0.86  640  
S4OH  64 26 0.41  10 8.6 0.83  0.69  

cyclofenil diphenol 71 66 0.93  64 83 1.30  511  
bispAC3 72 79 1.10  77 90 1.17  201  

EIBP  82 73 0.90  276 169 0.61  1640  
bisphenol A 96 122 1.27  124 187 1.51  501  

4,4'-dihydroxybenzophenone 99 146 1.47  171 194 1.13  483  
NSC85582 117 73 0.63  218 151 0.69  571  

BHPM  134 198 1.48  361 298 0.83  1011  
DHDPS1 143 313 2.19  396 186 0.47  487  

S3OH  143 223 1.56  61 42 0.69  133  
DHDPS2 182 355 1.95  >1000 685 ND  >1000  

NSC40763 525 251 0.48  96 71 0.74  135  
 

a The relative resistance factors RR were calculated from the ratio of the IC50 value for the K/VP.5 cell line divided by that for the 

K562 cell line or the DZR to the CHO cell line, respectively. ND is not determined. 
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Table 2. Partial least-squares statistics and field contributions from CoMFA and CoMSIA 

models for the prediction of pIC50 for the inhibition of topoisomerase IIα. 

PLS statistics 
parameter CoMFA CoMSIA 
q2 0.076 0.463 
N 1 4 
SEP 0.950 0.827 
r2 0.306 0.895 
SEE 0.823 0.365 
F 7.512 27.750 
 
Field contributions 
steric 0.464 0.044 
electrostatic 0.536 0.317 
hydrophobic  0.150 
hydrogen bond donor  0.237 
hydrogen bond acceptor  0.252 
 

q2: Leave-one-out (LOO) cross-validated correlation coefficient, N: optimum number 

of components, r2: non-cross-validated correlation coefficient, SEE: standard error 

of estimate, F: F-test value, SEP: standard error of prediction. 
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Table 3. Partial least-squares statistics and field contributions from CoMFA and CoMSIA 

models for the prediction of pIC50 for the inhibition of the growth of K562 and K/VP.5 cells. 

PLS statistics 
  K562  K/VP.5 
parameter  CoMFA CoMSIA  CoMFA CoMSIA 
q2  0.335 0.291  0.573 0.554 
N  1 6  2 7 
SEP  0.401 0.474  0.358 0.423 
r2  0.499 0.913  0.754 0.965 
SEE  0.348 0.166  0.272 0.118 
F  20.898 27.864  30.607 59.519 
   
Field contributions 
steric  0.265 0.082  0.310 0.067 
electrostatic  0.735 0.332  0.690 0.370 
hydrophobic   0.203   0.143 
hydrogen bond donor   0.144   0.134 
hydrogen bond acceptor   0.239   0.286 
 

q2: Leave-one-out (LOO) cross-validated correlation coefficient, N: optimum number 

of components, r2: non-cross-validated correlation coefficient, SEE: standard error 

of estimate, F: F-test value, SEP: standard error of prediction. 
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Supplementary Data for

“A Three-dimensional Quantitative Structure-activity Analysis of a New Class of Bisphenol
Topoisomerase II" Inhibitors”

Synthesis of bisphenols
General methods. Melting points were taken on a Gallenkamp melting point apparatus and

are uncorrected. Electrospray ionization mass spectra (ESI-MS) were acquired on a Quattro-LC
instrument (Micromass-Waters, Mississauga, Canada). Samples (~10  M in acetonitrile) were-3

injected in the Quattro ion source and electrosprayed at 4 kV with a carrying phase of 50:50
acetonitrile-water, flow rate 10 :L/min. Nitrogen gas was used as the sheath gas to facilitate the
spraying. The cone (or declustering) voltage was adjusted at 20 V (positive ion mode) and 30 V
(negative ion mode). Additional parameters included: source temperature (110/C) and nebulizer
temperature (130/C). H- and C-nuclear magnetic resonance (NMR) spectra were recorded at 3001 13

