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ABSTRACT: A novel 6/6/5/6 tetracyclic polyketide named
chartspiroton (1) was isolated from a medicinal plant endophytic
Streptomyces in Dendrobium of f icinale. The complete structure
assignment with absolute stereochemistry was elucidated through
spectroscopic data, computational calculations, and single-crystal
X-ray diffraction. Chartspiroton features an unprecedented
naphthoquinone derivative spiro-fused with a benzofuran lactone
moiety. A plausible polyketide biosynthetic pathway for 1
suggested intriguing oxidative rearrangement steps to form the five-membered lactone ring.

As a traditional Chinese medicine widely used in many
Asian countries, Dendrobium of f icinale has significant

clinical benefits which have been well demonstrated, including
hepatoprotective, anticancer, hypoglycemic, antifatigue, and
gastric ulcer protection.1 D. of f icinale is also recognized as a
promising medicinal plant source for discovering novel natural
products with remarkable chemical and biological properties.1a

As an epiphytic plant, the Dendrobium genus is well-known for
their rich endophytes, which can help to enhance biological
resistance, induce synthesis of secondary metabolites, promote
seedling growth rate, accelerate growth rate, and ensure
survival of transplanting.2 In recent years, the endophytic
microorganisms have attracted much attention for their diverse
biological activities,3 as well as relatively unexplored and
potential sources of bioactive secondary metabolites for
exploitation in medicine.4 A successful example is the well-
known natural product, Taxol, which was found to be
produced by Taxomyces andreanae, an endophytic fungus of
Pacific Yew.5

Research on the diversity and functions of endophyte (most
focus on fungus) in Dendrobium has been accumulating,2 while
not much is known about their secondary metabolites,
especially for bacteria. As part of our goal to discover novel
natural products from medicinal plant endophytes6 and
bacteria that grow in unique ecological environments,7 our
attention was drawn to an antibacterial D. of f icinale endophytic
Streptomyces sp. SH-1.2-R-15, which has been confirmed to
produce bioactive chartreusin (2, Figure 1).8 In course of
fermentation based scale-up (14 L) to produce chartreusin for
further biological and pharmacologic studies, a new metabolite
was detected which displayed similar UV characteristics but a
distinct LC�MS signature from known chartreusins. As
described herein, subsequent chromatographic isolation and
structure elucidation of this newly identified metabolite

revealed an unprecedented 6/6/5/6 tetracyclic polyketide
scaffold, named chartspiroton (1, yield, 0.28 mg/L, Figure 1),
as a novel spiro-naphthoquinone derivative.

Chartspiroton (1) was isolated as a yellow bulk crystal. Its
molecular formula C20H14O9 was determined by HRESIMS
data, indicating 14 degrees of unsaturation. The IR spectrum of
1 displayed characteristic OH (3087 cm�1), CO (1751
cm�1), and aromatic system (1604, 1507, 1450 cm�1)
absorptions. The 13C NMR data (Table 1) showed 20 carbon
signals which can be sorted with the aid of HSQC spectrum
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Figure 1. Chemical structures of chartspiroton (1) and chartreusin
(2).
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into four carbonyls/carboxylic acids (δC 192.5, 189.2, 169.3,
and 168.0), seven sp2 quarternary carbons (δC 160.9, 150.6,
135.9, 129.9, 129.3, 124.5, and 118.1), five sp2 methines (δC
137.9, 134.3, 124.4, 121.6, and 118.9), one methoxy (δC 54.2),
one methyl (δC 16.2), and two oxygenated quaternary carbons
(δC 90.6 and 84.9). Cumulative analysis of 1D/2D NMR
revealed the existence of mainly three substructures as shown
in Figure 2. The proton NMR and COSY spectra indicated the

presence of a 1,2,3-trisubstituted benzene ring at δH 7.40 (d, J
= 8.40, H-2), 7.84 (brt, J = 8.40, 7.35, H-3), and 7.66 (d, J =
7.35, H-4). Two key HMBC signals of H-2/C-8 and H-4/C-5
supported the linkage of this trisubstituted benzene with p-
quinone to form a naphthoquinone (subunit A in Figure 2).
Two more typical doublets appeared at δH 6.81 (d, J = 8.15, H-
11) and 7.22 (d, J = 8.15, H-12), allowing us to establish an
ortho-coupled 1,2,3,4-tetrasubstituted aromatic ring, with
hydroxy, methyl, and carboxylic acid substituted at C-10 (δC
150.6), C-13 (δC 129.3), and C-14 (δC 124.5), respectively
(subunit B in Figure 2). These were confirmed through key
HMBC correlations from H-16 to C-12, C-13, and C-14.
Subunit C was decided to be a methyl formate group (Figure

