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a b s t r a c t

Perpyrrospirone A (1) characterized an unprecedented 6/5/6/8/5/13/6 oxahexacyclic scaffold with a

unique peroxide-bridged 8,9-dioxa-2-azaspiro[4.7]dodecane core from marine-derived Penicillium cit-

rinum. Compounds 2 and 3 possessed rare oxatetracyclic (6/5/6/5) skeleton fused with a 13-menbered-

ring macrocyclic moiety. Their structure and absolute configurations were determined by comprehensive

spectroscopic analyses, ECD data coupled with TD-DFT calculations and X-ray diffraction experiments. In

addition, 7 showed cytotoxicity and induced apoptosis of Hela cells in a dose-dependent manner after a

48h treatment.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The natural hirsutellone family products are made of a dec-

ahydrofluorene polyketide core (rings A, B and C) involved in a

highly strained 12- or 13-membered para-cyclophane (ring D) and

highly functionalized 5-hydroxypyrrolidinone (Fig. S1 in Support-

ing information) [1]. The various ring junctions and chiral centers

generated the diverse structures, at the meantime, giving a rise

to the multiple and fascinating biological activities, such as cyto-

toxicity, anti-tuberculosis activity, and antifungal activity [2]. The

unique feature and diverse bioactivity of hirsutellone family has

attracted significant interest from biosynthetic, synthetic chemists

and pharmacologists [3–7]. Up to now, a total of 44 compounds

of this type had been discovered from various fungi, categorized

into thirteen carbon skeletons (Fig. S1). Among these isolates, 15

of them were isolated from the genus Penicillium, including the

tricyclic decahydroflu-orene (6/5/6) skeleton analogues (GKK1032s

A-C) [1–7], the series of cyclohexano[α]decahydrofluoren (6/5/6/6)

framework (pyrrospirones C-I), the rare 6/5/6/5 fused ring system

(pyrrospirone J and penicipyrroether A), and the unique adduct

(penicipyrrodiether A) [8–11].

Dereplication is an essential step in the natural product work-

flow to minimize the reevaluation of know compounds and expe-

dite the discovery process [12]. Recently, the mass spectrometry-

based molecular networking (MN) has emerged as a promising

analysis technique to visualize and organize the tandem MS/MS

data set within complex mixtures [13]. The fundamental prin-
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ciple of MN is that structurally related molecules possess simi-

lar MS/MS fragmentation patterns and should be categorized into

a subnetwork according to similar scaffolds [14]. This derepli-

cation strategy identified both known compounds and potential

related new analogues, thereby prioritized the isolation towards

undiscovered molecules [15]. Accordingly, as a continuation of

our search for novel bioactive compounds from marine-derived

fungi, MN was conducted in order to accelerate the discovery

rate of new molecules with specific structural features from the

endophytic strain P. citrinum DY180712, leading to the isolation

of seven new hirsutellone analogues, together with nine known

compounds 8–16 (Fig. 1, Figs. S1 and S2 in Supporting informa-

tion) [1–7]. To our knowledge, perpyrrospirone A (1) was the first

hirsutellone peroxide featuring an unprecedented 2,3-peroxide-

bridged oxatetracyclic (6/5/6/8) skeleton. Herein, we reported the

isolation, structural identification and bio-evaluation of isolated

compounds.

Perpyrrospirone A (1) was obtained as colorless crystals, and its

molecular formula was assigned to be C32H41NO8 by HRESIMS data

(m/z 568.2902 [M+H]+) and interpretation of the 13C NMR data,

indicating 13° of unsaturation. The 1H NMR data (Table S1 in Sup-

porting information) displayed three exchangeable protons at 8.13

(s), 6.65 (d, J=6.0Hz) and 5.97 (s), four para-substituted aromatic

protons at δH 7.00 (dd, J=8.6, 2.1Hz), 6.68 (dd, J=8.6, 2.5Hz), 6.62

(dd, J=8.1, 2.5Hz) and 7.09 (dd, J=8.1, 2.1Hz), and five methyl

groups at δH 1.22 (s), 1.28 (s), 1.44 (s), 0.88 (d, J=0.88, 6.3Hz) and

1.00 (d, J=6.1Hz). The 32 carbon signals in the 13C NMR data (Ta-

ble S2 in Supporting information) were assigned with the help of

the DEPT and HSQC experiments, indicating the presence of five
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Fig. 1. Structures of compounds 1–7.