K in 5 mm NMR tubes on Bruker (Milton, Canada) Avance 300 spectrometer operating at 300.13
MHz for H-NMR and 75.5 MHz for C-NMR, respectively, on solutions in acetone-d6, unless1 13

otherwise indicated. Chemical shifts are given in parts per million (ppm)(+/-0.01 ppm) relative to
that of tetramethylsilane (TMS) (0.00 ppm) in the case of the H-NMR spectra, and to the central line1

of chloroform-d (* 77.2) or acetone-d6 (* 29.9) for the C-NMR spectra. TLC was performed on13

aluminum-backed plates bearing 200 :m silica gel 60 F254 (Silicycle, Quebec). Compounds were
visualized by quenching of fluorescence by UV light (254 nm) where applicable and/or were located
by putting the TLC plate in a iodine chamber until color developed. Compounds were purified on
silica gel (Ultra pure grade, 230-400 mesh, Silicycle) by flash chromatography using the eluents
specified. The ratios of the solvents used in TLC and column chromatography are volume ratios. For
all reactions the conditions were not optimized to improve reaction yields.

4,4’-sulfonyl diphenol (DHDPS1) and 4,4’-dihydroxydiphenyl sulfoxide (DHDPS2).
Hydrogen peroxide (30 %, 160.8 mg, 1.42 mmol, 1.4 eq.) was added to a suspension of 4,4’-
thiodiphenol ether (228.8 mg, 1.05 mmol), silica gel (200.0 mg, Silicycle, 230 – 400 mesh) and
acetic anhydride (135.0 mg, 1.15 mmol, 1.1 eq.) in dichloromethane-methanol (5 ml, 4:1). The
mixture was stirred at room temperature for 64 h and purified by column chromatography (ethyl
acetate: hexanes 1.5: 1). Two colorless solid products were obtained: 4,4’-sulfonyl diphenol: Rf =
0.38, yield 30.0 mg (11.4 %); mp: 245.0-248.0/C (lit. (Zaccaro et al., 2002) 247/C); H-NMR *1

3 3(DMSO-d6:CDCl  2:1) 10.35 (s, 2H, OH), 7.65, 6.85 (dd, 4H, PhH); C-NMR * (DMSO-d6:CDCl13

2:1) 161.5, 132.1 (tertiary PhC), 129.1, 115.8 (PhC) and 4,4’-dihydroxydiphenyl sulfoxide: Rf =
0.18; yield 185.1 mg (0.79 mmol, 75.2 %); mp: 198.0-200.0/C (lit. (Engman et al., 1994) 201/C);

3H-NMR * (DMSO-d6:CDCl  2:1) 9.93 (s, 2H, OH), 7.37, 6.84 (dd, 4H, PhH); C-NMR * (DMSO-1 13

3d6:CDCl  2:1) 159.9, 1135.3 (tertiary PhC), 126.4, 115.9 (PhC); MS (ESI, m/z, %): Calcd. for [M-
H]  233.0, Found: 233.3 (100).-

B i s ( 3 - f o r m y l - 4 - h y d r o x y p h e n y l )  s u l f i d e  ( S C H O 1 )  a n d
2-hydroxy-5-(4-hydroxyphenylthio)benzaldehyde (SCHO2). A colorless suspension of 4,4’-
thiodiphenol ether (0.60 g, 2.75 mmol) in dry toluene-acetonitrile (11 ml, 10:1 v/v) was treated with
tin chloride (63 ml, 0.55 mmol) and tributylamine (509 ml, 2.20 mmol) and was stirred under argon
atmosphere for 20 min at room temperature. Paraformaldehyde (0.38 g, 12.1 mmol) was added and

http://endnote+.cit
http://endnote+.cit


the reaction mixture was stirred at 100/C for 8 h, poured into distilled water (100 ml), acidified with
hydrochloric acid (1M) to pH 2 and extracted with ethyl acetate (3 x 20 ml). The combined organic
layers were washed with saturated sodium bicarbonate aqueous solution (2 x 10 ml) and distilled
water (10 ml), dried with anhydrous magnesium sulfate, and filtered to give a yellow solution.
Purification by column chromatography (ethyl acetate: hexanes 1: 4) yielded two products.

