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–C, carbazole glycosides with
indoleamine 2,3-dioxygenase 1 inhibitory activity
from Streptomyces sp. KCB15JA151†
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Byeongsan Lee,ac Jung-Sook Lee,d Sung-Kyun Ko, a Young-Soo Hong,ab

Jong Seog Ahn *ab and Jae-Hyuk Jang *ab

A bioassay-guided investigation led to the isolation of three new carbazole glycosides, jejucarbazoles A–C

(1–3), from Streptomyces sp. KCB15JA151. Their planar structures were elucidated by detailed NMR and MS

spectroscopic analysis with a literature study. Their relative and absolute configurations were established by

ROESY correlations, coupling constants, LC-MS analysis of thiocarbamoyl-thiazolidine carboxylate

derivatives, and ECD calculation. Compounds 1–3 showed indoleamine 2,3-dioxygenase 1 (IDO1)

inhibitory activity with IC50 values of 18.38, 9.17, and 8.81 mM. The molecular docking analysis suggested

that all compounds act as heme-displacing inhibitors against IDO1 enzyme.
Introduction

Natural products from actinomycetes have been an excellent
source for drug discovery due to their diversity of carbon skel-
etons and biological activities.1–4 Natural products can not only
be used as drugs but also provide drug leads for the develop-
ment of new drugs.3–6 A substantial number of natural product
derived drugs have been released on the market.4,5 Hence, the
discovery of novel natural products is important for drug
development.

Carbazole, dibenzopyrrole, consist of the 6/5/6 fused
heterocyclic ring system, which was rst extracted/derived from
the anthracene fraction of coal tar in 1872.7,8 Natural carbazole
alkaloid is categorized into two main groups according to their
natural origin and carbon substituent at C-3. All known tricyclic
3,4-dioxygenated carbazole alkaloids, signicantly, have origi-
nated from microorganisms.7 Tricyclic carbazole derivatives
possess various biological activities7,9 such as antimicrobial,10

antimalarial,11 anti-inammatory,12 neuroprotective,13 and free
radical scavenging activities.14 Therefore, the structure diversity
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and a wide range of biological activities of carbazole have
attracted much attention from chemists and biologists.

Indoleamine 2,3-dioxygenase 1 (IDO1) is an intracellular
heme-containing enzyme that oxidizes L-tryptophan (L-Trp) toN-
formyl-L-kynurenine (NFK), which initiates the rst and rate-
limiting step of the kynurenine pathway.15–18 Expression of
IDO1 mediates the degradation of tryptophan and the accu-
mulation of kynurenine that lead to local immunosuppres-
sion.16,19 Upregulation of IDO1 was observed in several cancer
types and could promote tumor cell growth.18,20–22 IDO1 inhi-
bition not only can terminate the immunosuppression but also
increase the effectiveness of other treatments such as thera-
peutic vaccination, chemotherapy, or radiationther-
apy.15,16,18,23,24 Thus, inhibition of the IDO1 enzyme is an
attractive pharmaceutical target.

In our efforts to discover novel IDO1 inhibitor, we screened
the culture extracts of microorganisms isolated from soil and
marine samples from Jeju Island. The result of the in vitro
enzymatic screening assay showed that Streptomyces sp.
KCB15JA151 exhibited an inhibitory activity against the IDO1
enzyme. The bioassay-guided isolation from the culture extract
Fig. 1 The chemical structures of 1–3.
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of this strain provided three new active tricyclic carbazole
glycosides. Herein, we describe the isolation and structure
elucidation of jejucarbazoles A–C (1–3) (Fig. 1) and their
inhibitory effect and molecular docking analysis against the
IDO1 enzyme.
Results and discussion