2) with the help of HMBC correlations from H3-18 (δH 3.67,
s) to C-17 (δC 168.0) and C-6 (δC 84.9). Notably, two 4J long-
range HMBC correlations were observed from H-11 to C-7
(δC 90.6) and from H3-18 to C-6, which helped to establish the
initial structure of 1 as shown in Figure 2, leaving the two
oxygenated carbons (C-6 and C-7) unresolved.

Taking into consideration the 14 unsaturation degrees
implied by the molecular formula, 1 must be tetracyclic with
the conjunction of two possible manners (Figure 3): one five-

membered spirocycle fused with naphthoquinone (a) or a
formation of six-membered lactone ring (b) instead. To further
confirm the structure of 1, the quantum chemical calculation
on the 13C NMR spectroscopic data of these two possible
structures were performed using the time-dependent density-
function theory (TD-DFT) method. In general, the initial 3D
conformations of target molecules were established by Chem-
3D, and the conformational analysis was calculated via random
searching in the Schrodinger Maestro 2019 using MMFFs
force field with an energy cutoff of 10.0 kcal/mol. As for 1a
and 1b, four and five lowest energy conformers were retained,
respectively. Then all of the conformers were reoptimized at
the B3LYP/6-311G(d,p) level in vacuo by the Gaussian 09
program.9 The 13C NMR shielding constants of 1a and 1b
were calculated with the TDDFT methodology at the B3LYP/
6-311+G(d,p) using DMSO as solvent by the IEFPCM
solvation model. Utilizing multiple linear regression analysis
method,10 the computational 13C NMR data of 1a was much
closer to the experimental ones (see Supporting Information,
Table S2), with the higher correlation coefficient (R2) of
0.9983 than 1b (Figure S1), which confirmed 1 as a novel 6/6/
5/6 tetracyclic polyketide.

The full structure and absolute configurations at C-6 and C-
7 of 1 were ultimately assigned on the basis of X-ray
crystallographic data (CDCC accession no. 1982507; Figure 4
and Tables S2), which established the stereocenters in 1 as
6R,7R. On basis of above cumulative analysis, compd 1 was
identified as an unprecedented polyketide derivative, named as
chartspiroton.

Chartspiroton (1) and chartreusin (2)8 were produced
simultaneously by endophytic Streptomyces sp. SH-1.2-R-15
with related structural units (Figures 1 and 4), which indicated
1 is likely biosynthesized through a bypass encoded in
chartreusin pathway. Compounds 1 and 2 were structurally
similar to angucycline, the largest group of type II PKS-
engineered natural products, whose polyketide-derived scaffold
is drastically modified via intriguing post-PKS tailoring
oxidative rearrangements.11 However, the biosynthesis of
chartreusin (2) had been proved to start with a linear
anthracycline pathway to form resomycin C12 (3, Scheme 1) as
a key intermediate after inactivation of chaZ.13 ChaZ is a FAD-

Table 1. 13C (125 MHz) and 1H (500 MHz) NMR Data for
Chartspiroton (1) in DMSO-d6 (δ in ppm)

no. δC, type δH (J, Hz)

1 160.9, C
2 124.4, CH 7.40, d (8.40)
3 137.9, CH 7.84, brt (8.40, 7.35)
4 118.9, CH 7.66, d (7.35)
4a 135.9, C
5 189.2, C
6 84.9, C
7 90.6, C
8 192.5, C
8a 118.1, C
9 129.3, C
10 150.6, C
11 121.6, CH 6.81, d (8.15)
12 134.3, CH 7.22, d (8.15)
13 129.9, C
14 124.5, C
15 169.3, C
16 16.2, CH3 2.48, s
17 168.0, C
18 54.2, CH3 3.67, s
1-OH 11.23, s
6-OH 7.37, s
10-OH 10.44, s

Figure 2. COSY and key HMBC correlations of 1.

