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Abstract: Three new and rare chromones, named epiremisporine B (2), epiremisporine B1 (3) 

and isoconiochaetone C (4), along with three known remisporine B (1), coniochaetone A (5) 

and methyl 8-hydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylate (6) were isolated from a 

mutant from the diethyl sulfate (DES) mutagenesis of a marine-derived Penicillium 

purpurogenum G59. The structures of 2–4 including the absolute configurations were 

determined by spectroscopic methods, especially by NMR analysis and electronic circular 

dichroism (ECD) experiments in conjunction with calculations. The absolute configuration 

of the known remisporine B (1) was determined for the first time. Compounds 2 and 3 have 

a rare feature that has only been reported in one example so far. The compounds 1–6 were 

evaluated for their cytotoxicity against several human cancer cell lines. The present work 

explored the great potential of our previous DES mutagenesis strategy for activating silent 

fungal pathways, which has accelerated the discovery of new bioactive compounds. 

Keywords: chromone derivatives; remisporine; epiremisporine; isoconiochaetone; ECD; 

marine-derived fungus; Penicillium purpurogenum G59; DES mutagenesis 
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1. Introduction 

Cyclopentachromones (CPCs), the tricyclic cyclopentabenzopyan-9-one derivatives, are relatively 

rare in nature. Only a few in this family has so far been reported from fungi, including coniochaetones  

A–D [1–3] and E–I [4], coniothyrione [5,6], diaportheones A–B [7], preussochromones D–F [8], 

cryptosporioptide [9], and remisporine A [10]. Remisporine B is a unique CPC dimer resulting from a 

spontaneous Diels-Alder reaction of remisporine A [10]. 

Activating silent pathways for secondary metabolites in fungi has been a promising route to  

discover new compounds [11–14]. Several strategies, such as the one strain-many compounds [15],  

co-cultivation [16], and chemical epigenetics [17] strategies, have been widely applied for this purpose. 

The ribosome engineering [18,19] strategy, awaking silent bacterial pathways by introducing  

drug-resistant mutations to obtain new compounds [20,21], has been well studied in bacteria. Recently, 

this strategy has been applied to fungi due to the development of new methodologies particularly for 

fungi [22–27]. The recently reported mutagenesis strategy using diethyl sulphate (DES) also provided a 

practical method to discover new compounds by activating silent fungal pathways [28–31]. 

AD-1-2 is a mutant strain from the DES mutagenesis [28] of a marine-derived fungus, Penicillium 

purpurogenum G59 [32]. Previously, we reported three new unusual C25 steroids from AD-1-2 [30].  

Here, we report three new chromone derivatives, epiremisporine B (2), epiremisporine B1 (3) and 

isoconiochaetone C (4), together with the three known ones, remisporine B [10] (1), coniochaetone A 

(5) [1,2] and methyl 8-hydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylate (6) [33] (Figure 1), from 

the same mutant AD-1-2. All of the six compounds were not presented in the parent G59 extract.  

The absolute configuration of 1 was determined by electronic circular dichroism (ECD) experiments in 

conjunction with calculations, for the first time in the present study. Compounds 2 and 3 are new CPC 

dimers with a rare feature that has only been reported in one case (1) as far as we know. 

 

Figure 1. Structures of 1–6 produced in the mutant AD-1-2 of P. purpurgenum G59. 

2. Results and Discussion 

2.1. Identification and Absolute Configuration Determination of Remisporine B (1) 

Compound 1, a yellow amorphous powder (MeOH), [α]25
D +898.9 (c 0.18, MeOH), gave a protonated 

molecular ion peak at m/z 577 [M + H]+ in positive ESIMS and a deprotonated one at m/z 575 [M − H]− 

in negative mode. The UV absorptions of 1 at 227.2, 240.5, 259.0, and 323.3 nm showed the feature of 
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the chromone skeleton. The 1H and 13C NMR spectra of 1 in DMSO-d6 showed signals arising from 

nearly a single major isomer (Table 1), which were confirmed to be identical with those of remisporine 

B [10]. Eventually, 1 was identified as remisporine B by the NOEs detected between H-4/H-3, H-3/Hα-4′, 

Hα-4′/H-3′, and H-3′/HO-2′ by the 1D ROESY experiments in DMSO-d6 and the CD spectrum (Figure 2) 

which is identical to that of remisporine B [10]. The 1H NMR spectrum of 1 in CDCl3 showed two sets 

of 1H signals from the isomers 1a and 1b in 1:0.8 ratio (Table 2), which were analyzed by comparison 

with the data in DMSO-d6 (Table 1). Significant differences in the 1H NMR data (Table 2) between 1a 

and 1b appeared mainly on the protons around C-2′ on the aliphatic rings, H-3, H-3′, H-4, H-4′, and  

HO-2′, indicating that they are epimers at C-2′. Careful examination of the 1H NMR spectrum of 1 in 

DMSO-d6 (in the Supplementary Information) has shown that except for the major set of 1H signals from 

1a (Table 1), additional very weak signals from H-4, HO-2′, HO-11, and H-11′ of the minor isomer 1b 

were also clearly recognized in the spectrum, although the other proton signals for 1b were hardly 

assigned because of the signal broadening or overlapping. The ratio of 1a to 1b was determined 

approximately to be 1:0.2 by the standard integrals of related proton signals. Similarly, in CD3OD, 1 

also existed as a pair of 1a and 1b in the same 1:0.2 ratio. These observations indicated that 1 exists in 

a dynamic isomerism between 1a and 1b in the solutions. 

For the major isomer 1a which should dominate the CD curve of 1, there are two possible absolute 

configurations, 2S3R4S2′S3′R (1a) and its enantiomer 2R3S4R2′R3′S (ent-1a). We performed ECD 

calculations on 1a and ent-1a. Time dependent density functional theory (TDDFT) ECD calculations 

performed at the B3LYP/6-31+G(d) level were used to generate ECD spectra for a set of five  

lowest-energy conformers for each of 1a and ent-1a. The resulting ECD spectra were combined by 

Boltzmann weighting to give a composite spectrum. By contrast with the enantiomer ent-1a, the 

calculated ECD spectrum of the enantiomer 1a matched well the experimental data of 1 (Figure 2). This 

thus enabled us to assign the 2S3R4S2′S3′R absolute configuration to the major isomer 1a. 

Accordingly, the minor isomer 1b was reasonably assigned the 2S3R4S2′R3′R absolute configuration. 

 

Figure 2. Experimentally measured and calculated electronic circular dichroism (ECD) 

spectra of 1 in MeOH. 
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Table 1. The 1H and 13C NMR data of 1–3 in DMSO-d6. a 

Position 
1a b 2a c 2b c 3a c 3b c 

δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC δH (J in Hz) δC 

1 — 170.0 s — 170.8, s — 171.3 s — 170.8 s — 171.4 s 

2 — 86.6 s — 88.2 s — 89.5 s — 88.2 s — 89.4 s 

3 3.29 (dd, 12.2, 6.0) 47.2 d 3.78 (dd, 9.2, 9.0) 47.0 d 3.88 (dd, 9.0, 8.4) 46.6 d 3.81 (dd, 9.4, 8.9) 47.3 d 3.87 (dd, 9.0, 8.4) 46.6 d 

4 4.60 (d, 6.0) 39.1 d 4.98 (d, 9.0) 36.9 d 5.02 (d, 9.0) 36.2 d 4.99 (d, 8.9) 36.9 d 5.01 (d, 9.0) 36.2 d 

5 — 171.5 s — 169.3 s — 168.9 s — 168.9 s — 168.9 s 

7 — 156.7 s — 156.78 s — 156.75 s — 156.8 s — 156.7 s 

8 6.86 (s) 108.3 d 6.79 (s) 108.3 d 6.77 (s) 108.3 d 6.81 (s) 108.3 d 6.79 (s) 108.3 d 

9 — 147.5 s — 147.5 s — 147.5 s — 147.47 s — 147.51 s 

10 6.69 (s) 112.5 d 6.64 (s) 112.3 d 6.64 (s) 112.3 d 6.65 (s) 112.3 d 6.65 (s) 112.3 d 