Jejucarbazole A (1) was isolated as a brown amorphous powder,
and its molecular formula was determined as C27H33NO10 by
the HRESIMS analysis. The UV maxima absorption was at 226,
246, 268, 300, 339, and 354 nm, which is similar to those of
neocarazostatins (Fig. S1†).14 The 1H NMR (800 MHz, acetone-
d6) spectrum showed one exchangeable proton (dH 9.81), three
aromatic protons (dH 8.05, 7.40, and 7.12), one olenic proton
(dH 5.45), seven methines (dH 4.95, 4.74, 4.17, 3.92, 3.71, 3.70,
and 3.63), one methylene proton (dH 3.48), and four methyl
protons (dH 2.51, 1.78, 1.74, and 1.04). The 13C NMR (200 MHz,
acetone-d6) and HSQC-DEPT spectra showed 25 carbons
including nine non-protonated sp2 carbons (dC 138.1, 137.5,
136.6, 131.6, 130.6, 127.7, 122.8, 113.4, and 110.7), one olenic
carbon (dC 125.0), three aromatic carbons (dC 124.9, 121.6, and
110.1), one anomeric carbon (dC 107.2), six oxygen-bearing
Table 1 1H and 13C NMR spectroscopic data for 1–3

Position

1 2

dCa dHb, mult (J in Hz) dCc

1 127.7 122.3
2 113.4 119.7
3 136.6 140.5
4 N.Dg 138.0
4a 110.7 114.9
4b 122.8 121.0
5 121.6 8.05, s 122.8
6 131.6 131.4
7 124.9 7.12, d (8.16) 125.1
8 110.1 7.40, d (8.17) 109.4
8a 138.1 138.3
9 9.81, s
9a 137.5 133.8
10 75.3 4.95, d (7.70) 75.1
11 69.9 4.17, quintet (6.86) 69.9
12 18.7 1.04, d (6.30) 18.1
13 13.2 2.51, s 12.0
14 34.3 3.48, d (6.06) 34.0
15 125.0 5.45, t (7.16) 125.1
16 130.6 130.2
17 17.0 1.78, s 16.6
18 24.9 1.74, s 24.6
10 107.2 4.74, d (7.88) 105.5
20 74.2 3.71, ovlh 74.1
30 76.4 3.63, ovlh 76.3
40 71.8 3.70, ovlh 72.0
50 75.1 3.92, d (9.78) N.Dg

60 169.9i N.Dg

a Recorded at 200 MHz in acetone-d6.
b Recorded at 800 MHz in acetone-d

e Recorded at 175 MHz in CD3OD.
f Recorded at 700 MHz in CD3OD.

g Not

19806 | RSC Adv., 2021, 11, 19805–19812
methine carbons (dC 76.4, 75.3, 75.1, 74.2, 71.8, and 69.9), one
methylene carbon (dC 34.3), and four methyl carbons (dC 24.9,
18.7, 17.0, and 13.2). Additionally, a carbonyl carbon (dC 169.9)
was observed in the HMBC. NMR data were compared to
chemical formula from the HRESIMS analysis. One carbon
signal was not detected in the NMR data because the unstable
nature of the compound in the NMR solvents led to the disap-
pearance of several peaks in the NMR spectrum (Table 1).

The planar structure of 1 was elucidated by analyzing the
NMR data and a literature study. The COSY correlation fromH-7
to H-8 with HMBC correlations from H-5 to C-7/C-8a and from
H-8 to C-4b/C-6 established ring C. The prenyl group was
assigned based on the COSY correlation from H-14 to H-15 and
the HMBC correlations from H-17 to C-15 and C-16 and from H-
18 to C-15 and C-16. The HMBC correlation from H-14 to C-5, C-
6, and C-7 implied that the prenyl group is located on C-6. The
long range proton–proton coupling indicated the alkyl chain of
a H-12/H-11/H-10 coupling system. The HMBC correlations of
H-10 to C-1, C-2, and C-9a and of H-13 to C-1, C-2, and C-3
indicated that the alkyl side chain and the methyl group were
attached to ring A, which partially established ring A. Ring B was
determined by the cross peaks of the HMBC from NH-9 to C-4a/
C-8a/C-9a. The H-5 to C-4a correlation of the HMBC showed
3

dHd, mult (J in Hz) dCe dHf, mult (J in Hz)