Fig. 2. Key 1H–1H COSY, HMBC and ROESY correlations of 1.

methyl groups, five methylenes, 13 methines and 9 nonprotonated

carbons.

The planar structure of 1 was established by extensive 2D NMR

spectra (Fig. 2). Detailed analyses of the 1H–1H COSY data revealed

the partial structure shown as bold lines, along with the HMBC

correlations from the methyl group H3–30 to C-6, C-7, C-8 and C-

12, from H3–29 to C-4, C-5 and C-6, from H3–28 to C-3, C-4 and

C-15, and from H-4 to C-15, constructed a tricyclic system (rings

A/B/C) with five methyl groups for compound 1. Further cross-

peaks from H-14 to C-16, from H-2 to C-17, and from H-1 to C-18

and C-20, as well as the down field shifted C-2 (δC 96.3) and C-

3 (δC 84.6), indicated a multiple oxygen ring attached at C-3 and

C-15 in the C ring and C-17 in the D ring [9]. The observed HMBC

correlations from NH-18 to C-17, C-18, C-19 and C-20, and from 19-

OH to C-20 implied the presence of a γ -lactam moiety. The cross-

peaks from H2–21 to C-19, C-23 and C-27 allowed the connection

of the para-disubstituted aromatic ring to this γ -lactam moiety via

a methylene. The HMBC correlation of H-13/C-25, as well as the

de-shielded C-13 (δC 88.4) and C-25 (δC 157.6), implied an ether

linkage between C-13 and C-25. To satisfy the remaining degree

of unsaturation, one epoxy ring attached at C-4/C-5 was required,

which was supported by typical upfield oxygen-bearing 13C NMR

chemical shifts (δC 64.8 and 54.7) and the cross-peaks from H3–29

to C-4 and C-6. Thus, the planar structure of 1 was established as

shown.

The relative configuration of 1 was established by analysis of

key ROESY correlations (Fig. 2). The key correlations of H-24 with

H-13, H-13 with H-12, H-15 and H3–32, H-15 with H-4 and H3–

28, H-6 with H3–31, and NH-18 with H-23 and H-21a assigned all

these protons to be α-oriented and determined the relative con-

figuration of the spirocarbon (C-17) as shown. The vicinal cou-

pling constant of J6,14 =12.9Hz and cross-peaks of H-14 with H3–

30, H3–30 with H-9, H-27 with H-21β , H-21β with OH-19, and

OH-19 with OH-2 implied that they were positioned on the other

face, i.e. β-oriented. Thus, the relative configuration of compound

1 was determined to be 2R∗, 3R∗, 4S∗, 5S∗, 6R∗, 7R∗, 9R∗, 11S∗, 12R∗,
13S∗, 14S∗, 15R∗, 17R∗ and 19R∗. Subsequently, the planar struc-

ture and absolute configuration of 1 were assigned to be 2R, 3R,

4S, 5S, 6R, 7R, 9R, 11S, 12R, 13S, 14S, 15R, 17R, and 19R by well

agreement between the calculated and measured ECD data (Fig. 3A

and Fig. S3 in Supporting information) and an X-ray single crystal

diffraction experiment with Flack parameter of 0.04 (9) (Cu Kα,

CCDC: 2092966, Fig. 3B). Thus, 1 was unambiguously elucidated

as a hirsutellone alkaloid possessing unprecedented 6/5/6/8/5/13/6

oxahexacyclic scaffold with an unique peroxide-bridged 8,9-dioxa-

2-azaspiro[4.7]dodecane core and named perpyrrospirone A.

