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Abstract

B-Carboline alkaloids and related compounds show a broad spectrum of biological activities. We previously identified new
members of the P-carboline alkaloid family by using an engineered Kitasatospora setae strain and a heterologous
Streptomyces host expressing the plausible biosynthetic genes, including the hypothetical gene kse_70640 (ksiB). Here, we
elucidated the chemical structure of a new tetrahydro-f-carboline compound (named Kkitasetalic acid) that appeared in a
heterologous Streptomyces host expressing the ksIB gene alone. Kitasetalic acid suppressed the expression of glucose-
regulated protein 78 (GRP78) without inducing cell death. This is the first report to show that a tetrahydro-f-carboline
compound regulates the expression of the GRP78 protein in cancer cell lines.

Introduction

B-Carboline alkaloids are a large group of indole alkaloids
that are composed of a pyridine ring fused to an indole
skeleton [1]. These alkaloids exhibit a broad spectrum of
pharmacological and biological properties, including anti-
Parkinson, anti-inflammatory, anti-methicillin-resistant Sta-
phylococcus aureus, and anticancer activities [2-5]. These
activities of p-carboline compounds can be attributed to the
characteristic abilities of the core p-carboline structure, such
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as intercalation into DNA, inhibition on cyclin-dependent
kinases, topoisomerase and monoamine oxidases, and
interaction with receptors for serotonin, dopamine and
benzodiazepine [6—10]. The structure—activity relationship
of p-carboline compounds indicated that the functional
groups at the C-1 and C-3 positions in the pyridine ring exert
a significant effect on the biological activity [1], and that
appropriate substitution could elevate the activity dramati-
cally. Thus, expansion of the structural diversity of f-
carboline compounds, especially at C-1/C-3 positions, will
allow us to design new drugs with improved properties.
B-Carboline compounds are frequently isolated from
higher plants, marine organisms, and mammals [11-13].
However, there are only a few studies on the p-carboline
compounds from actinomycetes and filamentous fungi [14,
15]. In 2012, we isolated a new member of the [3-carboline
alkaloid family (kitasetaline, 1, Fig. 1a) from the genetically
modified strain Kitasatospora setae NBRC 142167 [16].
The K. setae wild-type strain produces a negligible amount
of kitasetaline, whereas precocious and abundant produc-
tion of kitasetaline is observed in a disruptant of the reg-
ulatory genes involved in the secondary metabolism,
enabling identification of the chemical structure of kitase-
taline. Moreover, additional new [-carboline alkaloids
(JBIR-133 and JBIR-134) have been identified by hetero-
logous expression of putative kitasetaline biosynthetic
genes in a Streptomyces host strain [17]. These findings
provide us with genetic information of a possible route for
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Fig. 1 Chemical structures of kitasetaline (1) and kitasetalic acid (2)
a and organization of the kse_70670-kse_70630 genes in K. setae b.
b Each arrow indicates the direction of transcription and relative gene
size

the supply of the P-carboline structure in bacteria. The
biosynthesis of kitasetaline, JBIR-133, and JBIR-134
appears to require the enzymatic functions of KSE_70630
(KsIC), KSE_70640 (KsIB), and KSE_70650 (KslA)
(Fig. 1b). The kslA gene encodes a putative flavin adenine
dinucleotide-dependent oxidoreductase and the ksI/C gene
encodes a putative cytochrome P450 hydroxylase, whereas
the KsIB protein is annotated as a hypothetical protein. The
two proteins KslA and KslIC appear to play roles in a tai-
loring step(s) for the biosynthesis of kitasetaline. However,
the function of KsIB remains uncertain, although we sup-
pose that KsIB is essential for the biosynthesis of
p-carboline alkaloids.

Here, we report the isolation and structural elucidation of a
newly appearing compound (2) produced by heterologous
expression of the uncharacterized KsIB protein. Compound 2,
named kitasetalic acid, is a new tetrahydro-f-carboline com-
pound that has two different side chains at C-1 in the tetra-
hydropyridine ring, and suppresses the expression of a cell-
protective endoplasmic reticulum chaperone protein in cancer
cell lines.