11 — 159.8 s — 159.87 s — 159.85 s — 159.9 s — 159.8 s 

12 — 108.5 s — 108.4 s — 108.4 s — 108.4 s — 108.4 s 

13 — 179.7 s — 178.87 s — 178.89 s — 178.8 s — 178.9 s 

14 — 119.3 s — 119.2 s — 118.7 s — 119.3 s — 118.7 s 

15 2.35 (s) 21.5 q 2.30 (s) 21.5 q 2.28 (s) 21.4 q 2.30 (s) 21.45 q 2.29 (s) 21.42 q 

16 3.71 (s) 52.7 q 3.69 (s) 52.8 q 3.70 (s) 52.6 q 3.68 (s) 52.6 q 3.70 (s) 52.5 q 

1′ — 168.1 s — 169.4 s — 167.7 s — 169.2, s — 167.4 s 

2′ — 102.8 s — 105.7 s — 106.2 s — 105.7 s — 106.1 s 

3′ 2.63 (tdd, 12.2, 4.3, 1.3) 45.5 d 3.10 (ddd, 10.1, 9.2, 6.4) 42.7 d 2.79 (ddd, 12.5, 8.4, 5.9) 47.3 d 3.09 (ddd, 10.3, 9.4, 6.5) 42.9 d 2.79 (ddd, 11.3, 8.4, 6.6) 47.2 d 

4′α 2.91 (dd, 16.8, 12.2) 28.4 t 2.70 (dd, 17.0, 6.4) 26.3 t 2.48 (dd, 15.9, 5.9) 26.9 t 2.69 (dd, 16.9, 6.5) 26.3 t 2.48 (dd, 15.9, 6.6) 27.0 t 

β 2.83 (dd, 16.8, 4.3)  2.64 (dd, 17.0, 10.1)  2.43 (dd, 15.9, 12.4)  2.64 (dd, 16.9, 10.3)  2.44 (dd, 15.9, 11.3)  

5′ — 169.0 s — 168.0 s — 167.4 s — 168.1 s — 167.1 s 

7′ — 155.5 s — 155.5 s — 155.6 s — 155.5 s — 155.6 s 

8′ 6.91 (s) 107.4 d 6.90 (s) 107.6 d 6.88 (s) 107.6 d 6.92 (s) 107.6 d 6.91 (s) 107. 7 d 

9′ — 147.7 s — 147.40 s — 147.44 s — 147.40 s — 147.43 s 

10′ 6.72 (s) 111.8 d 6.71 (s) 112.0 d 6.71 (s) 112.0 d 6.72 (s) 111.9 d 6.72 (s) 111.9 d 

11′ — 159.4 s — 159.52 s — 159.55 s — 159.5 s — 159.5 s 

12′ — 107.3 s — 107.7 s — 107.8 s — 107.8 s — 107.7 s 
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Table 1. Cont. 

13′ — 181.4 s — 179.4 s — 179.3 s — 179.4 s — 179.3 s 

14′ — 113.1 s — 111.9 s — 111.7 s — 111.9 s — 111.8 s 

15′ 2.39 (s) 21.8 q 2.38 (s) 21.77 q 2.38 (s) 21.79 q 2.39 (s) 21.8 q 2.38 (s) 21.8 q 

16′ 3.67 (s) 52.4 q 3.74 (s) 52.28 q 3.75 (s) 52.31 q 4.25–4.18 (m) 61.3 t 4.17–4.12 (m) 61.2 t 

17′ — — — — — — 1.26 (t, 7.1) 13.8 q 1.26 (t, 7.1) 14.0 q 

11–OH 12.20 (s) — 12.15 (s) — 12.12 (s) — 12.16 (s) — 12.13 (s) — 

2′–OH 7.96 (d, 1.3) — 7.80 (s) — 7.53 (s) — 7.74 (s) — 7.49 (s) — 

11′–OH 12.50 (s) — 12.49 (s) — 12.47 (s) — 12.50 (s) — 12.48 (s) — 

a The 1H and 13C NMR signals were recorded in δ values using the solvent DMSO-d6 signals (δH 2.50/δC 39.52) as references, respectively. b Recorded at 400 MHz 1H and 150 MHz 13C NMR. Except for the 1H signals 

of 1a given in this Table, additional very weak 1H signals of minor isomer 1b (δ4.74, d, J = 8.5 Hz, H-4; δ12.28, br s, HO-11; δ7.83, br s, HO-2′; δ12.53, br s, HO-11′) were also detected in the 1H NMR spectrum of 

1 although full 1H signals were hardly recognized for 1b. The ratio of 1a and 1b was determined approximately to be 1:0.2 by the standard integrals of their H-4 and HO-2′ signals. c Recorded at 600 MHz 1H and  

150 MHz 13C NMR. The signals of 2a and 2b for 2 were assigned on the basis of HMQC, HMBC, NOESY, and 1D GOESY experiments. The signals of 3a and 3b for 3 were assigned by comparison with the data 

of 2a and 2b, coupled with the result of NOESY experiments for 3. The ratio of 2a/2b and 3a/3b were approximately determined both to be 1:0.8 by the standard integrals of H-4, HO-2′ and H-3′ signals for 2 and  

H-3 and H-3′ signals for 3, respectively. 
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Table 2. The 400 MHz 1H and 100 MHz 13C NMR data of 1 and 4 in CDCl3. a 

Proton 
1 

Position
4 

δH (J in Hz) of 1a δH (J in Hz) of 1b δH (J in Hz) δC 

3 3.25 (dd, 12.0, 6.0) 3.54 (dd, 11.3, 7.0) 1 4.94 (dt, 6.8, 1.5) 79.5 d

4 4.78 (d, 6.0) 4.98 (d, 7.0) 2α 2.14 (dddd, 14.0, 8.6, 2.6, 1.5) 27.8 t 

8 6.71 (s) 6.70 (s)  β 2.31 (dddd, 14.0, 9.4, 7.4, 6.8)  

10 6.63 (s) 6.63 (s) 3α 3.17 (dddd, 18.0, 8.6, 7.4, 1.5) 30.3 t 

15 2.38 (s) 2.37 (s) β 2.77 (ddd, 18.0, 9.4, 2.6)  

16 3.82 (s) 3.90 (s) 4 — 174.0 s

3′ 2.78 (ddd, 12.7, 12.0, 4.0) 3.93 (td, 11.3, 5.1) 6 — 157.5 s

4′α  2.94 (dd, 17.0, 12.7) 2.75 (dd, 17.6, 11.9) 7 6.70 (br s) 107.8 d

β 2.84 (dd, 17.0, 4.0) 3.05 (dd, 17.6, 5.1) 8 — 146.8 s

8′ 6.78 (s) 6.73 (s) 9 6.63 (br s) 112.8 d

10′ 6.71 (s) 6.70 (s) 10 — 161.2 d

15′ 2.43 (s) 2.43 (s) 11 — 109.2 d

16′ 3.80 (s) 3.85 (s) 12 — 181.3 d

11–OH 12.12 (s) 11.89 (s) 13 — 120.1 d

2′–OH 4.60 (br s) 4.49 (s) 14 2.39 (s) 22.4 q

11′–OH 12.37 (s) 12.34 (s) 15 3.49 (s) 57.5 q

— — — 10-OH 12.55 (s) — 

a 1H and 13C NMR signals were recorded as δ values using the solvent CDCl3 signals (δH 7.26 and δC 77.16) as references, respectively. 

Remisporine B (1) existed in dynamic isomerism between major isomer 1a and minor isomer 2b in CDCl3, and the signals of 1a and 1b 

were assigned by comparison with the data of 1a in DMSO, given in Table 1. The ratio of 1a and 1b was determined approximately to be 

1:0.8 by the standard integrals of their H-4 signals. 

