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Abstract Chemical investigation of an Antarctic deep-

sea derived fungus Penicillium sp. PR19 N-1 yielded five

new eremophilane-type sesquiterpenes 1–5 and a new rare

lactam-type eremophilane 6, together with three known

compounds 7–9. The structures of these diverse sesquiter-

penes were determined by extensive NMR and mass

spectroscopic analyses. Compounds 1, 2, 4–6, 8 and 9 were

evaluated for their cytotoxities against HL-60 and A-549

human cancer cell lines, and 5 was the most active one with

IC50 value of 5.2 lM against the A-549 cells.

Keywords Eremophilane-type sesquiterpene �
Antarctic deep-sea derived fungus � Penicillium sp.

Introduction

The family of eremophilane-type sesquiterpenes was

widely distributed in higher plant, microorganisms, even

marine organisms. In the past 30 years, more than 900

eremophilane-type sesquiterpenes have been reported, and

new bioactive ones still keep on discovering from various

nature resources (Fraga 2011, 2012). The genus Penicillium

is the well-known producer of eremophilane-type

sesquiterpene including PR toxin, the first microbe-derived

one which was isolated from this genus in 1973 (Wei et al.

1973; Moreau et al. 1977, 1980; Sørensen et al. 2007). In

our efforts to search for novel active compounds from the

secondary metabolites of deep-sea derived microorganisms,

a fungus strain, Penicillium sp. PR19 N-1 was selected.

Previous chemical work on subfraction of this fungal

extract led to the isolation of four new chlorinated eremo-

philane sesquiterpenes and a known compound, eremofor-

tine C (Wu et al. 2013). In the current investigation, five

new eremophilane sesquiterpenes (1–5) and a new rare

lactam-type eremophilane (6), together with three known

compounds (7–9) were encountered in the remaining sub-

fractions (Fig. 1). Herein, we describe their isolation,

structure elucidation and in vitro cytotoxicity evaluation.

Materials and methods

General

Specific rotations were obtained on a JASCO P-1020 dig-

ital polarimeter. UV spectra were recorded on Cary 300

spectrophotometer. IR spectra were recorded on a NICO-

LET NEXUS 470 spectrophotometer in KBr discs. 1H,
13C-NMR, DEPT and 2D-NMR spectra were recorded on a

JEOL JNM-ECP 600 spectrometer using TMS as internal

standard and chemical shifts were recorded as d values.

Mass spectra were obtained on a Micromass Q-TOF

ULTIMA GLOBAL GAA076 LC Mass spectrometer or on

a GCT-MS Micromass UK Mass spectrometer. Semipre-

parative HPLC was performed using an ODS column

[YMC-Pack ODS-A, 10 9 250 mm, 5 lm, 4 mL/min].

Yeast extract and peptone were produced by Beijing Shu-

angxuan Microbe Culture Medium Products Factory.
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Fungal material, fermentation and extraction

and biological assays

The working strain Penicillium sp. PR19 N-1 was isolated

from marine sludge collected from Prydz Bay (-1000 m),

Antarctica and was identified as Penicillium sp. according

to morphological traits and ITS rDNA sequence analysis

(GenBank No. KC756948). The methods for fermentation,

extraction and biological evaluation were reported previ-

ously (Wu et al. 2013).

Purification

The crude extract was separated into seven fractions

(F1–F7) subjected to vacuum liquid chromatography on a

silica gel column using a step gradient elution with CHCl3–

MeOH (100–50 %). The fraction F3 was chromatographed

on a Sephadex LH-20 column with CHCl3–MeOH (50:50)

to produce four subfractions (F3.1–F3.4). The subfraction

F3.2 was further chromatographed on a silica gel column

using a step gradient elution of petroleum ether–acetone to

give five fractions (F3.3.1–F3.3.5), and the mixture of

3 ? 7 (15.0 mg) was obtained from subfraction F3.3.3 by

semipreparative HPLC (60:40 MeOH–H2O). The subfrac-

tion F3.3.4 (petroleum ether–acetone 9:1) was further

separated by silica gel CC with CHCl3–MeOH elution and

semipreparative HPLC (45:55 MeOH–H2O) to yield com-

pounds 1 (2.0 mg). The fraction F5 was subjected to MPLC

(PR-18 gel column), and give five subfractions (F5.1–

F5.5). The fraction F5.3 was further fractionated by silica

gel eluted with petroleum ether/acetone 5:1, Sephadex LH-

20 column with MeOH and finally by semipreparative

HPLC to yield compounds 2 (1.9 mg), 4 (2.2 mg), 5

(1.8 mg), 6 (2.2 mg) and 8 (10.7 mg). The Fraction 2 was

applied on Sephadex LH-20 using CHCl3/CH3OH (50:50)

and further purified by semi-preparative HPLC (60:40

CH3OH/H2O, 4 mL/min) to yield 9 (7 mg).