128.8
106.2
136.6
144.3
110.1
123.3

8.61, s 121.5 7.99, s
131.8

7.11, d (8.31) 124.7 7.12, d (7.96)
7.30, d (8.22) 109.5 7.29, d (8.19)

138.3

138.5
5.02, d (7.65) 42.8 3.99, s
4.23, quintet (6.56) 208.3
1.07, d (6.36) 27.7 2.18, s
2.40, s 12.3 2.39, s
3.49, m 34.1 3.47, d (6.43)
5.45, t (7.22) 124.6 5.42, t (6.72)

130.7
1.80, s 16.5 1.80, s
1.77, s 24.6 1.77, s
4.99, d (7.61) 107.0 4.65, br d (6.42)
3.79, t (8.45) 74.0 3.66, m
3.56, m 76.5 3.53, br s
3.70, br s 72.2j 3.65j, m
N.Dg N.Dg N.Dg

N.Dg

6.
c Recorded at 200 MHz in CD3OD.

d Recorded at 800 MHz in CD3OD.
detected. h Overlapped signal. i Observed in HMBC. j Observed in HSQC.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a hint of the tricyclic backbone. Comparing the chemical shi
with the data reported in the literature data suggests that the
carbon signal, not detected in NMR data, is part of ring A
(Fig. 2).14

The anomeric signals (dC 107.2/dH 4.74) suggested the pres-
ence of a sugar unit. The sugar unit was determined by the
COSY correlation of H-10/H-20/H-30/H-40/H-50. The HMBC corre-
lation from H-40 to C-60 and from H-50 to C-60 established the
carboxyl group of the sugar unit. The relative conguration of
the sugar unit was elucidated by ROESY and the coupling
constant. The large coupling constant (7.88 Hz) of H-10 indicates
a b-glycosidic bond and H-10 and H-20 in the axial position. The
ROESY correlations of H-10 to H-30, H-10 to H-50, and H-30 to H-50

showed the same face between H-10, H-30, and H-50. The
coupling constant of H-50 (9.78 Hz) implied an axial to axial
coupling. Therefore, all the protons of the sugar unit occupied
the axial positions, which was assigned to be b-glucuronic acid
(Fig. S13†). The absolute conguration of the sugar unit was
elucidated by HPLC.21,25 The acid hydrolysate of 1 was derivat-
ized with D- and L-cysteine methyl ester followed by reaction
with a o-tolyl isothiocyanate to prepare a thiocarbamoyl-
thiazolidine carboxylate derivative. D- and L-derivative of 1 had
the same retention time of the derivatives of an authentic
sample (D-glucuronic acid) in LC-MS analysis. Therefore, the
sugar unit of 1 was assigned as b-D-glucuronic acid. The same
elution order of the derivatives as those of the reference (L-
cysteine derivatives / D-cysteine derivatives) also supported
the D-form of the sugar unit (Fig. S14†).25

Jejucarbazole B (2) was obtained as a brown amorphous
powder. The UV maximum absorption, molecular formula, 1D
NMR spectra, and 2D correlation patterns were very similar to
those of 1, indicating that compound 2 possessed a similar
backbone (Fig. S15†, Table 1, and Fig. 2). Unlike the anomeric
proton (dH 4.74) and methyl proton (dH 2.51) showing cross
peaks against the same carbon (dC 136.6) in the HMBC spec-
trum of 1, compound 2 had different correlations. The corre-
lations of H-2 to C-3 and H-10 to C-4 in the HMBC suggested that
the sugar unit is bonded by a glycosidic bond at C-4. The ROESY
cross peak signal between H-13 and H-10 in 1 was absent in the
NMR data of 2. Instead, The ROESY correlation fromH-7 to H-10