2.2. Structure Determination of New Chromones 2–4 

Epiremisporine B (2) had the molecular formula C30H24O12 by HRESIMS, the same as 1, and the IR 

absorptions indicated the ester (1742 cm−1) and conjugated (1655 cm−1) carbonyls in 2. The similar UV 

and 1D NMR data (Table 1) of 2 and 1 indicated their similar structures. Differing from 1, however,  

2 gave both 1H and 13C NMR signals (Table 1) as pairs in a ratio of 1:0.8 in DMSO-d6, indicating that  

2 is a stereoisomer of 1 and exists in a dynamic isomerism between major (2a) and minor (2b) isomers 

in DMSO-d6. The planar structure of 2, the same as 1, was deduced by 1D (Table 1) and 2D NMR data 

(Table S1). Finally, 2 was determined to be an epimer of 1 at C-3′ by the 1D GOESY experiments. The 

orientation of H-3′, H-3 and H-4 in the same spatial direction on the same side of the ring system in 2 

was established by the NOEs detected between H-3′/H-3, H-3′/H-4 and H-3/H-4 of 2a and 2b by the 1D 

GOESY experiments. Further in the 1D GOESY experiments, a more remarkable NOE was detected on 

2′-OH in 2b than in 2a by irradiating H-3′ in 2a and 2b, respectively. This thus evidenced that 2b is an 

isomer with cis H-3′/2′-OH and 2a is another one with trans H-3′/2′-OH. 

Epiremisporine B1 (3) was assigned the molecular formula C31H26O12 by HRESIMS, which had one 

more CH2 than 2. It showed UV and IR absorptions similar to 2, and the 1H and 13C NMR spectra of 3 

in DMSO-d6 and CDCl3 gave both pairs of signals in a ratio of 1:0.8, indicating the presence of dynamic 

isomerism in the solutions between major 3a and minor 3b isomers, like 2. The 1H and 13C NMR data 

of 3a and 3b in DMSO-d6 (Table 1) and CDCl3 (Table 3) are almost identical with those of 2a and 2b 
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in DMSO-d6 (Table 1) and CDCl3 (Table 3), respectively, except for the signals from an ethoxy group 

in 3a and 3b instead of the signals of the 16′ methoxy group in 2a and 2b. Thus, 3 must be a derivative 

of 2, with an ethoxy group instead of the 16′ methoxy group in 2. The NOEs detected between H-4/H-3′, 

H-3′/H-3 and H-3/H-4 in the NOESY spectrum of 3 in DMSO-d6, especially the NOE between H-4/H-3′, 

further evidenced the relative stereochemistry of 3, the same as 2. 

Table 3. The 400 MHz 1H NMR data (δ, J in Hz) of 2 and 3 in CDCl3. a 

Proton 
2 3 

2a 2b 3a 3b 

3 3.93 (t, 9.0) 
3.86–3.82 (masked by  

H-16/16′) 
3.95 (t, 9.0) 3.90 (t, 9.0) 

4 5.19 (d, 9.0) 5.22 (d, 9.0) 5.21 (d, 9.0) 5.22 (d, 9.0) 

8 6.70 (s) 6.70 (s) 6.70 (s) 6.70 (s) 

10 6.60 (s) 6.60 (s) 6.60 (s) 6.60 (s) 

15 2.32 (s) 2.30 (s) 2.33 (s) 2.32 (s) 

16 3.79 (s) 3.82 (s) 3.79 (s) 3.84 (s) 

3′ 3.01 (ddd, 11.7, 9.0, 5.8) 2.93 (ddd, 12.8, 8.2, 5.2) 2.98 (ddd, 11.9, 9.0, 5.7) 2.92 (ddd, 12.7, 9.0, 5.4)

4′α 

β 

2.87 (dd, 16.7, 5.8) 

2.62 (dd, 16.7, 11.7) 

2.81 (dd, 15.9, 5.2) 

2.46 (dd, 15.9, 12.8) 

2.88 (dd, 16.6, 5.7) 

2.62 (dd, 16.6, 11.9) 

2.81 (dd,15.9, 5.4) 

2.49 (dd,15.9, 12.7) 

8′ 6.71 (s) 6.70 (s) 6.72 (s) 6.71 (s) 

10′ 6.68 (s) 6.68 (s) 6.69 (s) 6.69 (s) 

15′ 2.42 (s) 2.42 (s) 2.42 (s) 2.42 (s) 

16′ 3.87 (s) 3.85 (s) 4.37-4.29 (m) 4.35-4.27 (m) 

17′ — — 1.35 (t, 7.1) 1.37 (t, 7.0) 

11–OH 12.04 (s) 11.95 (s) 12.06 (s) 11.98 (s) 

2′–OH 4.64 (br s) 4.64 (br s) 4.64 (br s) 4.64 (br s) 

11′–OH 12.35 (s) 12.30 (s) 12.36 (s) 12.31 (s) 

a The chemical shift was recorded as δ value using the solvent CDCl3 signal (δH 7.26) as reference. Both 2 and 3 existed in dynamic 

isomerism between the major and minor isomers, 2a/2b and 3a/3b, in CDCl3, respectively. The signals for each isomer were assigned by 

comparison with their data in DMSO given Table 1, respectively. The ratio of 2a/2b and 3a/3b were approximately determined both to be 

1:0.8 by the standard integrals of H-4, HO-11 and HO-11′ signals for 2 and Hβ-4 signals for 3, respectively. 

The absolute configuration of 2 and 3 was determined on the basis of experimental and theoretically 

ECD data. Because 2a/2b and 3a/3b exist in nearly equal proportion (1:0.8) in the solutions of 2 and 3, 

there are four questionable absolute configurations 2S3R4S2′S3′S (2a/3a) and 2S3R4S2′R3′S (2b/3b) 

and their enantiomers 2R3S4R2′R3′R (ent-2a/ent-3a) and 2R3S4R2′S3′R (ent-2b/ent-3b) for 2 and 3. 

We performed theoretical ECD calculations on all four questionable absolute configurations for 2 and 3 

because it was unknown which one of them mainly dominates the CD of 2 and 3, although the 

chirality of C-2′ would little affect the CD in view of its location far away from the aromatic ring 

systems. TDDFT calculations performed at the B3LYP/6-31+G(d) level for 2 and the B3LYP/6-31G(d) 

level for 3 were used to generate ECD spectra for a set of lowest-energy conformers for each absolute 

configuration, and the resulting spectra were combined by Boltzmann weighting to give a composite 

spectrum. The calculated ECD spectra of the enantiomers 2a and 2b for 2 and 3a and 3b for 3 properly 

reproduced the experimental data. Especially the calculated ECD spectra of the enantiomers 2b and 3b 

agreed well with the experimental data of 2 and 3 (Figure 3), indicating that the enantiomers 2b and 3b 
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likely dominated the CD of 2 and 3, respectively. Thus, the 2S3R4S2′S3′S and 2S3R4S2′R3′S absolute 

configurations were assigned to the isomers 2a/3a and 2b/3b, respectively. 
Isoconiochaetone C (4), colorless needles (MeOH), m.p. 99–100 °C, [α]25

D +76.7 (c 0.16, MeOH), was 

assigned the molecular formula C14H14O4 by HRESIMS. The molecular formula and the typical UV 

absorptions indicated that 4 is a monomeric chromone. The 1H and 13C NMR data of 4 in CDCl3 (Table 2) 

matched well the data of coniochaetone C in CDCl3 [3] although splitting patters of H-1 and H2-2 signals 

in the literature [3] could not be fully analyzed probably because of the limitation in the spectral 

resolution, indicating the same planar structure of both compounds. Coniochaetone C, with the 1S 
absolute configuration, showed negative optical rotation ([α]23

D  −49.0 (c 0.1, MeOH) [3], while 4 gave a 

positive sign (+76.7) which fitted well with the optical rotation of their 1R-OH analogue coniochaetone 
B ([α]25

D +84.0; c 0.1, MeOH) [1], indicating that 4 has the 1R absolute configuration. 

 

Figure 3. Experimentally measured and calculated ECD spectra of 2 and 3 in MeOH. 

