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a b s t r a c t

A novel meroterpenoid, named meroterpenthiazole A (1), was isolated from the deep-sea-derived Peni-

cillium allii-sativi. Its structure was established by extensive spectroscopic and computational methods.

Meroterpenthiazole A bears a rare benzothiazole moiety in nature. Compound 1 significantly inhibited

retinoid X receptor (RXR)-α transcriptional effect (KD = 12.3 μmol/L) through a novel binding mecha-

nism.

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

Medica, Chinese Academy of Medical Sciences.

Cyclohexane-linked drimane sesquiterpene are a class of

meroterpenoid that combine a bicyclic drimane sesquiterpene unit

with a cyclohexanone and cyclopentane moiety. Although the

members of this molecules are relative rare in nature [1,2], the

cyclohexane sesquiterpene have received significant interest from

the synthetic community because of their attractive biological ac-

tivities [3–6]. Recently, the biosynthetic gene cluster of the epoxy-

cyclohexenone macrophorins, MacJ, was identified [7]. It was the

first example of an integral membrane terpene cyclase that could

cyclize terpenes through direct olefinic bond protonation. Interest-

ingly, analysis of the secondary metabolite gene clusters of the

deep-sea-derived Penicillium allii-sativi MCCC 3A00580 revealed

that a target gene cluster Mer was closely similar to Mac (Fig.

S1 in Supporting information). Accordingly, a systematic investiga-

tion was conducted on this fungus, which led to the isolation of a

novel meroterpenoid, meroterpenthiazole A (1, Fig. 1). We herein

report the isolation, structure, biosynthetic pathway and bioactiv-

ity of this small molecule.

Meroterpenthiazole A (1) was obtained as a white powder.

The molecular formula C26H34N2O4S was established based on its

positive high resolution electrospray ionization mass spectroscopy

(HRESIMS) at m/z 471.2318 [M + H]+ (calcd. for C26H35N2O4S,
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471.2318), suggesting eleven degrees of unsaturation. The 1H and
13C nuclear magnetic resonance (NMR) spectra, with the aid

of heteronuclear single quantum correlation (HSQC) spectrum,

showed the presence of four methyls, one sp2 and seven sp3

methylenes, one sp2 and two sp3 methines, along with eleven non-

protonated carbons consisting of two carbonyls, seven vinylic and

two aliphatic carbons. Moreover, two exchangeable protons were

found. Since two carbonyls and nine olefinic carbons accounted

for seven unsaturations, compound 1 was suggested to be a tetra-

cyclic molecule. In the correlation spectroscopy (COSY) spectrum,

three segments were deduced by correlations of H-25b to the 25-

NH, H-2a to H-1a/H-3a, H-12a via H-7b to H-6b and H-5, and

H-12b via H-9 to H2-11. In the heteronuclear multiple-bond cor-

relation (HMBC), correlations originated from four methyls (H3-

13/H3-14 to C-3/C-4/C-5, H3-15 to C-1/C-5/C-9/C-10 and H3-22 to

C-18/C-19/C-20), three methylenes (H2-11 to C-16/C-17, H2-12 to

C7/C-8/C-9 and H2-25 to C-26/C-24), one methine (H-21 to C-16/C-

17/C-19/C-20), and the amino proton (25-NH to C-25/C-24) con-

nected a benzene-linked drimane sesquiterpene and a glycine moi-

ety (Fig. 2). These two fragments, along with the remaining of one

sp2 non-protonated carbon (δC 157.9 s) and two heteroatoms of N

and S, were supposed to construct a unique benzothiazole meroter-

pene of 1. However, the limited HMBC correlations of 1 made

it difficult to confirm its planar structure. Fortunately, the use

of computer-assisted structure elucidation (CASE) programs can
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Fig. 1. Chemical structure of meroterpenthiazole A (1).

Fig. 2. The key COSY (bold) and HMBC (arrow) correlations (left) and the analy-

sis result of the suggested feasible structure (right) of 1 by ACD/Structure Elucida-

tor programs (colored circles on the atoms display chemical shift differences: green

denotes a difference of less than 3 ppm while yellow is between 3 and 15 ppm; de-

viations in neural network-based algorithm: dN(
13C) = 2.322, dN(

13C + 1H) = 3.382).

Fig. 3. The key ROESY correlations of 1.

successfully determine structures for complex natural products,

with the possible exception of proton-poor compounds [8–10]. Ac-

cordingly, the 1D and 2D NMR as well as its HRESIMS spectro-

scopic data of 1 were analysed using the ACD/Structure Elucida-

tor [11]. As shown in Fig. 2, the resulting highest-ranked struc-

ture (right) was identical to previously elucidated (left). Therefore,

the planar structure of 1 was established as a novel meroterpenoid

constructed by a sesquiterpene and benzothiazole.