Compound 1: colorless oil; [a]D
20 -49 (c 0.05, CHCl3);

UV (MeOH) kmax (log e) 201 (3.0) nm; IR (KBr) mmax

3259, 3070, 2955, 2931, 2857, 1648, 1456, 1434, 1027,

883 cm-1; 1H-NMR and 13C-NMR data, see Tables 1 and

2; HREIMS m/z 236.1774 [M]? (calcd. for C15H24O2,

236.1776).

Compound 2: colorless oil; [a]D
20 ?345 (c 0.1, CHCl3);

UV (MeOH) kmax (log e) 278 (4.2) nm; IR (KBr) mmax

3437, 2974, 2938, 1722, 1668,1455, 1188, 977, 894 cm-1;
1H-NMR and 13C-NMR data, see Tables 1 and 2; HRE-

SIMS m/z 233.1550 [M ? H]? (calcd. for C15H21O2,

233.1542).

Compound 3: 8:9 mixture of 3 and 7; primrose oils; 1H-

NMR and 13C-NMR data, see Tables 1 and 2; HRESIMS

m/z 235.1702 [M ? H]? (cacld. for C15H22O2, 235.1698).

Compound 4: colorless oil; [a]D
20 -288 (c 0.13, CHCl3);

UV (MeOH) kmax (log e) 331 (4.2) nm; IR (KBr) mmax 3449,

3359, 2925, 2852, 1778, 1656, 1627, 1581 cm-1; 1H-NMR

and 13C-NMR data, see Tables 1 and 2; HREIMS m/z

260.1046 [M]? (calcd. for C18H24NO4, 318.1705).

Compound 5: colorless oil; [a]D
20 ?119 (c 0.16, CHCl3);

UV (MeOH) kmax (log e) 201(3.2) nm; IR (KBr) mmax 2970,

2940, 2879, 1736, 1462, 1239, 1028, 991 cm-1; 1H-NMR

and 13C-NMR data, see Tables 1 and 2; HRESIMS m/z

359.1461 [M ? Na]? (calcd. for C18H24O6Na, 359.1471).

Compound 6: colorless oil; [a] D
20 -154 (c 0.1,

MeOH); UV (MeOH) kmax (log e) 323 (4.7) nm; IR (KBr)

mmax 3220, 2966, 2937, 2881, 1737, 1707, 1644,

1242 cm-1; 1H-NMR and 13C-NMR data, see Tables 1 and

2; HRESIMS m/z 318.1707 [M ? H]? (calcd. for

C18H24NO4, 318.1705).
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Results and discussion

Compound 1 was isolated as colorless oil. The molecular

formula was established as C15H24O2 on the basis of a

HREIMS peak at m/z 236.1774 [M]? (calcd. 236.1776),

consistent with 4 degrees of unsaturation. Its IR spectrum

showed absorption bands characteristic for hydroxyl and

double bond moieties at 3259, 1648 cm-1, respectively.

The 1H and 13C NMR signals (Tables 1 and 2) displayed

resonances that were assigned to three shielded methyls

(dC/H: 19.5/1.64, C-13; 17.9/0.93, C-14; 15.6/0.81, C-15),

two double bonds (dC/H: 127.4/5.25, C-1; 141.6, C-10 and

147.4, C-11; 111.2/4.71, C-12), three methylenes (dC/H:

36.9/1.56, 1.25, C-3; 42.9/1.59, 1.00, C-6; 41.4/2.19, C-9),

four sp3 methines (dC/H: 66.1/4.00, C-2; 38.5/1.38, C-4;

48.6/2.19, C-7; 71.5/3.24, C-8), a quaternary carbon (dC:

37.1, C-5), providing an evidence of a sesquiterpene core

(Sørensen et al. 2007; Isaka et al. 2009). In particular, the
13C NMR spectra of compound 1 showed signals in close

agreement with the known eremophilane-type sesquiter-

pene, nootkatol (Khasawneh et al. 2011; Shoji et al. 1984),

except for the presence of an additional hydroxyl group

which was located on C-8 based on the HMBC correlations

of OH-8 with C-7, C-8 and C-9, as well as by chemical

shifts of C-8 (dC: 71.5) and C-9 (dC: 41.4) (Fig. 2 and

Table 1). Thus, the planer structure of compound 1 was

established.

The relative configurations were established on the basis of

NOESY cross peaks. The NOE effects (H-2/H-4/H-6b/H-8)

indicated their axial orientation in the six-membered systems

exhibiting a chair conformation suggested by the character-

istic coupling constants. The correlations between Me-14 and

Me-15 suggested they were in the syn conformation. The b
orientation of H-7 was determined by the large coupling

constant (J = 13.3 Hz) between H-6a (dH: 1.59) and H-7 and

small coupling constant (J = 3.2 Hz) between H-6b (dH:

1.00) and H-7. Thus, the new compound 1 was determined as

7bH-eremophil-1(10),11(12)-dien-2b,8b-diol.

HRESIMS of compound 2 gave a quasi-molecular ion

peak at [M ? H]? m/z 233.1550, consistent with a

molecular formula of C15H21O2 (calcd. 233.1542), indica-

tive of a isomer of the known 8. Its 1H NMR spectra

(Table 2) was also similar to those of 8 (Guerriero et al.

1990; Shinei et al. 2006), suggesting its eremophilane

character. The major difference was that the D7(11) double

bond in 8 changed to D11 in 2 which was similar to that of

1. This was evidenced by characteristic chemical shifts in 2

for a terminal double bond including an sp2 methylene (dC/

H: 113.9/4.85, 4.82, C-12) and an sp2 quaternary carbon

(dC: 144.1, C-11), and an sp3 olefinic methyl group (dC/H:

19.8/1.61, C-13) (Tables 1 and 2). The planar structure of 2

was further verified by extensive HMBC correlations

(Fig. 2). The b-orientation of H-7 was determined by

NOESY correlations between H-7 (dH: 3.25) and H-14 (dH:

1.24), while the 3b-OH was positioned via the small cou-

pling constant of H-3 and H-4 (3JH-3, H-4 = 4.6 Hz). With

this, compound 2 was elucidated as 3b-hydroxy-7bH-ere-

mophil-1(2),9(10),11(12)-trien-8-one.

Compounds 3 and the known 7 were obtained as an

inseparable mixture in a 8:9 ratio according to the HPLC

chromatogram. They also shared a same HRESIMS ion

cluster at [M ? H]? m/z 235.1702, corresponding to the

molecular formula of C15H22O2. Extensive NMR data

(Tables 1, 2 and Fig. 2) further confirmed the structure of 3

as having an exocyclic allyl group (dC/H: 143.3, C-11;

114.3/4.98, 4.82, C-12). The coupling constant of H-1 (dd,

J = 2.4, 2.4 Hz) indicated that H-1 was equatorial (for

axial, the coupling constants were about 11.0 and 6.0 Hz)

(Bohlmann et al. 1979), also supported by the lack of

NOESY correlations between H-1 and H-3. The a-orien-

tation of OH-1 was also deduced by the chemical shift of

C-9 (dC: 126.4) (1a-OH, C-9, dC: 126.4 VS 1b-OH, C-9,

dC: 129.0) (Sørensen et al. 2007). The b-orientation of H-7

was established by a NOESY correlation between H-7 and

H-14. Compound 3 was thus identified as 1a-hydroxy-7bH-

eremophil-9,11-dien-8-one.