Figure 3. Possible structures of 1 (1a and 1b).
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binding monooxygenase and proposed to be responsible for
the ring B cleavage of 3, probably through a Baeyer�Villiger-
type oxygenation,11,13 followed by a rearrangement to form a
new C�C bond to generate 4. Once the intermediate 4 had
been accumulated, the quinone oxygen, probably in the enol
form, could attack the ring D carbonyl and form the first
lactone ring E of 2.13 Intriguingly, an unprecedented
dioxygenase, ChaP, was recently proved to catalyze the final
α-pyrone ring formation in 2 through oxidative rearrangement
which involved two successive C�C bond cleavage steps
followed by lactonization (Scheme 1).14 Similarly, 4 might

undergo an oxidation on the dione moiety first to lose a carbon
dioxide to yield 5. Subsequent oxidation of 5 at the C-6 and C-
7 double bond, followed by esterification cyclization between
the ring D carboxylic acid and C-7, would produce 1 (see
Scheme 1).

The in vitro cytotoxic and antibacterial activity of
chartspiroton (1) was evaluated against three human cancer
cell lines [Hep3B2.1�7 (hepatocellular cancer), J82 (bladder
cancer), and H1299 (lung cancer)], and two bacterial strains
(Escherichia coli and Staphylococcus aureus) (see the Supporting
Information). Compound 1 displayed no appreciable cytotox-
icity or antimicrobial activity after preliminary activity tests.

In conclusion, chartspiroton, an unprecedented tetracyclic
spiro-naphthoquinone derivative, was characterized from a
medicinal plant endophytic Streptomyces. Preliminary biological
evaluation indicated that chartspiroton does not exhibit
significant cytotoxicity or antibacterial activities. A possible
biosynthetic pathway was proposed, and the enzymes involved
in the elaboration of such an unusual polyketide structure may
provide new opportunity for biosynthetic interrogation.
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Detailed experimental procedures and MS and NMR
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Figure 4. Single-crystal X-ray structure of 1. (Note: a different
numbering system was used.) The ellipsoids are shown at 30%
probability levels.

Scheme 1. Postulated Biosynthetic Pathway for 1
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(4) (a) Goḿez, O. C.; Luiz, J. H. H. Appl. Microbiol. Biotechnol.

2018, 102, 9105. (b) Gouda, S.; Das, G.; Sen, S. K.; Shin, H. S.; Patra,
J. K. Front. Microbiol. 2016, 7, 1538. (c) Newman, D. J.; Cragg, G. M.
Front. Chem. 2015, 3, 34. (d) Strobel, G.; Daisy, B.; Castillo, U.;
Harper, J. J. Nat. Prod. 2004, 67, 257.
(5) Stierle, A.; Strobel, G.; Stierle, D. Science 1993, 260, 214.
(6) Zhao, H.; Yang, A.; Zhang, N.; Li, S.; Yuan, T.; Ding, N.; Zhang,

S.; Bao, S.; Wang, C.; Zhang, Y.; Wang, X.; Hu, L. J. J. Agric. Food
Chem. 2020, 68, 1588.
(7) (a) Wang, X.; Zhang, Y.; Ponomareva, L. V.; Qiu, Q.;

Woodcock, R.; Elshahawi, S. I.; Chen, X.; Zhou, Z.; Hatcher, B. E.;
Hower, J. C.; Zhan, C.-G.; Parkin, S.; Kharel, M. K.; Voss, S. R.;
Shaaban, K. A.; Thorson, J. S. Angew. Chem., Int. Ed. 2017, 56, 2994.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c00696
Org. Lett. XXXX, XXX, XXX�XXX

D

https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1982507&id=doi:10.1021/acs.orglett.0c00696
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiabin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:xch226@uky.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiachang+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1106-1904
mailto:xiachangwang@njucm.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lihong+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:lhhu@njucm.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huimin+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aiping+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sheng+Bao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ren+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tianjie+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shurong+Hou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tian+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qichun+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c00696?ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00696?ref=pdf