In the ROESY spectrum, correlations were found of Me-15 to

H-1a/H-2a/H-6a/H-11a/H-21a, Me-14 to H-2a/H-3a/H-6a, H-21b to

H-7a, and H-7b (δH 1.94, td, J = 12.9, 4.8 Hz) to H-6b/H-9 (δH
2.31 m)/H-5 (δH 1.23 m), suggesting Me-15 and H2-11 were on the

same plane, which was opposite to that of H-5 and H-9 (Fig. 3).

Therefore, the relative structure of 1 was determined as 5S∗, 9S∗

and 10S∗, respectively.
For a verification, the quantum chemical calculation on the 1H

and 13C NMR spectroscopic data was performed using the density-

functional theory (DFT) method. Conformational analyses were

performed via systematic search algorithm at MMFF94 force field

with RMSD threshold of 0.5 Å and energy window of 7 kcal/mol.

Seventeen lowest energy conformers were obtained and were re-

Table 1

The experimental 1H, 13C and the calculated 13C NMR spectroscopic data for 1 in

DMSO–d6 (J in Hz).

No. δH
a δH

b �δH δC
a δC

b �δC

1 a: 1.91 (d, 12.7) 1.69 0.22 38.9 t 37.0 1.9

b: 1.22 m 1.31 −0.09

2 a: 1.59 m 1.66 −0.07 19.0 t 20.5 −1.5

b: 1.50 (br d, 13.8) 1.52 −0.02

3 a: 1.39 (br d, 13.4) 1.38 0.01 41.8 t 40.6 1.2

b: 1.24 (dd, 13.4, 2.6) 1.32 −0.08

4 33.4 s 38.7 −5.3

5 1.23 m 1.33 −0.10 55.1 d 55.6 −0.5

6 a: 1.31 (qd, 12.9, 4.2) 1.35 −0.04 23.9 t 25.7 −1.8

b: 1.72 (br d, 12.9) 1.64 0.08

7 a: 2.29 m 2.11 0.18 37.6 t 39.2 −1.6

b: 1.94 (td, 12.9, 4.8) 1.92 0.02

8 147.6 s 152.4 −4.8

9 2.31 m 2.48 −0.17 56.6 d 58.5 −1.9

10 39.6 s 41.6 −2.0

11 a: 3.37 (dd, 15.2, 11.2) 3.51 −0.14 25.0 t 25.3 −0.3

b: 3.10 (d, 15.1) 2.78 0.32

12 a: 4.64 s 4.56 0.08 108.4 t 105.5 2.9

b: 4.66 s 4.55 0.01

13 0.88 s 0.84 0.04 33.5 q 31.0 2.5

14 0.82 s 0.83 −0.01 21.7 q 19.7 2.0

15 0.84 s 0.85 −0.01 14.6 q 12.2 2.4

16 136.9 s 139.5 −2.6

17 145.2 s 143.0 2.2

18 138.7 s 142.0 −3.3

19 112.8 s 111.5 1.3

20 154.1 s 152.8 1.3

21 6.96 s 6.9 0.06 115.4 d 112.1 3.3

22 2.27 s 2.28 −0.01 14.9 q 14.0 0.9

23 157.9 s 157.9 0.0

24 160.0 s 157.1 2.9

25 a: 4.01 (dd, 17.4, 6.0) 4.18 −0.17 41.4 t 40.8 0.4

b: 3.98 (dd, 17.4, 5.9) 4.20 −0.22

26 170.9 s 170.5 0.4

25-NH 8.84 (dd, 5.7, 5.3)

20--OH 9.85 br s

a Experimental data.
b Calculated data.

optimized at the B3LYP/6–31G∗ level in gas phase by the GAUSSIAN

09 program [8]. The 1H and 13C NMR shielding constants of 1 were

calculated with the GIAO method at MPW1PW91/6–311+G(2d,p)

level in DMSO simulated by the IEFPCM model. The computational
1H and 13C NMR data (Table 1) were obtained by linear regression

analysis [9], which agreed well with the experimental ones, with

the correlation coefficients (R2) of 0.9930 and 0.9982, respectively

(Fig. S4 in Supporting information).