Bis(3-formyl-4-hydroxyphenyl) sulfide (SCHO1) yellow crystals were obtained after
recrystallization from acetone-hexanes-ethanol. Rf = 0.65 (ethyl acetate: hexanes 1:2); yield 150.0
mg (20 %); mp: 160.5 – 161.0/C (lit. (Keum et al., 2004) 157/C); H-NMR * 10.97 (bs, 2H, OH),1

10.01 (s, 2H, CHO), 7.85 (d, 2H, J = 2.4 Hz, PhH-2), 7.61 (dd, 2H, J = 2.4 Hz, J = 8.7 Hz, PhH-6),
7.00 (d, 2H, J = 8.7 Hz, PhH-5); C-NMR * 197.1 (C=O), 158.6, 140.6, 137.1, 126.7, 122.3, 119.213

(PhC); MS (ESI, m/z, %): Calcd. for [M-H]  273.03, Found: 273.3 (100).-

2-hydroxy-5-(4-hydroxyphenylthio)benzaldehyde (SCHO2) as a yellow solid was obtained
after chromatography Rf = 0.45 (ethyl acetate : hexanes = 1: 2), yield 220.0 mg (33 %); mp: 108.50-
109.5/C; H-NMR * 10.90, 8.81 (2 x bs, 2H, 2 x OH), 9.99 (s, 1H, CHO), 7.70 (d, 1H, J = 2.4 Hz,1

1 2PhH-2), 7.48 (dd, 1H, J  = 2.4 Hz, J  = 8.7 Hz, PhH-6), 7.29 (m, 2H, PhH), 6.95 (d, 1H, J = 8.7 Hz,
PhH-5), 6.85 (m, 2H, PhH); C-NMR * 197.2 (C=O), 158.3, 139.3, 135.5, 135.4, 128.9, 124.5,13

122.1, 118.9, 117.1 (PhC); MS (ESI, m/z, %): Calcd. for [M-H]  245.0, Found: 245.2 (100).-

5-(3-formyl-4-hydroxyphenoxy)-2-hydroxybenzaldehyde (OCHO2) and 2-hydroxy-5-(4-
hydroxyphenoxy)benzaldehyde (OCHO1). Using similar procedures to those described above for
SCHO1 and SCHO2, OCHO2 and OCHO1 were obtained from 4,4’-dihydroxydiphenyl ether (520.0
mg, 2.57 mmol). 5-(3-formyl-4-hydroxyphenoxy)-2-hydroxybenzaldehyde (OCHO2) was obtained
as a yellow solid after chromatography; Rf = 0.41 (ethyl acetate: hexanes = 1:3); yield 30.0 mg (5
%); mp 118.5 – 120.0/C; H-NMR * 10.58 (bs, 2H, 2 x OH), 9.87 (s, 2H, CHO), 7.30 (d, 2H, J =1

1 23.0 Hz), 7.23 (dd, 2H, J  = 3.0 Hz, J  = 8.9 Hz), 6.90 (d, 1H, J = 8.9 Hz); C-NMR * 196.9 (C=O),13

157.9, 150.7, 121.7 (tertiary PhC), 128.8, 122.4, 119.4 (PhC); MS (ESI, m/z, %): Calcd. for [M-H]-

257.1, Found: 257.3 (100). 2-hydroxy-5-(4-hydroxyphenoxy)benzaldehyde (OCHO1)) was obtained
as a yellow solid after chromatography; Rf = 0.31 (ethyl acetate: hexanes = 1:3), yield 170.0 mg (29
%); mp: 122.0 – 124.0/C; H-NMR * 10.66, 8.28 (2 x bs, 2H, 2 x OH), 9.98 (s, 1H, CHO), 7.30 (d,1

1 21H, J = 3.0 Hz), 7.25 (dd, 1H, J  = 3.0 Hz, J  = 9.0 Hz), 6.97 (d, 1H, J = 9.0 Hz), 6.99 – 6.82 (m,
4H); C-NMR * 197.0 (C=O), 154.3, 151.9, 150.3, 121.6 (tertiary PhC), 128.2, 121.2, 120.7, 119.0,13