Compound 4 exhibited a molecular formula of C18H24NO4

(HREIMS m/z 260.1046 [M]?, calcd. 318.1705) indicative of

eight degrees of unsaturation. Its 1H NMR spectra also dis-

played diagnostic methyl groups for eremophilanolides. The

Table 1 13C NMR Data for Compounds 1–6 (150 MHz, d ppm)

No. 1b 2b 3a 4b 5b 6a

1 127.4 d 127.1 d 72.8 d 125.8 d 53.2 d 122.6 d

2 66.1 d 138.9 d 32.8 t 197.2 s 56.9 d 73.9 d

3 36.9 q 65.9 d 24.8 t 73.1 d 70.3 d 75.3d

4 38.5 d 41.4 d 42.3 d 42.2 d 39.9 d 37.2 d

5 37.1 s 35.8 s 38.9 s 38.5 s 38.5 s 37.8 s

6 42.9 t 39.6 t 42.8 t 33.7 t 32.2 t 35.1 t

7 48.6 d 50.5 d 51.4 d 146.6 s 67.6 s 139.8 s

8 71.5 d 197.9 s 200.1 s 152.3 s 100.6 s 144.6 s

9 41.4 t 123.9 d 126.4 d 106.7 d 128.4 d 108.8 d

10 141.6 s 162.5 s 167.7 s 161.8 s 143.7 s 137.3 s

11 147.4 s 144.1 s 143.3 s 123.9 s 65.2 s 126.6 s

12 111.2 t 113.9 t 114.3 t 169.8 s 68.6 t 173.2 s

13 19.5 q 19.8 q 19.9 q 8.6 q 12.4 q 8.3 q

14 17.9 q 18.7 q 18.1 q 23.0 q 24.9 q 21.2 q

15 15.6 q 10.6 q 15.1 q 11.0 q 10.5 q 11.7 q

16 51.1 q 57.5 q

17 170.1 s 170.6 s

18 20.6 q 21.2 q

a Resolved in CDCl3
b Resolved in DMSO
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NMR data (Tables 1 and 2) of compounds 4 and 9 were quite

similar (Tabata et al. 1997), with major differences being the

disappearance of the acetyl group and hydroxyl group in 9 and

the presence of OH-3 (dH: 5.79) and a ketone (dC: 197.2, C-2)

in 4. Finally, the structure of 4 was confirmed by the abundant

HMBC cross-peaks (Fig. 2). The b-orientation for OH-3 in 4

was determined by a small coupling constant observed

between H-3 and H-4 (3JH-3, H-4 = 4.1 Hz).

Compound 5, isolated as a colorless oil, was found to

have the molecular formula of C18H24O6 on the basis of an

HRESIMS parent [M ? Na]? ion at m/z 359.1461 (calcd.

for C18H24O6Na, 359.1471), with 14 mass units bigger than

Table 2 1H NMR Data for Compounds 1–5 (600 MHz, d ppm, J in Hz)

No. 1b 2b 3a 4b 5b 6a

1 5.25, br s 6.26, m 4.34, dd (2.4, 2.4) 6.06, s 3.70, d (4.0) 5.74, d (5.0)

2 4.00, m 6.26, m a: 1.99, m; b: 1.65, m 3.60, dd (4.9, 4.0) 3.61, drd (5.0, 1.4)

3 a: 1.56, dt (11.9, 5.9)

b: 1.25, dt (12.4, 10.1)

4.00, dd (4.6, 4.6) a: 1.83, m;

b: 1.41, m

3.67, dd (5.0, 4.1) 5.15, dd (5.8, 4.9) 5.10, dd (2.4, 1.4)

4 1.38, m 1.61, m 1.48, m 2.10, m 1.84, br qd (7.0, 5.8) 2.08, m

6 a: 1.59, dd (13.3, 3.2);

b: 1.00, dd (13.3, 13.3)

a: 1.86, dd (13.3, 5.3);

b: 1.80, dd (14.0, 13.3)

a: 1.96, dd (13.7, 4.6)

b: 1.88, t (13.3)

a: 3.08, d (16.8)

b: 2.41, d (16.8)

a: 1.81, br s;

b: 1.80, br s

a: 2.81, d (15.6)

b: 2.18, d (15.6)

7 2.19, m 3.25, dd (14.0, 5.3) 3.22, dd (14.2, 4.6)

8 3.24, m

9 2.19, m 5.69, s 5.83, s 6.44, s 6.04, s 5.87, s

12 4.71, s a: 4.85, br s;

b: 4.82, br s

a: 4.98, br s;

b: 4.82, br s

a: 3.89, d (10.5);

b: 3.47, d (10.5)