Materials and methods
Bacterial strains, plasmids, and growth conditions

Escherichia coli DH5a was used for general DNA manip-
ulation, E. coli GM2929 hsdS::Tnl0 was used to prepare
unmethylated DNA for protoplast transformation in Strep-
tomyces avermitilis SUKA22 [18], and E. coli F~ dcm
A(srl-recA)306::Tnl0 carrying pUB307-aph::Tn7 was used

for E.coli/Streptomyces conjugation. pBluescript IT SK was
used for general cloning and pLT101 [19] was used for
heterologous expression of the ksIB gene. The S. avermitilis
strains were grown at 28°C on YMS-MC medium for spore
formation [17]. The media conditions and general E. coli
and Streptomyces manipulations were described previously
[17]. The primers used in this study are listed in Table S1.

Heterologous expression of the ksIB gene in S.
avermitilis SUKA22

The ksIB gene was PCR-amplified with the primer pair
ksIB-Fw/ksIB-Re, and was inserted into the EcoRV site of
pBluescript II SK to yield pLT169. A 1.0kb EcoRV frag-
ment recovered from pLT169 was cloned into the blunt-
ended BamHI site of pLT101, resulting in pLT170. After
demethylation through E. coli GM2929 hsdS::Tnl0,
pLT170 was introduced into S. avermitilis SUKA22 by
protoplast transformation. Integration of the plasmid was
confirmed by apramycin resistance and PCR analysis.

Transcriptional analysis of the ks/IB gene by
semiquantitative RT-PCR

Total RNA was prepared from mycelia grown in liquid
YMS medium by using an RNeasy Mini Kit (Qiagen Sci-
ences, Germantown, MD), and treated with DNase I
(Takara Bio, Shiga, Japan). The complementary DNA
(cDNA) was synthesized using Superscript III RNase H™
reverse transcriptase (Invitrogen, Carlsbad, CA) and ran-
dom primers (Invitrogen) according to the manufacturer’s
instructions. The PCR amplification was performed with Go
Taq Green Master Mix (Promega KK, Tokyo). For detec-
tion of the ks/B transcript, the conditions were 98 °C for 3
min, followed by 30 cycles of 98 °C for 30 s, 65 °C for 30s,
and 72 °C for 25 s; for the detection of the rpoD transcript,
they were 98 °C for 3 min, followed by 30 cycles of 98 °C
for 30 s, 60 °C for 30 s, and 72 °C for 35 s. The primers used
for detection of the ks/B transcript were ksIB-tFw and ksIB-
tRe, and the primers used for detection of the rpoD tran-
script were rpoD-Fw/rpoD-Re. The absence of DNA con-
tamination was confirmed by reverse transcriptase-
polymerase chain reaction (RT-PCR) without reverse
transcriptase.

Analysis of secondary metabolites in the
heterologous host

Spores (1.3x10° colony-forming unit; CFU) of the
S. avermitilis strains were inoculated on 2.5 mL of YMS-
MC medium supplemented with L-tryptophan at the final
concentration of 3 mM. After incubation at 28°C for 7 days,
the agar culture was diced and extracted with two volumes
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Table 1 NMR data for kitasetalic acid (2) and in DMSO-dg

Position  6¢ 6y mult (J in Hz) HMBC

1 64.5, qC

2

3 548, CH 4.55,dd (11.8, 4.8) 1, 11, 4, 18

4 22.6, CH, 3.01,dd (15.9, 11.9) 3,10, 11, 18
3.34, dd (15.9, 4.9) 3, 10, 11

5 119.0,CH 7.52,d (7.92) 7, 11, 13,

6 119.7, CH 7.05, m 8, 12

7 123.0,CH 7.17, ddd (1.02, 7.08, 8.16) 5, 13

8 112.1,CH 74,d (8.22) 6, 12

9 11.44, s 10, 11, 12, 13

10 127.6, qC

11 107.2, qC

12 125.4, qC

13 137.3, qC

14 169.6, qC

15 31.0,CH, 2.56, m 1, 14, 16
2.83, m 1, 10, 16

16 28.8, CH, 2.41,t(8.1) 1, 15, 17

17 173.7, qC

18 170.5, qC

of MeOH. The MeOH extract was filtrated, and then
analyzed by a reversed-phase high-performance liquid
chromatography (HPLC) system on an Inertsil ODS-3 col-
umn (5 pm; 4.6 i.d. x 250 mm; GL Sciences, Tokyo) with a
linear gradient system (eluents: H,O containing 0.075%
trifluoroacetic acid (TFA) (A) and MeOH containing 0.01%
TFA (B); 0-3 min 20% B and 3-25 min 20% B to 60% B;
flow rate, 1 ml min’l; UV detection at 276 nm).