116.8 (PhC); MS (ESI, m/z, %): Calcd. for [M-H]  229.1, Found: 229.3 (100).-

3,4,4’-trihydroxydiphenyl sulfoxide (S3OH). A solution of hydrogen peroxide (30 %, 166
:l) in water (994 :l) was added to a solution of SCHO2 (0.18 g, 0.73 mmol) in aqueous sodium
hydroxide (2 %, 3.5 ml) dropwise. The obtained orange solution was stirred for 2.5 h in an argon
atmosphere. The obtained orange-red solution was acidified by hydrochloric acid (1 M, 3 ml) and
extracted with ethyl acetate (4 x 3 ml). The combined organic layers were washed with distilled
water (3 ml), dried (anhydrous magnesium sulfate), filtered and concentrated to an orange-red syrup.
Purification by flash column chromatography (ethyl acetate: hexanes = 3:2) yielded the title
compound as an orange syrup. Rf 1.2 (ethyl acetate: hexanes = 2:1); yield 90.0 mg (49 %); 1H-NMR

1 2* 8.80 (bs, 3H; 3 x OH), 7.49 (ddd, J  = 2.0 Hz, J  = 2.8 Hz, J3 = 8.7 Hz, 2H,), 7.14 (d, J = 2.1 Hz,

1 2 1 21H), 7.03 (dd, J  = 2.1 Hz, J  = 8.2 Hz, 1H), 6.95 (ddd, J  = 2.0 Hz, J  = 2.8 Hz, J3 = 8.7 Hz, 2H),
6.93 (d, J = 8.2 Hz, 1H); 13C-NMR * 160.7, 148.8, 146.6, 136.8, 136.4, 127.4, 118.0, 116.7, 116.2,
112.0; MS (ESI, m/z, %): Calcd. for [M-H]  249.0, Found: 249.2 (100).-

3,3’,4,4’-tetrahydroxydiphenyl sulfoxide (S4OH) and 4-(4-hydroxyphenoxy)benzene-
1,2-diol (O3OH). Using a similar procedure as described for the preparation of S3OH, S4OH and
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O3OH were obtained from SCHO1 (90.0 mg, 0.33 mmol) and OCHO1 (53.4 mg, 0.23 mmol),
respectively. S4OH was obtained as a yellow syrup. Rf 0.17 (ethyl acetate); yield 35.0 mg (40 %);

1 2H-NMR * 8.53 (bs, 4H; 4 x OH), 7.09 (d, J = 2.0 Hz, 2H, H-2), 7.01 (dd, J  = 2.0 Hz, J  = 8.2 Hz,1

2H, H-6), 6.91 (d, J = 8.2 Hz, 1H, H-5); C-NMR * 148.5, 146.4, 137.7, 117.8, 116.1, 111.8; MS13

(ESI, m/z, %): Calcd. for [M-H]  265.0, Found: 265.2 (100). O3OH was obtained as a colorless solid.-

Rf 0.20 (ethyl acetate: hexanes = 3:2); yield 15.0 mg, (30 %); mp 129.5-131.0/C; H-NMR * 7.631

(s, 3H), 6.65 (s, 7H); C-NMR * 150.9, 150.8, 116.3, 116.2; MS (ESI, m/z, %): Calcd. for [M-H]13 -

217.1, Found: 217.2 (100).

General procedure for McMurry coupling reactions (Seo et al., 2006)
Titanium (VI) chloride (370 ml, 0.82 g, 4.31 mmol) was added dropwise to a grey suspension

of zinc powder (0.60 g, 9.00 mmol) in dry THF (10 ml) at -18 C (a sodium chloride-ice bath).o

Yellow fumes were released during the addition. The obtained yellow-green mixture was refluxed
for 2 h at 100 C, cooled to room temperature, and treated with a solution of 4,4’-o

dihydroxybenzophenone (0.25 g, 1.16 mmol) and with each of the ketones (acetone, cyclohexanone,
or cyclopentanone, respectively) (1.16 mmol) in THF (8 ml) in separate reactions. After refluxing
for 2 h, the mixture was cooled to room temperature and slowly poured into a saturated aqueous
sodium bicarbonate solution (100 ml). Ether (100 ml) was then added with vigorous stirring. The
mixture was filtered through Celite and extracted with ether (2 x 50 ml). The combined organic
phases were dried over anhydrous magnesium sulfate, filtered and concentrated to yield a light
yellow residue. Purification by flash column chromatography (ethyl acetate : hexanes = 1 : 3) yielded
each coupling product.