13 1.64, s 1.61, s 1.72, s 1.92, d (1.8) 1.30, s 1.89, br s

14 0.93, s 1.24, s 1.35, s 1.22, s 1.19, s 1.11, s

15 0.81, d (6.8) 1.01, d (6.9) 0.95, d (6.8) 1.14, d (7.3) 0.88, d (7.0) 1.11, d (6.8)

16 3.31, s 3.51, s

18 2.06, s 2.08, s

2-OH 4.57, d (5.5)

3-OH 4.96, br s 5.79, d (5.0)

8-OH 4.45, d (5.9)

NH 8.13, s

a Resolved in CDCl3
b Resolved in DMSO

Fig. 2 The key 2D NMR correlations for compounds 1–4
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the previously reported eremofortine C (Moreau et al. 1977,

1980), which was also isolated in this fungus strain (Wu

et al. 2013). Further analysis of NMR data of 5 (Tables 1

and 2) suggested that 5 was an analogue of one tautomeric

form of eremofortine C. The only difference was a methoxy

group at C-8 in 5 (dC: 51.1, dH 3.31) instead of a hydroxyl

group in eremofortine C. Compound 5, unlike eremofortine

C, was stable under standard condition.

Interestingly, a new rare eremophilane-type lactam 6 was

also isolated exhibiting the molecular formula of C18H23NO4

on the basis of a HRESIMS parent [M ? H]? ion at m/z

318.1707 (calcd. 318.1705), indicating eight degrees of un-

saturation. In the 1H NMR spectrum, three typical aliphatic

methyl signals (dH: 1.89, br s, Me-13; dH: 1.11, s, Me-14; dH:

1.11, d, 6.8 Hz, Me-15) and an NH signal at dH 8.12, together

with an amide carbonyl absorption band at 1707 cm-1 in the

IR spectrum, demonstrated that 6 shared an eremophilane-

type lactam framework (Tori et al. 2010; Torres et al. 1999;

Mohamed et al. 2005). All these data were similar to those of

compound 10, belonging to a series of semi-synthetic erem-

ophilane-type lactams published in a patent in 1997 (Kurihara

et al. 1998). Detailed comparison of spectroscopic data

between 6 and 10 revealed only the replacement of the N–CH3

group at dH 3.09 in semi-synthetic 10 with an exchangeable

proton at dH 8.13 in 6. Similar NMR chemical shifts for chiral

centers C-2 and C-3 in 6 and 10, in combination with typical

coupling constants (3JH-3, H-4 = 2.7 Hz) suggested the same

stereochemistry. Therefore, metabolite 6 was established.

Compounds 1, 2, 4–6, 8 and 9 were evaluated for their

cytotoxicities on the HL-60 cell line using an MTT method

(Mosmann 1983) and on the A-549 cell line using an SRB

method (Skehan et al. 1990). Only compounds 1 and 5

showed cytotoxicity against the HL-60 cells with IC50

values of 45.8, 28.3 lM and against the A-549 cells with

IC50 values of 82.8, 5.2 lM, respectively. Other com-

pounds were not cytotoxic (IC50 [100 lM) towards the

above two cancer cell lines.

In conclusion, we obtained six new eremophilane-type

sesquiterpenes (1–6), a compound (8) reported to be iso-

lated from nature resource for the first time, together with

two known compounds (7 and 9) from the fungal Peni-

cillium sp. PR19 N-1. To the best of our knowledge, the

lactam-type eremophilane sesquiterpenes are rare in nature.

To date, only four lactam-type compounds were reported

(Tori et al. 2010; Torres et al. 1999; Mohamed et al. 2005),

and compound 6 represents the first example of eremo-

philane-type lactam found in microorganisms. These iso-

lates were evaluated for their cytotoxic against HL-60 and

A-549 human cancer cell lines.

The above information indicated that the fungus strain

Penicillium sp. PR19 N-1 was a powerful producer of

interesting eremophilane-type sesquiterpenes with high

structural diversity, including rare trinor-eremophilene

(Wu et al. 2013), chlorinated (Wu et al. 2013) and lactam-

type eremophilanes, as well as eremophilanolides. Thus,

Penicillium sp. PR19 N-1 isolated from deep-sea sediment

in the Antarctic is clearly a new promising source of

eremophilane-type sesquiterpenes.
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