2.3. Detection of 1–6 in the Mutant AD-1-2 Extract by HPLC-PDAD-UV/HPLC-ESI-MS Analyses 

Each of the EtOAc extracts of mutant AD-1-2 and the parent G59 strain was analyzed by  

HPLC-photodiode array detector (PDAD)-UV and HPLC-electron spray ionization (ESI)-MS. In the 

HPLC-PDAD-UV analysis, 1–6 were detected in the mutant but not in the G59 extract, which was 

confirmed by both retention times and UV spectra in comparison to those of standard compounds 1–6 

(Figure S1). In the HPLC-PDAD-UV profile, compound 3 was only detected in a trace at 242 nm  

(Figure S1), by contrast, it was clearly detected by HPLC-SEI-MS. The other five compounds were also 

detected in the mutant extract by selective pseudo-molecular ion monitoring with both extracted ion 

chromatograms and MS spectra, but not in the G59 extract (Figure S2). 
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2.4. Mechanism of 1–3 Formation 

According to the mechanism of 1 formation from remisporine A (7) [10], 2 and 3 were expected to 

be formed by dimerization of 7 and 8 (Figure 4). Indeed, both 7 and 8 were presumably detected in the 

mutant but not the G59 extract in the HPLC-PDAD-UV and HPLC-ESI-MS analyses (Figures S1 and S2). 

However, 7 and 8 could not be obtained in pure form because of their instability [10]. Thus, we proposed 

the mechanism for the 1–3 formation, as shown in Figure 4, which involved the formation of C-3′ 

isomers, extending the original proposal of Kong et al. [10]. The spontaneous Diels-Alder reaction of 

two molecules of 7 or of combination of 7 and 8 followed by the retro-Aldol condensation and 

aromatization could produce I. The intermediate I would further undergo keto-enol tautomerism with II 

as an intermediate to give III bearing an inverted absolute configuration of C-3′. The intramolecular 

cyclization of I via attacking the keto carbonyl at C-2′ by the hydroxyl at C-2 could produce 1 and X, 

existing as interconvertible isomers in solutions. A similar process could be applied to III to generate 2 

and 3. Incidentally, according to the mechanism that requires the endo mode of the Diels-Alder reaction 

of 7 and 8, adopting the less hindered orientation with hydroxyl groups facing each other rather than the 

bulky methoxy carbonyls [10], the absolute configuration of 7 and 8 both should be S. 
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Figure 4. Proposed mechanism for the 1–3 formation from 7 and 8, extending the original 

proposal of Kong et al. for the 1 formation from 7, initially reported in the literature [10]. 

Me and Et are the abbreviation of methyl and ethyl respectively. 

2.5. Inhibitory Effects of 1–6 on Several Human Cancer Cell Lines 

The inhibitory effect of 1–6 was tested by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay on human cancer K562, HL-60, HeLa, and BGC-823 cell lines. Compounds 1–6 

inhibited the growth of the tested four human cancer cell lines at variable inhibition rates (IR%) at  

100 μg/mL (Table 4). The half inhibitory concentration (IC50) of 1–3 on the K562 and HL-60 cell lines 

was determined as given below. 1: 83.1 μg/mL (144.3 μM) for K562 and 75.3 μg/mL (130.7 μM) for  

HL-60; 2: 69.0 μg/mL (119.8 μM) for K562 and 62.9 μg/mL (109.2 μM) for HL-60; 3: 53.1 μg/mL  

(90.0 μM) for K562 and 54.7 μg/mL (92.7 μM) for HL-60. 
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Table 4. IR% values of 1–6 on human cancer cell lines at the 100 μg/mL. a 

Compound K562 HL-60 HeLa BGC-823 

1 64.0% 71.6% 35.7% 36.8% 
2 73.1% 77.4% 44.6% 41.4% 
3 74.0% 80.0% 45.7% 46.8% 
4 20.4% 26.0% 11.9% — 
5 36.1% 62.4% 13.9% 11.4% 
6 38.8% 46.3% 29.1% 27.8% 

Decotaxol 49.2% 46.9% 41.7% 44.1% 

a The cells were treated with the samples at 37 ºC for 24 h and then the IR% was measured by the 

MTT method; K562: Human chronic myelogenous leukemia K562 cell line, HL-60: Human acute 

promyelocytic leukemia HL-60 cell line, HeLa: Human cervical cancer HeLa cell line, BGC-823: 

Human gastric adenocarcinoma BGC-823 cell line; Decotaxol was used as positive control. 

2.6. Discussion 

In a continuation of our previous work on the C25 steroids newly produced in mutant AD-1-2 [30], 

further chromatography of the AD-1-2 extract, tracing newly produced chromones by bioassays and 

chemical analyses, resulted in the isolation of six choromone derivatives 1–6, including the three new 

and rare chromones 2–4. Two rare CPC monomers 7 and 8 were also found both to be produced in the 

mutant AD-1-2 by HPLC-PDAD-UV and HPLC-ESI-MS analyses. In contrast, none of 1–8 was 

detected in the parent G59 extract by the HPLC-PDAD-UV/HPLC-ESI-MS analyses. The proposed 

mechanism (Figure 4) according to the present results, extending the original proposal of Kong et al. [10], 

explored well the formation of 1–3 from 7 and 8, including the conversion of the absolute configuration 

at C-3′ and the isomerism of 1–3 between the isomers at C-2′. Compounds 7 and 8 were detected in 

the ethyl acetate (EtOAc) extract of the mutant AD-1-2. We used MeOH and EtOH in the separation, 

but not in the extraction of AD-1-2 cultures to obtain the EtOAc extract. This thus excluded the doubt 

whether the methyl or ethyl ester in 7 and 8 were formed by esterification during the extraction. These 

results proved that the production of 4–8 in mutant AD-1-2 was caused by the activation of silent 

pathways in G59 strain by DES mutagenesis, although biological details for regulating the activation are 

still unknown, while 1–3 were formed by subsequently occurred spontaneous dimerization of the 

produced 7 and 8 via Diels-Alder reaction (Figure 4). 

During NMR experiments in the present study, approximately 70% of 1 was converted into 2 after 

seven days at room temperature in DMSO-d6, evidenced by the appearance of a pair of the 1H NMR 

signals (2a/2b in 1:0.8 ratio), but no more than 70% of 1 was further converted into 2 even after 15 days. 

The conversion of 2 into 1 was not observed in DMSO-d6 solution. In the NMR experiments for crude 

X, which showed UV absorptions similar to 1–3 and had the molecular size (m/z 591 [M + H]+ in  

ESI-MS) the same as 3, over 90% of X was converted into 3 within two days in DMSO-d6 at room 

temperature, and further purification of the samples provided an additional amount of 3 but X could not 

be obtained. Further, in the 1H NMR spectra of 3 in DMSO-d6 and CDCl3, very weak signals from X 

were detected together with some other also very weak signals from III (R=CH2CH3, in Figure 4), as 

seen in the 1H NMR spectra in the Supplementary Information. These weak signals always coexisted 

with the signals of 3 even after the samples for the NMR experiment were repeatedly purified by HPLC, 
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indicating the presence of the conversion between X and 3 in the solutions. These observations further 

supported the mechanism in Figure 4, which involved the keto-enol tautomerism that enables both 

conversions of 1/2 and 3/X.  

3. Experimental Section 

3.1. General Experimental 

Melting points were measured on a Beijing Tiandiyu X-4 exact micro melting point apparatus 

(Tiandiyu science and technology Co., Ltd., Beijing, China) and the temperatures were not corrected. 

Optical rotations were measured on an Optical Activity Limited polAAr 3005 spectropolarimeter 

(Optical Activity Limited, Ramsey, UK). ESIMS was recorded on an Applied Biosystems API 3000 LC-MS 

spectrometer (AB SCIEX, Framingham, MA, USA) and HRESIMS on an Agilent 6520 Q-TOF LC-MS 

spectrometer (Agilent Technologies, Santa Clara, CA, USA). UV data were taken on a GBC Cintra 20 

spectrophotometer (GBC, Melbourne, Australia), IR spectra on a Bruker Tensor-27 infrared 

spectrophotometer (Bruker, Karlsruhe, Germany), CD on a Biologic Science MOS450 CD (Bio-Logic, 

Pont-de-Claix, France) and NMR spectra on a JEOL JNM-GX 400 (400 MHz 1H and 100 MHz  
13C NMR) (JEOL Ltd., Tokyo, Japan) or Bruker-600 (600 MHz 1H and 150 MHz 13C NMR) NMR 

spectrometer (Bruker, Karlsruhe, Germany). 