was present, which support the glycosylation position at C-4
(Fig. 3). A comparison of MS/MS fragmentation patterns also
showed structural similarity between compounds 1 and 2
(Fig. S5 and S19†). Thus, the planar structure of compound 2
was determined to have the same skeleton as compound 1
except for the glycosylation position.
Fig. 2 Key 2D NMR correlations of 1–3.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Jejucarbazole C (3) was isolated as a brown amorphous
powder. Its molecular formula C27H31NO9 was assigned on the
basis of the HRESIMS data. The UV maximum absorption and
1D NMR data suggested that the carbon skeleton of compound
3 is similar to those of compound 1 (Fig. S26†, Table 1, and
Fig. 2). A ketone signal (dC 208.3) in the 13C NMR data and the
HMBC correlations from H-12 to C-10/C-11 and H-10 to C-1/C-2/
C-9a suggested that compound 3 possessed a butanone moiety
instead of 2,3-butanediol group in compound 1. Moreover, the
tandem mass fragmentation data supported the result of
spectroscopic data (Fig. S6 and S30†).

Compounds 1 and 2 had the same aglycone. By contrast, the
chiroptical properties (optical rotation and electronic circular
dichroism) are dissimilar. Assigning the relative conguration
of 1 and 2 was attempted using the ROESY data. However, it was
difficult to determine the relative conguration unambiguously
as a result of exible side chains. Several chemical derivatiza-
tionmethods were attempted to establish the conguration, but
it was also difficult due to low solubility and/or chemical
instability of the compounds. The optical rotation of compound
1 compared with the data in the literature,14 which suggested
that compound 1 and neocarazostatin A have the same cong-
uration of the alkyl chain. Nevertheless, the absolute congu-
ration of neocarazostatin A was not determined yet.26,27

Carquinostatin B consists of a carbazole-3,4-quinone core with
a side chain, prenyl moiety, and an alkyl chain, which is
attached to the same position of compound 1 and neo-
carazostatin A.13 The biosynthetic gene cluster of carquinostatin
A showed a strong resemblance to those of neocarazostatin A.8

The putative biosynthetic gene cluster of compounds 1–3 is also
similar to those of carquinostatin B and neocarazostatin A
(Fig. S37, S38, and Table S1†). The 18O isotope labeling experi-
ment of a neocarazostatin producing strain suggested the
neocarazostatin biosynthetic gene cluster could synthesize the
ortho-quinone type intermediate.27 Thus, an optical rotation
value of 1 and literature studies hypothesized that the absolute
conguration of the alkyl chain of 1 is 10S* and 11R*. To test
this hypothesis about the absolute conguration of 1, the
Fig. 3 Key ROSEY correlation and interproton distances related to
anomeric protons of 1 and 2.

RSC Adv., 2021, 11, 19805–19812 | 19807
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Fig. 4 Experimental ECD and calculated ECD spectra of 1 and 2.
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experimental electronic circular dichroism (ECD) data of 1 was
compared with the calculated data. Compound 1 showed
a positive cotton effect at 209, 221, and 337 nm with a negative
effect at 255 nm, which were similar to those of the calculated
data from the hypothesis (Fig. 4A). Thus, the absolute congu-
ration of 1 was proposed as 10S and 11R.

The ECD curve and optical rotation of 2 were different to
those of 1 despite of the fact that the ROESY signal patterns of 1
and 2 are similar; thus, we hypothesized that the alkyl chain of 2
Fig. 5 Molecular-docking analysis of compound 3 with the apo-IDO1 en
apo-IDO1. (B) Protein–ligand interaction profile between compound 3w
blue dashed lines represent hydrogen bonds.

19808 | RSC Adv., 2021, 11, 19805–19812
has an opposite conguration compared to that of 1. To validate
the enantiomeric relationships between the aglycone of 1 and 2,
the experimental ECD spectrum of 2 was compared with the
calculated spectrum of two candidates, (10R, 11S)-2 and (10S,
12R)-2. The result indicated that the calculated spectrum of
(10R, 11S)-2 showed a similar curve to the experimental spec-
trum, which suggested that the absolute conguration of agly-
cone of 2 as 10R and 11S (Fig. 4B).