(b) Wang, X.; Reynolds, A. R.; Elshahawi, S. I.; Shaaban, K. A.;
Ponomareva, L. V.; Saunders, M. A.; Elgumati, I. S.; Zhang, Y.;
Copley, G. C.; Hower, J. C.; Sunkara, M.; Morris, A. J.; Kharel, M. K.;
Van Lanen, S. G.; Prendergast, M. A.; Thorson, J. S. Org. Lett. 2015,
17, 2796. (c) Wang, X.; Elshahawi, S. I.; Shaaban, K. A.; Fang, L.;
Ponomareva, L. V.; Zhang, Y.; Copley, G. C.; Hower, J. C.; Zhan, C.-
G.; Kharel, M. K.; Thorson, J. S. Org. Lett. 2014, 16, 456. (d) Wang,
X.; Abbas, M.; Zhang, Y.; Elshahawi, S. I.; Ponomareva, L. V.; Cui, Z.;
Van Lanen, S. G.; Sajid, I.; Voss, S. R.; Shaaban, K. A.; Thorson, J. S. J.
Nat. Prod. 2019, 82, 1686. (e) Abbas, M.; Elshahawi, S. I.; Wang, X.;
Ponomareva, L. V.; Sajid, I.; Shaaban, K. A.; Thorson, J. S. J. Nat.
Prod. 2018, 81, 2560. (f) Wang, X.; Elshahawi, S. I.; Ponomareva, L.
V.; Ye, Q.; Liu, Y.; Copley, G. C.; Hower, J. C.; Hatcher, B. E.; Kharel,
M. K.; Van Lanen, S. G.; She, Q. B.; Voss, S. R.; Thorson, J. S.;
Shaaban, K. A. J. Nat. Prod. 2019, 82, 3469. (g) Shaaban, K. A.;
Saunders, M. A.; Zhang, Y.; Tran, T.; Elshahawi, S. I.; Ponomareva, L.
V.; Wang, X.; Zhang, J.; Copley, G. C.; Sunkara, M.; Kharel, M. K.;
Morris, A. J.; Hower, J. C.; Tremblay, M. S.; Prendergast, M. A.;
Thorson, J. S. J. Nat. Prod. 2017, 80, 2. (h) Wang, X.; Elshahawi, S. I.;
Cai, W.; Zhang, Y.; Ponomareva, L. V.; Chen, X.; Copley, G. C.;
Hower, J. C.; Zhan, C.-G.; Parkin, S.; Rohr, J.; Van Lanen, S. G.;
Shaaban, K. A.; Thorson, J. S. J. Nat. Prod. 2017, 80, 1141.
(8) (a) Bhuyan, B. K.; Robinson, M. I.; Shugars, K. D.; Bono, V. H.;

Dion, R. L. Cancer Res. 1978, 38, 2734. (b) Hanka, L. J.; Gerpheide, S.
A. Antimicrob. Agents Chemother. 1977, 12, 571. (c) Gregg, R. E.;
Heintz, R. L. Arch. Biochem. Biophys. 1972, 152, 451.
(9) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;

Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.;
Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi,
R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar,
S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox,
J. E.; Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;. Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.
D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J.
Gaussian 09, Revision A.02b; Gaussian Inc., Wallingford, CT, 2010.
(10) Lodewyk, M. W.; Siebert, M. R.; Tantillo, D. J. Chem. Rev.

2012, 112, 1839.
(11) (a) Kharel, M. K.; Pahari, P.; Shepherd, M. D.; Tibrewal, N.;

Nybo, S. E.; Shaaban, K. A.; Rohr, J. Nat. Prod. Rep. 2012, 29, 264.
(b) Tibrewal, N.; Pahari, P.; Wang, G.; Kharel, M. K.; Morris, C.;
Downey, T.; Hou, Y.; Bugni, T. S.; Rohr, J. J. Am. Chem. Soc. 2012,
134, 18181.
(12) Maskey, R. P.; Grun̈-Wollny, I.; Laatsch, H. J. Antibiot. 2003,

56, 795.
(13) (a) Xu, Z.; Jakobi, K.; Welzel, K.; Hertweck, C. Chem. Biol.

2005, 12, 579. (b) Weissman, K. Chem. Biol. 2005, 12, 512.
(14) Wang, Y. S.; Zhang, B.; Zhu, J.; Yang, C. L.; Guo, Y.; Liu, C. L.;

Liu, F.; Huang, H.; Zhao, S.; Liang, Y.; Jiao, R. H.; Tan, R. X.; Ge, H.
M. J. Am. Chem. Soc. 2018, 140, 10909.

Organic Letters pubs.acs.org/OrgLett Letter

https://dx.doi.org/10.1021/acs.orglett.0c00696
Org. Lett. XXXX, XXX, XXX�XXX

E

pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c00696?ref=pdf