Penicillione B (2) and penicillione C (3) were obtained as white

powder, and their molecular formulas were determined to be

C33H43NO5 and C32H41NO5 on the basis of high-resolution HR-

ESI-MS data (m/z 534.3212 [M+H]+, calcd. 534.3214) and (m/z

542.2874 [M+Na]+, calcd. 542.2877), respectively. The 1H NMR,
13C NMR and DEPT data (Tables S1 and S2) assigned the existence

of seven rings in 2. The spin systems from H-8 to H-15, from H-6

to H-14, and from H3–1 to H-2 were deduced from COSY correla-

tions. HMBC correlations (Fig. S4 in Supporting information) from

H3–30 to C-6, C-7, C-8 and C-12, from H3–29 to C-4, C-5 and C-6,

from H3–28 to C-2, C-3, C-4 and C-15, from H-4 to C-6 and C-15,

and from H-2 to C-16, revealed that 2 had a 6/5/6/5 oxatetracyclic

skeleton, similar to penicipyrroether A. Instead of the hemiketal

group at C-16, the double bond of C16-C17 in 2 was found to link

to the γ -lactam moiety based on HMBC correlations from H-2 to

C-16, H-20 to C-16, and NH-18 to C-17. The correlations from H3–

33 to C-20, and from H-20 to C-18 and C-21 located a methoxy

Fig. 3. (A) Experimental and calculated ECD spectra of 1. (B) X-ray ORTEP diagram of 1.
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Fig. 4. (A) Mo2(OAc)4-induced ECD spectra of 3. (B) Experimental and calculated ECD spectra of 5.

Scheme 1. Plausible biosynthetic pathway of the new compound 1.

group at C-20. The relative configuration of 2 was determined by

analysis of the ROESY data. Two double bonds of �4,5 and �16,17

were determined to be in Z- and E-geometry based on the ROE

cross-peaks of H-4 with H3–29 and H-2 with H3–22, respectively.

The key ROE correlations of H-27 with H-21b and H-20, H-21b

with OH-19, H-26 with H-14, H-14 with H3–30 and H3–1 indicated

a β-orientation for all these protons. Additional ROE correlations of

H-23 with H-21a, H-24 with H-13 and H3–32, H3–32 with H3–31,

H-13 with H-12 and H-15, H-15 with H3–28 and H-6, and H-2 with

H3–33 revealed they were positioned on the other face. The 1H and
13C data of 3 (Tables S1 and S2) were similar to those of 2 reveal-

ing a CH2 unit in 3 < 2. Careful comparison of the NMR data of 3

with those of 2, suggested 3 was a 20-demethoxy derivative of 2.

The final planar structure and relative configuration of 3 were es-

tablished by detailed 2D NMR data analysis as shown (Figs. S4, S30

and S32 in Supporting information). In addition, the ECD data of 3

(Fig. S26 in Supporting information) was also in accordance with

2. The absolute configurations of C-19 and C-20 were determined

via Mo2(OAc)4-induced ECD classical method developed by Snatzke

[16–18]. The positive Cotton effect at 306nm suggested that C-19

and C-20 were S and R configurations (Fig. 4A), respectively. Thus,

compounds 2 and 3 possessed rare oxatetracyclic (6/5/6/5) skele-

ton fused with a 13-menbered-ring macrocyclic moiety, and the

absolute configurations of compounds 2 and 3 were defined as 1S,

3S, 6S, 7S, 9R, 11S, 12R, 13S, 14S, 15R, 19S and 20R.

Penicillione D (4) was isolated as a white solid. Its molecular

formula was determined to be C32H41NO5 on the basis of HRES-

IMS (m/z 542.2875 [M+Na]+, calcd. 542.2877) and 13C NMR data,

corresponding to 13° of unsaturation. The NMR data of 4 were sim-

ilar to those of 13, except for one oxygenated methine (δC 65.9,

δH 2.83 s) and three quaternary carbons (δC 65.9, 105.4 and 158.2).