Compounds 1–3 were evaluated for inhibition of the indo-
leamine 2,3-dioxygenase 1 (IDO1) enzyme. Compounds 2 and 3
showed strong inhibition with IC50 values of 9.17 and 8.81 mM,
while compound 1 exhibited a moderate activity of 18.38 mM
(Fig. S39†). The positive control, menadione, showed IC50

values of 0.37 mM. To obtain the data about the putative binding
site of the compounds, molecular docking analysis was con-
ducted by Autodock vina28 using a crystal structure of holo-IDO1
and apo-IDO1 (PDB id: 6AZU and 6AZV).16 The lowest calculated
binding affinity was �9.1 kcal mol�1, which was a result of
compound 3 binding with apo-IDO1 enzyme (PDB id: 6AZV)
(Table S2†). The docking analysis predicted that compound 3
binds to the A-pocket, tryptophan-binding site, and the aban-
doned heme pocket of apo-IDO1 enzyme.16,29–31 The sugar unit
and ring A of compound 3 occupied A-pocket by hydrophobic
interactions to the residues Phe-163, Phe-226, Arg-231, and Leu-
234 with hydrogen bonds against Ser-235, Gly-236, Lys-238, Asn-
240, and Gly-261. The prenyl group of compound 3 took up the
abandoned heme pocket through hydrophobic interactions to
the residues Ser-263, Phe-291, Leu-384, Phe-387, and Leu-388
(Fig. 5). Compounds 1 and 2 also had similar results in the
docking analysis (Fig. S40, S41, and Table S2†).

Although bacterial tricyclic carbazole is classied into
several subgroups according to oxidative status, glycosylated
tricyclic carbazole has not been reported yet.7,27 The b-glucur-
onic acid moiety was reported in a few references, which is
similar to the sugar unit of compounds 1–3.32–36 The b-glucur-
onic acid units, reported in the references, were mostly eluci-
dated as the D-form by optical rotation analysis.33,34 The b-
glucuronic acid is glycosylated at several positions on quinone
analogue.36 In addition, regioisomers by glycosylation of
zyme (PDB id: 6AZV). (A) Putative binding mode for compound 3 with
ith IDO1. The gray dashed lines represent hydrophobic interactions; the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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another sugar unit was also reported.37 Therefore, to the best of
our knowledge, compounds 1–3 are the rst example of tricyclic
carbazole glycoside comprised of dihydroxyl type carbazole and
rare sugar unit, b-D-glucuronic acid.

A literature study revealed several modes of IDO1 inhibi-
tion18,31 through an allosteric regulator,38 heme-binder,23 and
heme-displacer.16 Qinglin Pu et al. compared the activities of the
IDO1 inhibitors in clinical trials, which showed that the inhibi-
tion by the heme-displacingmode ismore potent due to its larger
interaction interface with IDO1 enzyme by reason of the absence
of the bulky heme moiety.18 Although various compounds of
tryptophan or indole analogues were studied as IDO1 inhibitors,
the carbazole class has not reported any inhibitory activity
against IDO1 yet.23,39 The computational docking data between
compounds 1–3 and apo-IDO1 enzyme (PDB id: 6AZV) were in
good accordance with the results of IDO1 inhibition assay.
Docking analysis proposed that compounds 1–3 interact with
both the A-pocket and abandoned heme pocket of the IDO1 apo-
enzyme by hydrogen bonds and hydrophobic interactions.
Docking analysis using holo-IDO1 enzyme (PDB id: 6AZU) also
predicted that compounds 1–3 show better affinity to modied
enzyme structure (the heme moiety was discarded) than the
original one (Table S2†). Thus, compounds 1–3 were considered
to act to inhibit the IDO1 enzyme by displacing the heme.