Precoated silica gel GF254 plates (10 cm × 20 cm, 0.25-mm thickness, Yantai Chemical Industrial 

Institute, Yantai, China) were used in TLC, and spots were detected under sunlight and UV light  

(254 and 365 nm) or by using Vaughan’s reagent [25,30,31] or 10% sulfuric acid reagent. Silica gel H  

(200–300 mesh, Yantai Chemical Industrial Institute, Yantai, China), YMC*GEL® ODS-A-HG (12 nm 

S-50 μm, YMC Co., Ltd., Kyoto, Japan), and Sephadex™ LH-20 (GE Healthcare, Uppsala, Sweden) 

were used for column chromatography. HPLC were performed on Waters HPLC systems equipped with 

Waters 600 controller, Waters 600 pump, Waters 2414 refractive index detector, Waters 2996 (for 

analytical HPLC) or 2998 (for preparative HPLC) photodiode array detector, and Waters Empower™ 

software (Waters, Milford, MA, USA). Venusil MP C18 (5 μm, 100 Å, 4.6 mm × 250 mm; Agela 

Technologies, Tianjin, China), Capcell Pak C18 (UG120Å, 4.6 mm × 250 mm; Shiseido Co., Ltd., Tokyo, 

Japan), and Capcell Pak C18 (MG II, 4.6 mm × 250 mm; Shiseido Co., Ltd., Tokyo, Japan) columns were 

used in analytical HPLC, and Capcell Pak C18 (UG120Å, 20 mm × 250 mm; Shiseido Co., Ltd., Tokyo, 

Japan) and Capcell Pak C18 (MG II, 20 mm × 250 mm; Shiseido Co., Ltd., Tokyo, Japan) columns were 

used in preparative HPLC. 

ZHWY-2102 rotary shakers (Shanghai ZhiCheng Analyzing Instrument Manufactory Co., Ltd., 

Shanghai, China) were used for fermentation. A VERSAmax-BN03152 micro plate reader (Molecular 

Devices, Silicon Valley, CA, USA) was used to read the optical density (OD) in the MTT assay and an 

AE31 EF-INV inverted microscope (Motic China Group Co., Ltd., Xiamen, Fujian, China) was used for 

examination of the tumor cell morphology. 

Human chronic myelogenous leukemia K562 cell line was provided by Lili Wang (Beijing Institute 

of Pharmacology and Toxicology, Beijing, China), and Human acute promyelocytic leukemia HL-60, 

human cervical cancer HeLa and Human gastric adenocarcinoma BGC-823 cell lines by Wenxia Zhou 

(Beijing Institute of Pharmacology and Toxicology). Fetal bovine serum was purchased from Tianjin 
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Hao Yang Biological manufacture Co., Ltd. (Tianjin, China), RPMI-1640 medium (lot No. 1403238) 

from Gibco (Grant Island, NY, USA), and MTT (lot No. 0793) from Amresco (Solon, OH, USA). 

Streptomycin (lot No. 071104) and penicillin (lot No. X11303302) were purchased from North China 

Pharmaceutical Group Corporation, Beijing, China, and docetaxol (DOC, lot No.20110326) from 

Aladdin Chemistry Co., Ltd. (Shanghai, China). 

3.2. MTT Assay 

EtOAc extracts and fractions were dissolved in MeOH at 10 mg/mL, and the MeOH solutions were 

used in MTT assays. Compounds 1–6 and DOC were dissolved in MeOH to prepare 10.0 mg/mL stock 

solutions, respectively, and serial dilutions for compounds 1–3 were made for MTT assay. DOC was 

used as positive control, and MeOH was used as blank control. 

MTT assay was performed according to the procedure that we repeatedly used in the previous  

studies [22–32]. Exponentially growing K562, HL-60, HeLa, and BGC-823 cells were treated with 

samples at 37 °C for 24 h. The assay was run in triplicate, and the OD value was read at 570 nm on a 

VERSAmax-BN03152 plate reader. The IR% was calculated using OD mean values according to the 

formula, IR% = (ODcontrol − ODsample)/ODcontrol × 100%. The IC50 for compounds 1–3 was obtained from 

their IR% values at different concentrations. 

3.3. Fermentation and Isolation of Compounds 1–6 

3.3.1. Parent Fungal Strain and Its Mutant AD-1-2 the 1–8 Producing Strain 

The parent strain Penicillium purpurogenum G59 was isolated from a soil sample collected at the 

tideland of Bohai Bay around Lüjühe in Tanggu district of Tianjin, China, in September 2004 [32], and 

was identified by Liang-Dong Guo, the Institute of Microbiology, Chinese Academy of Sciences, China. 

This strain was deposited at the China General Microbiological Culture Collection Center under the 

accession number CGMCC No. 9721. 

AD-1-2 is a bioactive mutant obtained by DES mutagenesis of the G59 strain through treatment of 

G59 spores with 0.5% (v/v) DES in 50% (v/v) DMSO at 4 °C for 1 day [28]. The mutant AD-1-2 was 

deposited at the China General Microbiological Culture Collection Center under the accession number 

CGMCC No.8634. 

3.3.2. Fermentation, Extraction, and Preparation of Targeted Bioactive Fraction 

By a large-scale fermentation (72 L) and extraction, we had previously obtained an EtOAc extract 

(37.3 g) of the mutant AD-1-2, showing inhibitory effect on K562 cells with an IR% of 58.6%  

at 100 μg/mL [30], and a vacuum liquid chromatography of the EtOAc extract (37.2 g) on a  

silica gel column (bed 7.5 cm × 20 cm, silica gel 300 g) eluted by b.p. 60–90 °C petroleum 

ether→dichloromethane (D)–methanol (M) 100:0→0:100 had afforded a fraction Fr-3 (7.0 g, eluted by 

DM 98:2 → 96:4) [30]. Fr-3 contained targeted chromone derivatives and inhibited K562 cells with an 

IR% of 53.1% at 100 μg/mL. Thus, Fr-3 was further separated in the present study to isolate 1–6, and the 

EtOAc extract of the mutant AD-1-2 was used in HPLC-PDAD-UV and HPLC-ESI-MS analyses to 

detect 1–8. By fermentation and extraction of the parent G59 strain at the same time with the same 
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conditions of the mutant AD-1-2, we had also previously obtained an EtOAc extract (610 mg) of the G59 

strain, which did not inhibit the K562 cells (an IR% of 5.6% at 100 μg/mL) [30]. This extract was used 

for tracing newly produced 1–6 in the mutant AD-1-2 extract in the separation of Fr-3 and also in the 

HPLC-PDAD-UV and HPLC-ESI-MS analyses for detecting 1–8, all as negative controls, in the 

following experiment. 

3.3.3. Isolation of 1–6 

Fr-3 (7.0 g) was subjected to Sephadex LH-20 column eluted by alcohol (95%) to give six fractions, 

Fr-3-1 to Fr-3-6 in the order of elution. Fr-3-5 (2.0 g) contained targeted chromone derivatives and 

inhibited K562 cells with an IR% of 49.0% at 100 μg/mL. Fr-3-5 (2.0 g) was thus further separated by a 

Sephadex LH-20 column eluted by dichloromethane–methanol (1:1) to give four fractions: Fr-3-5-1 

(100 mg), Fr-3-5-2 (800 mg), Fr-3-5-3 (300 mg), and Fr-3-5-4 (800 mg). Fr-3-5-2, Fr-3-5-3, and  

Fr-3-5-4 inhibited K562 cells with IR% of 43.0%, 78.0%, and 75.0% at 100 μg/mL, respectively. 

Fr-3-5-2 (800 mg) was subjected to preparative HPLC (Capcell Pak C18 column, UG120 Å, 5 μm,  

20 mm × 250 mm; room temperature; mobile phase 55% methanol; flow rate 5.0 ml/min) to afford 4  

(16 mg, tR = 33.0 min) and 5 (24 mg, tR = 25.6 min). The separation of Fr-3-5-3 (300 mg) by the same 

preparative HPLC, except for the use of 70% methanol as mobile phase, gave 6 (18 mg, tR = 45.6 min). 

Fr-3-5-4 (800 mg) was separated by the same preparative HPLC, except for the use of 85% methanol as 

mobile phase, to afford crude 1 (tR 27.11 min), 2 (tR 26.16 min), 3 (tR 28.91 min), and X (tR 30.65 min). 