Isolation and structural elucidation of compound 2

Spores (1.0 x 10% colony-forming unit; CFU) of S. avermi-
tilis SUKA22 carrying pLT170 were inoculated on 20 ml of
YMS-MC medium supplemented with L-tryptophan at the
final concentration of 5 mM, and grown for 10 days at 28 °
C. The 440 ml agar culture was diced and extracted with
two volumes of MeOH, after which the MeOH extract was
evaporated to dryness. The crude extract (1.5 g) was sub-
jected to reversed-phase column chromatography using a
Sep-Pak Vac Cig cartridge (Waters, Milford, MA) with a
step-gradient system of MeOH-H,0 (0%, 10%, 20%, 30%,
and 100% v/v). Compound 2 was eluted in fraction 1 (1.3
g). A part (150 mg) of the fraction was further purified using
a preparative reversed-phase HPLC system on a Capcell-
Pak Cg column (UG80; 5 uM 10 i.d. x 250 mm; Shiseido,
Tokyo) with a linear gradient system (eluents: H,O con-
taining 0.075% TFA (A) and MeOH containing 0.01% TFA
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(B); 0 to 3min 20% B, 3-3.5min 20% B to 35% B and
3.5-15min 35% B to 50% B: flow rate, 4 mlmin~'; UV
detection at 276 nm), yielding 17.3 mg of pure compound 2.
HRFABMS was measured on a JEOL JMS-700 spectro-
meter. The UV spectrum was recorded on a JASCO V-730
spectrophotometer and the IR spectrum was recorded on an
FTIR-8400S (Shimadzu, Kyoto, Japan). Optical rotation
was measured on a JASCO P-2200 polarimeter. NMR
spectra (IH, 600 MHz; 3C, 150 MHz) were recorded on a
Bruker UltraShield 600 Plus spectrometer, and the 'H and
13C chemical shifts were referenced to the solvent signal
([IDMSO]-dg: ¢ 39.5, oy 2.50).

Physicochemical properties of kitasetalic acid (2)

Pale-yellow amorphous solid; UV (H;0) A.x (log €) 218
(7.19), 272 (5.90), 279 (5.87), 289 (5.62), and 350 (4.56)
nm; IR (nujol) vy, 1520-1760 (br) and 3150-3600 (br)
em b [0)*p —11.6 (¢ 0.004, MeOH); HRFABMS m/z
333.1086 [M+H]" (calculated for Cy¢H;7N,Og,
333.1087); 'H and 13C NMR data, see Table 1.

Antimicrobial assays

The growth inhibitory activity of 2 was evaluated in an agar
diffusion susceptibility test against Bacillus subtilis PCI219,
E. coli ATCC 25922, Candida albicans NBRC1592, Sac-
charomyces cerevisiae ATCC 9804, and Ralstonia sola-
nacearum RS1000 (which is isogenic to MAFF730103)
[20]. The anti-mycobacterial activity against Mycobacter-
ium smegmatis mc*155 and Mycobacterium bovis Bacille
de Calmette et Guérin (BCG) Pasteur was assayed by
the established 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) method [21].

Immunoblotting analysis of a glucose-regulated
protein (GRP78)

The human osteosarcoma cell line U20S, and human
cervix epitheloid carcinoma cell line HelLa were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS),
100 UmL ™" penicillin, and 100 ugmL~" streptomycin.
Mouse embryonic fibroblast (MEF) cells were maintained
in DMEM supplemented with 10% FBS, 1% non-essential
amino acids, and 0.5% 2-mercaptoethanol. All cells
were maintained at 37 °C in an atmosphere containing 5%
CO,. MEF cells were obtained from Dr. Sam W Lee
(Harvard University). The other cell lines were obtained
from ATCC.