To assign the absolute configuration of 1, a theoretical calcula-

tion of the electronic circular dichroism (ECD) was conducted us-

ing the GIAO method. Structures were obtained directly from pre-

vious optimizations. The calculations were executed in methanol

with IEFPCM model using time-dependent density functional the-

ory (TD-DFT). As shown in Fig. 4, (5S,9S,10S)-1 (1a) showed the

same Cotton effects as the experimental one, while opposite to its

enantiomer 1b. Accordingly, the absolute configuration of 1 was

determined, and named meroterpenthiazole A. Noteworthily, the

benzothiazole derivates are very rare in nature. Compound 1 is a

unique feature among known meroterpenoids, and the enzymatic

formation of this moiety is worthy to be studied.

As validated in the biosynthesis of yanuthone D, the key in-

termediate, 5-farnesyltoluquinol, might be synthesized by the par-

tially reducing polyketide synthase (PR-PKS) MerA, the decarboxy-

lase MerB, the P450 MerC, and the prenyltransferase MerG [12].

Then it was catalysed by the terpene cyclase similar to MacJ [7].

The novel benzothiazine moiety should be originated from cysteine

addition to benzoquinone derivate followed by ring contraction, as

proposed in the biosynthetic pathway of the well-known firefly
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Fig. 4. Calculated and experimental ECD spectra of 1 in MeOH.

Fig. 5. The SPR result of 1 binding to RXRα–LBD by Biacore T200.2.4.

luciferin [13]. Final step by a putative glycine transferase then con-

structed the whole structure of 1 (Fig. S2 in Supporting informa-

tion).

Meroterpenthiazole A (1): white powder; [α]20
D

+ 81.5 (c 0.13,

MeOH); 1H and 13C NMR data, see Table 1; UV (MeOH) λmax

(logε) 205 (3.77), 205 (3.16), 205 (3.48), 205 (2.84), 205 (3.43)

nm; ECD (MeOH, 1.0 mg/mL) �ε 207 (−1.77), 238 (+0.01), 265

(−0.29); HRESIMS m/z 471.2318 [M + H]+ (calcd. for C26H35N2O4S,

471.2318), 493.2135 [M + Na]+ (calcd. for C26H34N2O4SNa,

493.2137).

Retinoid X receptor (RXR)-α is an ideal target for antitumor

drug design [14]. Meroterpenthiazole A showed significant RXRα
transcriptional-inhibitory activities in a dose dependent manner

(Fig. S6 in Supporting information). Using surface plasmon reso-

nance (SPR) technology, meroterpenthiazole A was found to have

direct interaction towards RXRα–ligand binding domain (LBD) with

KD value of 12.3 μmol/L with the combination mode of fast associ-

ation and fast dissociation process (Fig. 5).

As reported, K-8008 could inhibit the TNFα-activated PI3K/AKT

pathway to exert potent anticancer activity by mediating the in-

teraction between a truncated form of RXRα (tRXRα) and the

p85a regulatory subunit of PI3K [15,16]. Since tetrazole group

of K-8008 could act as biological electronic isostere of carboxyl

and sesquiterpene grope of 1 shows the same hydrophobic effect

to 4-isopropylbenzylidene in K-8008, they are structurally similar

(Fig. S7 in Supporting information). Therefore, further investiga-

tions were conducted on the interaction mode with amino acid

residues in RXRα–LBD by molecular docking in glide module. As

shown in Fig. S8 (Supporting information), meroterpenthiazole A

could bind to the LBP of RXRα–LBD with the docking score of

−5.752 kcal/mol, compared to −6.343 kcal/mol for K-8008. The

terminal carboxyl formed H-bond lengths with Phe438, Phe439 of

RXRα (2.5, 1.9 Å), which were far shorter than that of K-8008 (2.3,

2.2 Å). While the drimane sesquiterpenes fragment can be bound

to the hydrophobic pocket composed of Ile268, Ala271, Trp305,

Phe438, Phe439 and Ile442 by hydrophobic force at 4.0 Å cut-

off. Moreover, 6-hydroxy in thiazole ring formed additional hydro-

gen bond (2.4 Å) with Cys269. The above results indicated that

meroterpenthiazole A manifested a better binding conformation

with RXRα–LBD. Therefore, same as K-8008, 1 probably also binds

to a tetrameric structure of the RXRα–LBD.

In conclusion, meroterpenthiazole A (1), an unprece-

dent benzothiazole meroterpenoid was discovered from the

deep-sea-derived Penicillium allii-sativi MCCC 3A00580. It could

inhibit the RXRα transcriptional activity by binding to RXRα–LBD,

which may bring broad interests for chemical and biological

synthetic chemistry.
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