The whole crude 1–3 samples were subjected again, without weighing, to preparative HPLC (Capcell 

Pak C18 column, MG II, 5 μm, 20 mm × 250 mm; room temperature; mobile phase 70% acetonitrile; 

flow rate 8.0 mL/min) to obtain 1 (5.3 mg, tR = 40.6 min), 2 (12.5 mg, tR = 38.4 min), and 3 (6.2 mg,  

tR = 43.5 min), respectively. 

3.4. Physicochemical and Spectroscopic Data of 1–6 

Remisporine B (1): a yellow amorphous powder (MeOH), [α]25
D +898.9 (c 0.18, MeOH). Positive 

ESIMS m/z: 559 [M − H2O + H]+, 577 [M + H]+, 599 [M + Na]+; negative ESI-MS m/z: 575 [M − H]−. 

UV λmax nm (log ε) in MeOH: 204.6 (4.34), 227.2 (4.34), 240.5 (4.40), 259.0 (shoulder peak, 4.25), and 

323.3 (3.71). CD (MeOH) Δε (nm): +13.41 (207.0), 0 (214.5), −1.02 (219), −5.19 (230.5), 0 (239.0), 

+15.46 (259.5), 0 (271.0), −2.91 (280.0), 0 (292.5), +5.29 (332.0), 0 (438.5). 1H and 13C NMR data in 

DMSO-d6: Table 1; 1H NMR data in CDCl3: Table 2. 

Epiremisporine B (2): a yellow amorphous powder (MeOH), [α]25
D +524.4 (c 0.16, MeOH). Positive 

ESIMS m/z: 559 [M − H2O + H]+, 577 [M + H]+, 599 [M + Na]+; negative ESI-MS m/z: 575 [M − H] −. 

Positive HRESIMS m/z: measured 577.1349 [M + H]+, calculated for C30H25O12 [M + H]+ 577.1346. 

UV λmax nm (log ε) in MeOH: 206.3 (4.42), 227.6 (4.45), 240.4 (4.50), 258.0 (shoulder peak, 4.40), and 

323.2 (3.83). IR νmax cm−1 (Diamond ATR crystal): 3600–2500 (br, OH), 2955 (CH3/CH2/CH),  

1742 (ester carbonyl), 1656 (conjugated carbonyl), 1626, 1598, 1491 (Ar-ring), 1447, 1364, 1282, 1205, 

1063, 1027, 1005, 899, 875, 826. CD (MeOH) Δε (nm): +15.31 (207.0), +2.29 (220.5), 0 (226.5),  

−2.50 (238.0), 0 (241.5), +14.79 (260.0), 0 (269.5), −7.48 (281.5), 0 (296.5), +4.99 (332.0), 0 (438.5). 
1H and 13C NMR data in DMSO-d6: Table 1; 1H NMR data in CDCl3: Table 3. 
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Epiremisporine B1 (3): a yellow amorphous powder (MeOH), [α]25
D +531.6 (c 0.07, MeOH). Positive 

ESIMS m/z: 573 [M − H2O + H]+, 591 [M + H]+, 613 [M + Na]+ , 629 [M + K]+; negative ESI-MS m/z: 

589 [M − H]−. Positive HRESIMS m/z: measured 591.1497 [M + H]+, calculated for C30H25O12  

[M + H]+ 591.1503. UV λmax nm (log ε) in MeOH: 205.4 (4.33), 227.5 (4.36), 241.3 (4.43), 259.5 

(shoulder peak, 4.33), and 325.8 (3.74). IR νmax cm−1 (Diamond ATR crystal): 3600–2500 (br, OH), 

2957, 2919, 2850, 2830 (CH3/CH2/CH), 1748 (ester carbonyl), 1653 (conjugated carbonyl), 1623, 1600, 

1490 (Ar-ring), 1446, 1420, 1356, 1290, 1200, 1068, 1034, 1019, 934, 919, 876, 824. CD (MeOH) Δε (nm): 

+18.49 (207.0), +3.28 (221.0), 0 (229.0), −2.56 (235.5), 0 (241.0), +16.03 (258.5), 0 (271.0),  

−4.38 (281.5), 0 (296.0), +4.77 (331.5), 0 (431). 1H and 13C NMR data in DMSO-d6: Table 1; 1H NMR 

data in CDCl3: Table 3. 

Isoconiochaetone C (4): colorless needles (MeOH), m.p. 99–100 °C, [α]25
D +76.7 (c 0.16, MeOH). 

Positive ESIMS m/z: 215 [M − CH3OH + H]+, 247 [M + H]+, 269 [M + Na]+, 515 [2M + Na]+. Positive 

HRESIMS m/z: measured 247.0962 [M + H]+, calculated for C30H25O12 [M + H]+ 247.0970. UV λmax 

nm (log ε) in MeOH: 203.7 (4.22), 228.0 (4.30), 238.7 (4.35), 257.0 (shoulder peak, 4.19), and 323.2 

(3.67). 1H and 13C NMR data in CDCl3: Table 2. 

Coniochaetone A (5): colorless needles (MeOH), m.p. 179−180 °C, Positive ESI-MS m/z: 231 [M + H]+, 

253 [M + Na]+, 269 [M + K]+, 483 [2M + Na]+; negative ESI-MS m/z: 229 [M − H]−. 1H NMR (CDCl3, 

400 MHz) δ: 12.23 (1H, s, HO-10), 6.78 (1H, br s, H-7), 6.69 (1H, br s, H-9), 3.11–3.08 (2H, m, H2-3), 

2.73–2.70 (2H, m, H2-2), 2.42 (3H, s, H3-14). 13C NMR (100 MHz, CDCl3) δ: 197.6 (C-1), 189.8 (C-4), 

178.2 (C-12), 162.0 (C-10), 156.5 (C-6), 148.4 (C-8), 118.1 (C-13), 114.4 (C-9), 108.8 (C-11), 108.2 (C-7), 

33.9 (C-2), 26.3 (C-3), 22.5 (C-14). The MS and NMR data are identical with those in the literature [1]. 

Methyl 8-hydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylate (6): Pale yellow needles (MeOH), 

m.p. 194195 °C, Positive ESI-MS m/z: 285 [M + H]+, 307 [M + Na]+, 591 [2M + Na]+. 1H NMR 

(CDCl3, 400MHz) δ: 12.13 (1H, s, HO-8), 7.73 (1H, dd, J = 8.5, 7.3 Hz, H-3), 7.50 (1H, dd, J = 8.5, 0.9 Hz, 

H-4), 7.29 (1H, dd, J = 7.3, 0.9 Hz, H-2), 6.72 (1H, br s, H-5), 6.61 (1H, br s, H-7), 4.02 (3H, s, OCH3), 

2.41 (3H, s, 6-CH3). 13C NMR (100 MHz, CDCl3) δ: 180.5 (C-9), 169.8 (CO2CH3), 161.5 (C-8),  

156.0 (C-4a), 155.7 (C-4b), 149.5 (C-6), 134.9 (C-3), 133.6 (C-1), 122.6 (C-2), 119.5 (C-4), 117.6 (C-9a), 

111.8 (C-7), 107.5 (C-5), 107.0 (C-8a), 53.2 (OCH3), 22.7 (6-CH3). The MS and NMR data are identical 

with those in the literature [33]. 

3.5. HPLC-PDAD-UV Analysis of the AD-1-2 and G59 Extracts for Detecting 1–8 

The EtOAc extracts of mutant AD-1-2 and G59 strain were dissolved in MeOH to prepare sample 

solutions at 10 mg/mL for HPLC analysis. Crude samples of 1–6 in MeOH at 10 mg/mL were used as 

reference standards in the HPLC-PDAD-UV analysis. The 4 and 5 solutions in MeOH at 10 mg/mL were 

mixed in a ratio of 4:6 and the mixed solution was used for shortening HPLC running times. 