Furthermore, the disappearance of the ketone carbonyl group at C-

16 and the methine at C-17, and the presence of an exchangeable

signal OH-16 (δH 7.23) in 4, suggested that there was a rare enol

motif between C-16 (δC 158.2) and C-17 (δC 105.4), which was sup-

ported by the HMBC correlations from H-15 to C-16 and C-17, and

3



Y. Ding, Y. Jiang, S. Xu et al. Chinese Chemical Letters 34 (2023) 107562

Fig. 5. (A) Dose-response viability curves for six cancer cell lines after treatment for 48h. (B) Flow cytometric analysis of apoptosis stained with Annexin V-FITC and PI.

HeLa cells were untreated or treated with 4, 8 and 12 μmol/L compound 7 for 48h. (C) Cell cycle in HeLa cells untreated or treated with 7 for 24h.

from H-20 to C-16, C-17, C-18, C-19 and C-21 (Fig. S4). Moreover,

two characteristic oxygenated carbons (δC 65.9 and 62.6) in 4 in-

stead of the olefinic carbons in compound 13 indicated the pres-

ence of an epoxide group between C-4 and C-5, which was further

confirmed by the HMBC correlations from H3–29 to C-4, C-5 and

C-6, from H-15 to C-4, and from H-2 to C-4 (Fig. S4). The relative

configuration of 4 was elucidated on the basis of the ROESY data

(Fig. S5 in Supporting information, measured in DMSO-d6). The ab-

solute configuration of 4 was defined by the good agreement be-

tween the calculated and measured ECD and assigned a (3R, 4R,

5S, 6R, 7R, 9R, 11S, 12R, 13S, 14R, 15R and 19S)-configuration to 4.

Penicillione E (5), a white powder, had a molecular formula

of C34H45NO5 determined by the HR-ESI-MS pseudo molecular ion

peak at 570.3188 [M+Na]+, a CH2 unit more than 8. Spectroscopic

analyses of its UV and 1D NMR suggested that 5 was an analogue

of pyrrospirone D (8) [8–11]. Careful comparison of the NMR data

between 5 and 8 indicated that their structural difference was that

the methoxy group at C-19 in 5 was replaced by an ethoxy group

(δH 3.51, m and 1.22, t, J=7.1Hz; δC 58.3 and 15.9). The final planar

structure of 5 was established by detailed 2D NMR data analysis as

shown (Figs. S4 and S5). The configuration at C-2 was determined

by comparing the 1H NMR chemical shift and the coupling pattern

for H-2 with those of pyrrospirones C and D (8 and 9): The con-

figuration of H-2 (δH 2.73, m) in 5 was the same as that in 8 (δH
2.74, m) other than in 9 (δH 4.43, dd, J=11.3, 5.3Hz). In addition,

comparison of the experimental ECD spectra of these compounds

revealed that the absolute configurations of 5 were identical to 8

as 2S, 3S, 6S, 7S, 9R, 11S, 12R, 13S, 14S, 15R, 17S, 19R, which was

also confirmed by experimental and calculated ECD data using TD-

DFT at the B3LYP/6–31+g(d, p) level (Fig. 4).

Penicillione F (6), white crystals, had a molecular formula to be

C45H57NO8. The
1H and 13C NMR spectra of 6 closely resembled

those of 11, except for the absence of a hydroxy group and pres-

ence of an additional ethoxy group signals (δH 3.33, m, 3.63, m;

δH 1.17, t, J=6.9Hz). Analysis of the ROESY data suggested that 6

shared the same relative configuration as 11 (Fig. S5). Single crys-

tals were acquired in methanol, and the planar structure and ab-

solute configuration of 6 were established by single-crystal X-ray

diffraction analysis on the Cu Kα data (CCDC: 2043219, Fig. S6 in

Supporting information) with Flack parameter of 0.06 (13), allow-

ing an assignment of the absolute configurations as shown. Peni-

cillione G (7) had the molecular formula C44H55NO8, a CH2 unit

less than that of 6. Its 1D NMR data were similar to those of

6, except for the replacement of the ethoxy group in 6 with an

methoxy group (δH 3.30, s; δC 51.1) in 7. Detailed analysis of the

2D NMR spectra of 7 indicated that the remaining structural units

were identical to those of 6. The relative configuration of 7 was re-

solved by similar key ROE correlations compared with 6. Assuming

the same biosynthetic origin with 6, the absolute configuration of

7 could be determined.