Experimental
General experimental procedures

The specic rotations were measured on a JASCO P-1020
polarimeter that uses a 100 mm glass microcell. UV spectra
were obtained on a NanoDrop 2000 spectrophotometer and
UltiMate DAD-3000 connected to a Thermo Scientic Dionex
Ultimate 3000 Rapid Separation LC system (UPLC-PDA) using
a Waters HSS T3 column (Waters, 2.1 � 150 mm, 2.5 mm). IR
spectra were recorded on a Bruker VERTEX 80v FT-IR spec-
trometer. The NMR spectra were recorded on Bruker AVANCE
HD 700 and 800 NMR spectrometers at the Korea Basic Science
Institute (KBSI) in Ochang, South Korea. Chemical shis were
referenced to a residual solvent signal (acetone-d6 dH 2.05, dC
206.68 and 29.92; CD3OD dH 3.31, dC 49.15). High-resolution
electrospray ionization mass spectrometry (HRESIMS) data
were acquired with a Q-TOFmass spectrometer on a SYNAPT G2
(Waters) at KBSI in Ochang, South Korea. The CD spectra were
obtained on a JASCO J-1500 circular dichroism spectropho-
tometer at KBSI in Ochang, South Korea. Liquid
chromatography-mass spectrometry (LC-MS) was performed
with a Thermo LTQ XL linear ion trap attached to an ESI source
that was connected to a Thermo Scientic Dionex Ultimate 3000
Rapid Separation LC system (ESI-LC-MS) using a Waters HSS T3
column (Waters, 2.1 � 150 mm, 2.5 mm). Open column chro-
matography was performed with a silica gel (Merck, silica gel 60
(0.063–0.200 mm)). Vacuum liquid column chromatography
was carried out with an ODS (Cosmosil, 75 mm). Semi prepara-
tive C18 (Cosmosil 5C18-MS-II, 5 mm, 10 � 250 mm) columns
were used for HPLC on a YL9100 HPLC system equipped with
a photodiode array detector (YL9160) that uses HPLC grade
solvents (Burdick & Jackson).
© 2021 The Author(s). Published by the Royal Society of Chemistry
Microorganism collection and identication

The strain KCB15JA151 was isolated from a soil sample from an
agricultural eld of garlic on Jeju Island, Korea. A soil sample
was spread onto selective medium (24.0 g of Potato Dextrose
Broth and 17 g of agar per 1 L of distilled water, pH 5.6) sup-
plemented with chloramphenicol (50 ppm) and kanamycin (100
ppm). Strain KCB15JA151 was isolated from the selective media
and transferred onto potato dextrose agar (PDA). Strain
KCB15JA151 (GenBank accession no. MW282889) was identi-
ed as Streptomyces sp. by 16S rRNA gene sequencing, which
show 99.7% similarity to Streptomyces roietensis WES2.
Fermentation, extraction, and bioassay-guided isolation

The Streptomyces sp. KCB15JA151 was grown in potato dextrose
broth (PDB) for 7 days at 28 �C on a rotary shaker operation at
165 rpm with baffled Erlenmeyer ask. The cultured broth (45
L) was divided into the ltered broth and mycelia by Büchner
funnel. The ltered broth was extracted with an equal volume of
ethyl acetate three times. The mycelia was extracted with an
equal volume of 80% acetone in water followed by evaporation
under reduced pressure to remove the organic solvent. The
aqueous solution of the acetone extract was extracted three
times with an equal volume of ethyl acetate. The combined
extracts (14.49 g) from the ltered broth and mycelia were
fractionated by silica gel column chromatography (70 i.d. � 320
mm), eluted with a stepwise gradient of CHCl3–MeOH (50 : 0,
30 : 1, 20 : 1, 10 : 1, 7 : 1, 5 : 1, 3 : 1, 2 : 1, 1 : 1, and 0 : 100 (v/v)).
The bioactive fraction 9 (CHCl3–MeOH, 1 : 1, 1.74 g) was sepa-
rated by reversed-phase C18 vacuum liquid column chroma-
tography (50 i.d. � 250 mm) eluted with a stepwise gradient of
MeOH in water (20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
and 100%). The active fractions 9–3 (40% MeOH, 104.2 mg) was
puried by reversed phase HPLC (Cosmosil 5C18-MS-II, 5 mm, 10
� 250 mm) that used a linear gradient condition (25–50%
MeCN – H2O containing 0.025% formic acid, ow rate 3
mLmin�1) to yield compound 2 (3.7 mg). The active fraction 9–4
(50% MeOH, 89.0 mg) was subjected to HPLC using a linear
gradient condition (35–50% MeCN – H2O containing 0.025%
formic acid, ow rate 3 mL min�1) with a semi preparative C18
column (Cosmosil 5C18-MS-II, 5 mm, 10 � 250 mm) to yield
compound 1 (3.5 mg). The active fraction 9–5 (60% MeOH,
128.2 mg) was separated by reversed phase HPLC (Cosmosil
5C18-MS-II, 5 mm, 10 � 250 mm) that used a linear gradient
condition (40–60%MeCN –H2O containing 0.025% formic acid,
ow rate 3 mL min�1) to obtain compound 3 (2.1 mg).
Characterization of compounds 1–3