The HPLC-PDAD-UV analysis was carried out on a Venusil MP C18 column (5 μm, 100 Å,  

4.6 mm × 250 mm; Agela Technologies, Tianjin, China) using the Waters HPLC equipment given in 

Section 3.1. Sample and standard solutions were filtered using 0.22 μm pore membrane filters, and each 

5 μl of the solutions was injected into the column. Elution was performed using MeOH–H2O in linear 

gradient (20% MeOH at initial time 0 min→100% MeOH at 60 min→100% MeOH at 90 min; flow rate, 
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1.0 mL/min). The acquired photodiode array data were processed by the Waters Empower™ software 

to obtain targeted HPLC-PDAD-UV data. Compounds 1–6 were eluted as peaks with tR of  

58.90 min for 1, 58.30 min for 2, 63.70 min for 3, 39.38 min for 4, 33.23 min for 5, and 52.58 min for 6, 

and their detection was achieved both by tR and UV spectra. The peaks of 7 (tR = 38.07 min) and 8  

(tR = 37.38 min) were detected by their typical UV absorptions around 270 and 340 nm [10]. 

3.6. HPLC-ESI-MS Analysis of the AD-1-2 and G59 Extracts for Detecting 1–8 

The MeOH solution of the EtOAc extracts of mutant AD-1-2 and the control G59 strain, which had 

been used in the HPLC-PDAD-UV analysis, was used in HPLC-ESI-MS analysis. The HPLC-ESI-MS 

analysis was performed on an LC-MS equipment equipped with Agilent 1100 HPLC system, AB Sciex 

API 3000 LC-MS/MS system and AB Sciex Analyst 1.4 software (AB SCIEX, Framingham, MA, USA). 

HPLC was carried out on the same Venusil MP C18 column (5 μm, 100 Å, 4.6 mm × 250 mm; Agela 

Technologies, Tianjin, China) at the same conditions of HPLC-PDAD-UV analysis. The mass detector 

was set to scan a range from m/z 150–1500 both in the positive and negative modes. The acquired data 

were processed by the Analyst 1.4 software to obtain targeted HPLC-ESI-MS data. The pseudo-molecular 

ions of 1–8 appeared as peaks with tR of 55.0–57.0 min for 1/2, 60.40–61.41 min for 3, 36.60–37.00 min 

for 4, 30.60–31.00 min for 5, 49.69–49.89 min for 6, 35.19–35.59 min for 7, and 34.89–35.12 min for 8. 

The retention times were slightly shorter than in HPLC-PDAD-UV analysis by the shortened flow length 

from the outlet of the HPLC column to the inlet of MS in the HPLC-ESI-MS. Detection of 1–8 was 

achieved by selective ion (m/z: 575 [M − H]− for 1/2, 589 [M − H]− for 3, 215 [M − CH3OH + H]+ for 4, 

231 [M + H]+ for 5, 307 [M + Na]+ for 6, 311 [M + Na]+ for 7, 341 [M + K]+ for 8) monitoring with both 

extracted ion chromatograms and related MS spectra. 

3.7. Computation Section for ECD Calculation 

Conformational searches were performed employing the “systematic” procedure implemented in 

Spartan′14 [34], using MMFF (Merck molecular force field). All MMFF minima were re-optimized with 

density functional theory (DFT) calculations at the B3LYP/6-31+G(d) level for 1 and 2 and at the 

B3LYP/6-31G(d) level for 3 using the Gaussian 09 program [35]. The geometry was optimized starting 

from various initial conformations, with vibrational frequency calculations confirming the presence of 

minima. Theoretical ECD calculations on the optimized conformers were run by TDDFT calculations 

performed on five lowest-energy conformations (>5% population) for each of the 1a and ent-1a 

configurations (Figure S3) using 20 excited states for 1, three (for 2a and 2b) or four (for ent-2a ) or one (for 

ent-2b) lowest-energy conformations (>5% population) for 2a, ent-2a, 2b and ent-2b configurations 

(Figure S4) using 30 excited states for 2, and seven (for 3a and ent-3a) or five (for 3b) or six (for  

ent-3b) lowest-energy conformations (>5% population) for 3a, ent-3a, 3b and ent-3b configurations  

(Figure S5) using 30 excited states for 3, respectively. A polarizable continuum model (PCM) in MeOH 

was adopted to consider solvent effects in the TDDFT calculations. CD spectra were generated using the 

program SpecDis [36] by applying a Gaussian band shape with 0.26 eV width, from dipole-length 

rotational strengths. The dipole velocity forms yielded negligible differences. The ECD spectra of the 

conformers were combined using Boltzmann weighting, with the lowest-energy conformations 

accounting for 98% of the weights for 1, 99% of the weights for 2, and 97% (for 3a and ent-3a) or 99% 
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(for 3b and ent-3b) of the weights for 3, respectively. The calculated spectrum was blue-shifted by 5 nm 

for 1 and red-shifted by 6 nm for 2 and 3 to facilitate comparison with the experimental data. 

4. Conclusions 

A chemical investigation on a mutant AD-1-2 of marine-derived fungus P. purpurogenum G59 

resulted in the discovery of three new chromones 2–4 and the isolation of three known chromones 1, 5, 

and 6. Two rare CPCs 7 and 8 were also found to be produced in the mutant AD-1-2, but none of 1–8 

were detected in the G59 extract. The present work further exemplified the effectiveness of our  

previous DES mutagenesis strategy [28–31] for activating silent fungal pathways to discover new 

bioactive compounds. 

Acknowledgments 

This work was supported by the grants from the NSFC (30973631), NHTRDP (2013AA092901, 

2007AA09Z411), NSTMP (2009ZX09301-002, 2012ZX09301-003), and AMMS (2008), China, and 

the NSFC-Shandong Joint Fund for Marine Science Research Centers (U1406402), China. 

Author Contributions 

Ming-Wen Xia accomplished all experiments for this paper. Chang-Jing Wu provided mutant AD-1-2 

and helped Xia’s experiments. Chang-Wei Li contributed to this work by coaching, assisting, and 

supporting Xia and Wu’s experiments. Ji-Xing Peng and De-Hai Li performed the ECD calculations for 

1–3. Cheng-Bin Cui conceived and designed the experiments, wrote the paper, and also contributed 

especially to the chemical investigation of 1–3. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Wang, H.J.; Gloer, J.B.; Scott, J.A.; Malloch, D. Coniochaetones A and B: New antifungal 

benzopyranones from the coprophilous fungus Coniochaeta saccardoi. Tetrahedron Lett. 1995, 36, 

5847–5850. 

2. Fujimoto, H.; Inagaki, M.; Satoh, Y.; Yoshida, E.; Yamazaki, M. Monoamine oxidase-inhibitory 

components from an ascomycete, Coniochaeta tetraspora. Chem. Pharm. Bull. 1996, 44, 1090–1092. 

3. Khamthong, N.; Rukachaisirikul, V.; Phongpaichit, S.; Preedanon, S.; Sakayaroj, J. Bioactive 

polyketides from the sea fan-derived fungus Penicillium citrinum PSU-F51. Tetrahedron 2012, 68, 

8245–8250. 

4. Deng, L.; Niu, S.; Liu, X.; Che, Y.; Li, E. Coniochaetones E–I, new 4H-chromen-4-one derivatives 

from the Cordyceps-colonizing fungus Fimetariella sp. Fitoterapia 2013, 89, 8–14. 

5. Ondeyka, J.G.; Zink, D.; Basilio, A.; Vicente, F.; Bills, G.; Diez, M.T.; Motyl, M.; Dezeny, G.; 

Byrne, K.; Singh, S.B. Coniothyrione, a chlorocyclopentandienylbenzopyrone as a bacterial protein 

synthesis inhibitor discovered by antisense technology. J. Nat. Prod. 2007, 70, 668–670. 



Mar. Drugs 2015, 13 5235 

 

 

6. Kong, F.; Zhu, T.; Pan, W.; Tsao, R.; Pagano, T.G.; Nguyen, B.; Marquez, B. WYE-120318, a ring 

contraction product of methylnaltrexone, and structure revision of coniothyrione. Magn. Reson. 

Chem. 2012, 50, 829–833. 

7. Bungihan, M.E.; Tan, M.A.; Kitajima, M.; Kogure, N.; Franzblau, S.G.; deLa Cruz, T.E.E.; 

Takayama, H.; Nonato, M.G. Bioactive metabolites of Diaporthe sp. P133, an endophytic fungus 

isolated from Pandanus amaryllifolius. J. Nat. Med. 2011, 65, 606–609. 