4
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Table 1

Cytotoxicity data of partial compounds.

Compd.

IC50 (μmol/L)

MGC803 HepG2 MDA-MB-231 MCF-7 Bel-7402 HeLa

1 10.6±0.65 17.1± 0.12 38.9± 1.24 26.6± 0.62 13.2± 0.32 9.09± 0.38

7 2.5± 0.21 7.6± 0.06 7.9±0.34 6.6±0.43 2.6± 0.79 8.3±0.42

10 3.4± 0.10 3.2± 0.14 11±0.08 6.5±0.05 9.5± 0.93 10± 0.46

13 0.76±0.06 2.7± 0.19 14±0.39 7.4±0.30 3.2± 0.74 11± 0.55

15 3.7± 0.16 9.9± 0.36 9.3±0.15 9.6±0.60 1.5± 0.85 2.5±0.34

DOXa 0.21±0.23 2.2± 0.58 6.6±0.63 4.2±0.32 2.3± 0.93 0.79± 0.22

5-FUa 33± 1.20 15± 2.15 >50 46± 1.32 >50 2.8±0.65

a Positive control.

The scaffold of perpyrrospirone A (1) is unprecedented and for-

mally different from GKK1032s. while, it is interesting to note

that the most significant difference between 1 and GKK1032s is

the peroxide-bridged 8,9-dioxa-2-azaspiro[4.7]dodecane core. To

explain the formation of the framework of 1, a plausible biosyn-

thetic pathway is proposed as shown in Scheme 1. Compound 1

was the first hirsutellone peroxide biogenetically biosynthesized

though PKS-NRPS gene cluster in Penicillium citrinum [3d] and de-

rived from GKK1032s, which was obtained as an abundant com-

ponent. In brief, one acetyl-CoA, eight malonyl-CoA, four SAM and

one l-tryosine could afford GKK1032s. The terminal double bond

between C-1 and C-2 reacted by epoxidation to give ii, which may

be the key intermediate. Then, spiro-lactam was conducted by nu-

cleophilic addition between C-1 and C-17 and gave the key in-

termediate iv. Finally, a peroxide-bridged was formed by rare ox-

idization to give 1. Isolated hirsutellones (1–5, 8–10 and 12–16)

were covered in the plausible biosynthetic pathway as shown in

Scheme 1.

The cytotoxic activities of compounds 1, 6–16 against human

tumor cell lines (MGC803, HepG2, MDA-MB-231, MCF-7, Bel-7402

and HeLa) were evaluated using MTT method with doxorubicin and

5-fluorouracil as the positive control (Fig. 5A) [19–21]. Compounds

1, 7, 10, 13 and 15 exhibited cytotoxicity against the above six cell

lines with IC50 values ranging from 0.76 μmol/L to 38.9 μmol/L

(Table 1), and compound 7 was selected to further clarify the

mechanism of the death of HeLa cell due to its rare adduct struc-

ture. The annexin V-FITC and propidium iodide (PI) containing flow

cytometric analysis revealed that 7 induced massive cell apoptosis

in a dose-dependent manner but no obvious effects on cell cycle

(Figs. 5B and C), suggesting that 7 might inhibit the proliferation

of Hela cells by inducing apoptosis other than cell cycle inhibition.

In summary, compound 1 with unprecedented 6/5/6/8/5/13/6

oxahexacyclic scaffold and compounds 2 and 3 with rare oxate-

tracyclic (6/5/6/5) skeleton were discovered from marine-derived

Penicillium citrinum based on MN. In particular, identification of

the perpyrrospirone A (1), first example of hirsutellone peroxide,

is of great important in the research field of hirsutellone. The pro-

posed biosynthetic routes implied that a novel enzymic-catalyzed

peroxide formation reaction may exist in the post modification of

hirsutellone. Compounds 1, 7, 10, 13 and 15 exhibited cytotoxicity

and 7 induced apoptosis of HeLa cells in a dose-dependent man-

ner after a 48h treatment. These findings might provide a route to

boost the discovery of antitumor leading candidates.
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