Jejucarbazole A (1). Brown amorphous powder; [a]23D �9.4 (c
0.05, MeOH); UV (MeOH) lmax (log 3) 226 (4.26), 246 (4.20), 268
(4.11), 300 (3.91), 339 (3.48), 354 (3.44) nm; CD (MeOH) D3 209
(0.32), 221 (0.16), 228 (�0.30), 255 (0.12); IR (ATR) nmax 3360,
2923, 2854, 1611, 1411, 1062, 610 cm�1; 1H and 13C NMR
spectroscopic data, see Table 1; HRESIMS m/z 530.2027 [M �
H]� (calcd for C27H32NO10, 530.2026).
RSC Adv., 2021, 11, 19805–19812 | 19809
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Jejucarbazole B (2). Brown amorphous powder; [a]23D +10.5 (c
0.05, MeOH); UV (MeOH) lmax (log 3) 227 (4.23), 249 (4.21), 270
(sh, 4.02), 290 (3.90), 326 (3.58), 343 (3.53) nm; CD (MeOH) D3
205 (�0.21), 227 (�0.69), 243 (�0.94), 269 (0.36), 301 (�0.58); IR
(ATR) nmax 3316, 2923, 1611, 1375, 1056, 607 cm�1; 1H and 13C
NMR spectroscopic data, see Table 1; HRESIMSm/z 530.2028 [M
� H]� (calcd for C27H32NO10, 530.2026).

Jejucarbazole C (3). Brown amorphous powder; [a]23D �22.4 (c
0.05, MeOH); UV (MeOH) lmax (log 3) 229 (4.08), 249 (4.15), 269
(sh, 3.88), 290 (3.80), 326 (3.35), 343 (3.36) nm; IR (ATR) nmax

3282, 2924, 1610, 1423, 1283, 1061, 805, 611 cm�1; 1H and 13C
NMR spectroscopic data, see Table 1; HRESIMSm/z 536.1898 [M
+ Na]+ (calcd for C27H31NO9Na, 536.1897).
Determination of the absolute conguration of the sugar unit
of 1

Derivatization of sugar and LC-MS analysis was done as
described previously with minor modications.21,25 Compound
1 (0.7 mg) was hydrolyzed in 0.1 N H2SO4 (0.8 mL) at 100 �C for
4 h. The hydrolysate was neutralized by addition of 0.1 N KOH
(0.8 mL). The neutralized mixture was partitioned by water (3.4
mL) with ethyl acetate (3 � 5 mL). The water layer was divided
into two vials and dried under vacuum. D- or L-cysteine methyl
ester hydrochloride in pyridine (0.2 mL, 2 mg mL�1) was added
to each vials, which was heated at 60 �C for 1 h. O-Tolyl iso-
thiocyanate in pyridine (0.2 mL, 2 mg mL�1) was added to
reaction mixture and re-heated at 60 �C for 1 h. The reaction
products were analyzed by LC-MS using a linear gradient
condition (5–100% MeCN – H2O containing 0.05% formic acid
over 25 min, ow rate 0.3 mL min�1) with a Waters HSS T3
column (Waters, 2.1 � 150 mm, 2.5 mm). D- and L-cysteine
derivatives of 1 were detected at 9.58 and 9.63 min, respectively.
The authentic D-glucuronic acid also prepared by the same
method to yield the D- and L-cysteine derivatives, which were
detected at 9.58 and 9.63 min.
ECD calculation