8. Zhang, F.; Li, L.; Niu, S.; Si, Y.; Guo, L.; Jiang, X.; Che, Y. A thiopyranchromenone and other 

chromone derivatives from an endolichenic fungus, Preussia africana. J. Nat. Prod. 2012, 75,  

230–237. 

9. Saleem, M.; Tousif, M.I.; Riaz, N.; Ahmed, I.; Schulz, B.; Ashraf, M.; Nasar, R.; Pescitelli, G.; 

Hussain, H.; Jabbar, A.; Shafiq, N.; Krohn, K. Cryptosporioptide: A bioactive polyketide produced 

by an endophytic fungus Cryptosporiopsis sp. Phytochemistry 2013, 93, 199–202. 

10. Kong, F.; Carter, G.T. Remisporine B, a novel dimeric chromenone derived from spontaneous 

Diels–Alder reaction of remisporine A. Tetrahedron Lett. 2003, 44, 3119–3122. 

11. Hertweck, C. Hidden biosynthetic treasures brought to light. Nat. Chem. Biol. 2009, 5, 450–452. 

12. Cichewicz, R.H.; Henrikson, J.C.; Wang, X.; Branscum, K.M. Strategies for accessing microbial 

secondary metabolites from silent biosynthetic pathways. In Manual of Industrial Microbiology and 

Biotechnology, 3rd ed.; Baltz, R.H., Davies, J.E., Demain, A.L., Bull, A.T., Junker, B., Katz, L., 

Lynd, L.R., Masurekar, P.C., Reeves, D., Zhao, H., Eds.; ASM Press: Washington, DC, USA, 2010; 

pp. 78–95. 

13. Brakhage, A.A.; Schroeckh, V. Fungal secondary metabolites—Strategies to activate silent gene 

clusters. Fungal Genet. Biol. 2011, 48, 15–22. 

14. Takahashi, J.A.; Teles, A.P.C.; Bracarense, A.A.P.; Gomes, D.C. Classical and epigenetic 

approaches to metabolite diversification in filamentous fungi. Phytochem. Rev. 2013, 12, 773–789. 

15. Bode, H.B.; Bethe, B.; Höfs, R.; Zeeck, A. Big effects from small changes: Possible ways to explore 

nature’s chemical diversity. ChemBioChem 2002, 3, 619–627. 

16. Marmann, A.; Aly, A.H.; Lin, W.; Wang, B.; Proksch, P. Co-cultivation—A powerful emerging 

tool for enhancing the chemical diversity of microorganisms. Mar. Drugs 2014, 12, 1043–1065. 

17. Henrikson, J.C.; Hoover, A.R.; Joyner, P.M.; Cichewicz, R.H. A chemical epigenetics approach for 

engineering the in situ biosynthesis of a cryptic natural product from Aspergillus niger. Org. Biomol. 

Chem. 2009, 7, 435–438. 

18. Ochi, K.; Okamoto, S.; Tozawa, Y.; Inaoka, T.; Hosaka, T.; Xu, J.; Kurosawa, K. Ribosome 

engineering and secondary metabolite production. Adv. Appl. Microbiol. 2004, 56, 155–184. 

19. Ochi, K. From microbial differentiation to ribosome engineering. Biosci. Biothenol. Biochem. 2007, 

71, 1373–1386. 

20. Hosaka, T.; Ohnishi-Kameyama, M.; Muramatsu, H.; Murakami, K.; Tsurumi, Y.; Kodani, S.; 

Yoshida, M.; Fujie, A.; Ochi, K. Antibacterial discovery in actinomycetes strains with mutations in 

RNA polymerase or ribosomal protein S12. Nat. Biotechnol. 2009, 27, 462–464. 

21. Fu, P.; Jamison, M.; La, S.; MacMillan, J.B. Inducamides A–C, chlorinated alkaloids from an RNA 

polymerase mutant strain of Streptomyces sp. Org. Lett. 2014, 16, 5656–5659. 

22. Cui, C.-B. A new approach for exploiting microbial new strain resources for drug screening.  

J. Int. Pharm. Res. 2010, 37, 1–7. 



Mar. Drugs 2015, 13 5236 

 

 

23. Wu, C.-J.; Cui, C.-B.; Tian, C.-K.; Li, C.-W. Antitumor metabolites produced by two Penicillium 

purpurogenum G59 mutants. J. Int. Pharm. Res. 2010, 37, 122–126. 

24. Chai, Y.-J.; Cui, C.-B.; Li, C.-W.; Hua, W. Antitumor metabolites newly produced by a  

gentamicin-resistant mutant of Penicillium purpurogenum G59. J. Int. Pharm. Res. 2011, 38,  

216–222. 

25. Chai, Y.-J.; Cui, C.-B.; Li, C.-W.; Wu, C.-J.; Tian, C.-K.; Hua, W. Activation of the dormant 

secondary metabolite production by introducing gentamicin-resistance in a marine-derived 

Penicillium purpurogenum G59. Mar. Drugs 2012, 10, 559–582. 

26. Wu, C.-J.; Yi, L.; Cui, C.-B.; Li, C.-W.; Wang, N.; Han, X. Activation of the silent secondary 

metabolite production by introducing neomycin-resistance in a marine-derived Penicillium 

purpurogenum G59. Mar. Drugs 2015, 13, 2465–2487. 

27. Dong, Y.; Cui, C.-B.; Li, C.-W.; Hua, W.; Wu, C.-J.; Zhu, T.-J.; Gu, Q.-Q. Activation of dormant 

secondary metabolite production by introducing neomycin resistance into the deep-sea fungus, 

Aspergillus versicolor ZBY-3. Mar. Drugs 2014, 12, 4326–4352. 

28. Fang, S.-M.; Wu, C.-J.; Li, C.-W.; Cui, C.-B. A practical strategy to discover new antitumor 

compounds by activating silent metabolite production in fungi by diethyl sulphate mutagenesis. 

Mar. Drugs 2014, 12, 1788–1814. 

29. Fang, S.-M.; Cui, C.-B.; Li, C.-W.; Wu, C.-J.; Zhang, Z.-J.; Li, L.; Huang, X.-J.; Ye, W.-C. 

Purpurogemutantin and purpurogemutantidin, new drimenyl cyclohexenone derivatives produced 

by a mutant obtained by diethyl sulfate mutagenesis of a marine-derived Penicillium purpurogenum 

G59. Mar. Drugs 2012, 10, 1266–1287. 

30. Xia, M.-W.; Cui, C.-B.; Li, C.-W.; Wu, C.-J. Three new and eleven known unusual C25 steroids: 

Activated production of silent metabolites in a marine-derived fungus by chemical mutagenesis 

strategy using diethyl sulphate. Mar. Drugs 2014, 12, 1545–1568. 

31. Wu, C.-J.; Li, C.-W.; Cui, C.-B. Seven new and two known lipopeptides as well as five known 

polyketides: The activated production of silent metabolites in a marine-derived fungus by chemical 

mutagenesis strategy using diethyl sulphate. Mar. Drugs 2014, 12, 1815–1838. 

32. Tian, C.-K.; Cui, C.-B.; Han, X.-X. Isolation of fungal strains in unusual environment and screening 

for their antitumor activity. J. Int. Pharm. Res. 2008, 35, 401–405. 

33. Shao, C.; Wang, C.; Wei, M.; Gu, Y.; Xia, X.; She, Z.; Lin, Y. Structure elucidation of two new 

xanthone derivatives from the marine fungus Penicillium sp. (ZZF 32#) from the South China Sea. 

Magn. Reson. Chem. 2008, 46, 1066–1069. 

34. Spartan′14; Wavefunction Inc.: Irvine, CA, USA, 2013. 

35. Gaussian 09, Revision A.01; Gaussian Inc.: Wallingford, CT, USA, 2009. 

36. Bruhn, T.; Hemberger, Y.; Schaumlöffel, A.; Bringmann, G. SpecDis, Version 1.53; University of 

Wuerzburg: Wuerzburg, Germany, 2011. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