4-(1-(4-hydroxyphenyl)-2-methylprop-1-enyl)phenol (bispAC3). Yield 141 mg (51%);

1 2colorless needles; mp 181.5-183.0 C; H-NMR (MeOD-d4) d 6.96 (dd, J  = 1.7 Hz, J  = 8.6 Hz, 4H),o 1

1 26.70 (dd, J  = 1.7 Hz, J  = 8.6 Hz, 4H), 1.76 (s, 6H); C-NMR (MeOD-d4) d 156.4, 138.1, 136.6,13

16 17 2132.0, 131.0, 115.6, 33.9, 22.7; MS (ESI, m/z, %) calcd. for C H O  [M+H]  241.1. Found: 241.1+

(100).
Bis(4-hydroxyphenyl)methylenecyclopentane (bispCP5). Yield 131 mg (42 %); a colorless

solid; mp 193.0-195.0 C (ref:o
1(Seo et al., 2006) 194-195 C); H-NMR (MeOD-d4) d 6.96 (dd, J  =o 1

2 1 21.5 Hz, J  = 8.6 Hz, 4H), 6.70 (dd, J  = 1.5 Hz, J  = 8.6 Hz, 4H), 2.36 (m, 4H), 1.67 (m, 4H); C-13

NMR (MeOD-d4) d 156.5, 142.0, 136.7, 134.2, 131.3, 115.6, 33.9, 27.9; MS (ESI, m/z, %) calcd.

18 17 2 18 17for C H O  [M-H]  265.1, C H O [M-OH]  249.1. Found: 265.2 (10), 249.1 (100).- -

Bis(4-hydroxyphenyl)methylenecyclohexane (cyclofenil diphenol). Yield 55 mg (17%);
a colorless solid; mp 230.0-233.0 C (ref:o (Seo et al., 2006) 235-237 C); H-NMR (MeOD-d4) d 6.88o 1

1 2 1 2(dd, J  = 2.3 Hz, J  = 8.6 Hz, 4H), 6.88 (dd, J  = 2.1 Hz, J  = 8.6 Hz, 4H), 2.21 (bs, 4H), 1.57 (bs,
6H); C-NMR (MeOD-d4) d 156.3, 138.7, 136.4, 135.5, 131.9, 115.7, 33.5, 29.8, 28.0; MS (ESI,13

19 20 2m/z, %) calcd. for C H O Na [M+Na]  303.2. Found: 303.0 (100).+

References

Engman L, Lind J and Merenyi G (1994) Redox Properties of Diaryl Chalcogenides and Their
Oxides. J Phys Chem 98:3174-3182.

Keum S-R, Ku B-S, Kim S-E, Choi Y-K, Kim S-H and Koh K (2004) Solvatokinetic and
solvatochromic behavior of bis(indolinobenzospiropyranyl) sulfide derivatives in various

http://endnote+.cit
http://endnote+.cit
http://endnote+.cit
http://endnote+.bib
http://endnote+.bib
http://endnote+.bib
http://endnote+.bib


solvents. Bull Korean Chem Soc 25:1361-1365.
Seo JW, Comninos JS, Chi DY, Kim DW, Carlson KE and Katzenellenbogen JA (2006) Fluorine-

substituted cyclofenil derivatives as estrogen receptor ligands: synthesis and structure-affinity
relationship study of potential positron emission tomography agents for imaging estrogen
receptors in breast cancer. J Med Chem 49:2496-2511.

Zaccaro J, Sanz N, Appert EB, Baldeck PL and Ibanez A (2002) Organic nanocrystals grown in sol-
gel matrices: a new type of hybrid material for optics. Comptes Rendus Physique 3:463-478.


	/content/molpharm/supplemental/mol.107.041624/DC1/1/Supplemental_Data.pdf
	Page 1
	Page 2
	Page 3
	Page 4