The conformational search was conducted using avogadro 1.2.0
with the MMFF94 force eld.40 The geometry optimization was
performed for all conformers using the NWchem 7.0.0 with the
B3LYP/6-31g(d) basis set.41 TD-DFT with the B3LYP/6-31g(d) basis
set was used to calculate the ECD spectrum of each optimized
conformers using Gaussian 09.42 The Boltzmann-weighted
spectrum was obtained from each calculated spectrum using
SpecDis 1.71.43 For a better comparison between calculated and
experimental spectra, the calculated spectrum of (10S, 11R)-1 was
adjusted (s ¼ 0.2 eV; scaled by 1/50 (y-axis); UV-shi ¼ +15 nm),
the calculated data of (10R, 11S)-2 and (10S, 11R)-2 were adjusted
(s ¼ 0.2 eV; scaled by 1/35 (y-axis); UV-shi ¼ +30 nm).
Indoleamine 2,3-dioxygenase 1 inhibition assay

The IDO1 inhibition assay was done as described previously.38

The human IDO1 clone was provided from Korea Human Gene
Bank, Medical Genomics Research Center, KRIBB, Korea. The
200 mL reactionmixture contained 50mMpotassium phosphate
19810 | RSC Adv., 2021, 11, 19805–19812
buffer (pH 6.5), 20 mM ascorbic acid, 10 mM methylene blue,
200 mM L-Trp, 20 mg mL�1 catalase, 5 mg mL�1 puried
recombinant human IDO1 enzyme and 2 mL of the sample
dissolved in dimethylsulfoxide (DMSO). The reaction was
commenced by the addition of puried recombinant human
IDO1 enzyme.38 The reaction mixture was incubated at 37 �C for
60 min. The reaction was stopped by the addition of 40 mL of
30% (w/v) trichloroacetic acid, which was heated at 65 �C for
15 min. An aliquot of supernatant (125 mL), obtained by
centrifugation of the mixture, was mixed with the same volume
of p-dimethylaminobenzaldehyde (2%, w/v) in acetic acid to
produce the colored reaction product. The absorbance of the
colored product was measured at 480 nm with a spectropho-
tometer (SpectraMax 190, Molecular Devices). Menadione
(Sigma-Aldrich) was used as a positive control.

Molecular docking analysis

Molecular docking analysis was performed as described previ-
ously.28 The energy-minimized structure of the compounds was
generated using Avogadro 1.2.0.40 The protein structure of the
IDO1 enzyme was obtained from the Protein Data Bank (https://
www.rcsb.org/, PDB id: 6AZU and 6AZV). Protein Data Bank
(PDB) le was modied using mgltools 1.5.6 (https://
ccsb.scripps.edu/mgltools/). The docking simulations were
carried out using Autodock vina.44 PLIP (https://
projects.biotec.tu-dresden.de/plip-web/plip) was used to
analyze the protein–ligand interaction patterns of the protein–
ligand complex obtained from docking analysis between
compounds and the IDO1 enzyme.45 The protein-ligand inter-
actions were visualized using PyMOL.46

Whole-genome sequencing analysis

Whole genome sequence of Streptomyces sp. KCB15JA151 was
obtained from commercial service of Macrogen, Inc. (Korea).
Whole-genome de novo sequencing was performed using PAc-
Bio RSII and Illumina platform. Biosynthetic gene cluster of
jejucarbazoles was assigned by antiSMASH 5.0 and reference
study.8,27,47

Conclusions

In this study, jejucarbazoles A–C (1–3) were isolated from
Streptomyces sp. KCB15JA151 by the bioactivity-guided isola-
tion. Their chemical structures were composed of the carbazole
backbone and b-D-glucuronic acid, which is the rst example of
glycosylated tricyclic carbazole. Compounds 1–3 exhibited
signicant inhibitory against IDO1 enzyme with IC50 values
ranging from 8.81 to 18.38 mM. In silico molecular docking
analysis proposed that compounds 1–3 bound to the IDO1
enzyme by heme-displacing binding mode. Therefore, it is
possible that tricyclic carbazole glycoside might be a promising
novel scaffold for inhibitor development against IDO1.
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