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Abstract
In a structure-activity relationship (SAR) study, 3-methoxy-1,4-phenanthrenequinones, calanquinone A (6a), denbinobin (6b), 5-OAc-calanquinone  A (7a) and 5-OAc-denbinobin  (7b), have significantly promising cytotoxicity against various human cancer cell lines (IC50  0.08–1.66 mg/mL).  Moreover, we also established a superior pharmacophore model for cytotoxicity (r = 0.931) containing three hydrogen bond acceptors  (HBA1, HBA2 and HBA3) and one hydrophobic feature (HYD) against MCF-7 breast cancer cell line. The pharmacophore  model indicates that HBA3 is an essential feature for the oxygen atom of 5-OH in 6a–b and for the carbonyl group of 5-OCOCH3 in 7a–b, important for their cytotoxic properties. The SAR for moderately active 5a–b (5-OCH3), and highly active 6a–b and 7a–b, are also elaborated in a spatial aspect model. Further rational design and synthesis  of new cytotoxic phenanthrene analogs can be implemented via this model. Additionally, employing a ChemGPS-NP  based model for  cytotoxicity mode of  action (MOA) provides support for a preliminary classification of compounds 6a–b as topoisomerase  II inhibitors.
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Introduction

Natural phenanthrenes are probably generated from photo- chemical cyclization of stilbenes [1].  More  than  270  phenan- threnes have been isolated from natural products, especially the family Orchidaceae, and some of them possess various biological activities, including cytotoxicity, antiplatelet aggregation, anti- inflammatory,  antimicrobial,  spasmolytic, anti-allergic activities and phytotoxicity [1]. In our previous study, calanquinone A [5- hydroxy-3,6,7-trimethoxy-1,4-phenanthrenequinone   (5-hydroxy-
3,6,7-trimethoxy-1,4-PQ)] (Figure 1), a new PQ isolated from Calanthe  arisanensis  in 2008, showed significant cytotoxic activity against human  lung (A549), prostate (PC-3 and  DU145), colon (HCT-8), breast (MCF-7), nasopharyngeal (KB), and vincristine- resistant nasopharyngeal  (KBVIN) cancer  cell lines with EC50 values of 0.03–0.45 mg/mL  [2,3]. Calanquinone  A is related in structure  to other  naturally occurring cytotoxic PQs,  including denbinobin  (Figure 1) (5-hydroxy-3,7-dimethoxy-1,4-PQ), sphe- none  A (3,6,7-trimethoxy-1,4-PQ), densiflorol B (7-hydroxy-2- methoxy-1,4-PQ), and  annoquinone  A (3-methoxy-1,4-PQ) [1]. Denbinobin, first isolated from Dendrobium  nobile  in 1981, is the only 1,4-PQ  that  has  been  studied  in  terms  of the  cytotoxic

mechanisms of human  colon (HCT-116  and COLO  205), lung adenocarcinoma  (A549), myelogenous leukemia (K562), and pancreatic  adenocarcinoma  (BxPC-3) cancer  cell lines [4–11]. The data implied that denbinobin could be a potential antican- cer lead compound.
In  our  preliminary  results of cytotoxic structure-activity re- lationship (SAR) studies, calanquinone A (6a) displayed an up to
7-fold greater cytotoxic activity than  denbinobin  (6b),  which is known as a potent cytotoxic agent [4–11], toward human  liver (HepG2  and  Hep3B),  oral  (Ca9-22), lung  (A549) and  breast (MEA-MB-231 and MCF7) cancer cell lines. Up to now, the SAR of PQs and phenanthrenes has only rarely been reported and is worthy of further study. In this research, calanquinone A (6a), denbinobin (6b)  and their derivatives were synthesized [3,12,13] and  evaluated  for  cytotoxic  activity.  In  addition,  employing a ChemGPS-NP based model provides the prediction for cytotoxicity mode of action (MOA) of calanquinone A (6a)  and denbinobin (6b).
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