Immunoblotting experiments were performed as pre-
viously described, and sodium dodecyl sulfate poly-
acrylamide gel electrophoresis was performed using



Engineered production of kitasetalic acid, a new tetrahydro-B-carboline with the ability to suppress... 857

polyacrylamide gels. Antibody against GRP78 was pur-
chased from Cell Signaling Technologies, and that against
B-actin was purchased from Sigma. Antibodies were diluted
to 1:1000 (anti-GRP78) or 1:10,000 (anti-B-actin). Sec-
ondary anti-rabbit and anti-mouse antibodies were pur-
chased from Promega and were used at a dilution of 1:5000.

Gene expression analysis of GRP78

Quantitative RT-PCR was conducted as previously descri-
bed [22]. Total RNA was normalized in each reaction using
B-actin cDNA as an internal standard.

Cell viability assays

Cell viability was determined using the MTT method. After
treatment with kitasetalic acid, cells were incubated with
MTT solution (1 mgmL™") for 2h. Isopropanol and HCl
were then added to final concentrations of 50% (v/v) and 20
mM, respectively, and optical density at 570 nm was
determined using a spectrophotometer.

Results

Heterologous expression of the ksIB gene in S.
avermitilis SUKA22

A homology search of the NCBI database demonstrated that
the KsIB homologs are widely distributed among Gram-
positive bacteria and Gram-negative bacteria, such as a
hypothetical protein (ALI144C_17030) (69% identity and
93% similarity) of Actinosynnema sp. ALI-1.44 and cucu-
mopine synthase (44% identity and 78% similarity) of
Agrobacterium rhizogenes. All of the proteins from acti-
nomycetes that show moderate similarity to KsIB are
annotated as hypothetical proteins, but cucumopine syn-
thases from Gram-negative bacteria have been found to
catalyze a coupling between L-histidine and a-ketoglutaric
acid [23]. These findings suggested that KsIB is responsible
for an enzymatic reaction similar to those catalyzed by
cucumopine synthases.

To characterize the metabolites produced by KsIB, we
introduced one copy of the ks/B gene into the genome of
S. avermitilis SUKA22, an engineered host suitable for
heterologous expression (Fig. S1). Because there is only a
narrow intergenic region (74 bp) between ksIA and ksIB,
ksIB may form a transcriptional operon with ks/A, with no
plausible promoter-like sequences in the upstream region of
ksIB. Thus, we constructed a plasmid pLT170 that contains
ksIB under the control of the constitutive and strong ermEp*
promoter. Transcriptional analysis revealed that the intro-
duced ksIB gene was transcribed in S. avermitilis SUKA22

A S. avermitilis
pLT170  pLT101

B 2

357 S. avermitilis
=) /pLT170
<
£ o4 N
2 354
IS S. avermitilis
£ /pLT101

0 N~
10 14 18 22

Retention time (min)

Fig. 2 Heterologous expression of the ksIB gene in S. avermitilis
SUKA22. S. avermitilis/pLT170, S. avermitilis carrying pLT170 har-
boring the ks/B gene; S. avermitilis/pLT101, S. avermitilis carrying
pLT101 (vector control). a Semiquantitative RT-PCR of the intro-
duced ksIB gene in S. avermitilis carrying pLT170. The rpoD gene was
used as an internal control to normalize RNA samples. b HPLC
analysis of the metabolite profile of S. avermitilis carrying pLT170.
mAU, milliabsorbance units at 276 nm. Compound 2 was detected at
the retention time of 16.0 min

carrying pLT170 (Fig. 2a), indicating that heterologous
expression of ks/B was successfully achieved. Subse-
quently, the transformants of S. avermitilis SUKA22 were
grown on the agar medium, and MeOH extracts of the agar
culture were analyzed by reversed-phase HPLC. S. aver-
mitilis SUKA22 carrying pLT170 was found to produce one
remarkably large peak (compound 2, 16.0 min) that was not
detected in the MeOH extract of S. avermitilis SUKA22
carrying the empty pLT101 vector (Fig. 2b). Interestingly,
external addition of L-tryptophan into the agar medium led
to a remarkable increase of compound 2 production
(Fig. S2). All of these results indicated that KsIB bio-
synthesizes compound 2 by using L-tryptophan as a
substrate.

Isolation and structure elucidation of compound 2
from the engineered strain expressing ks/B

To reveal the chemical structure of compound 2, S. aver-
mitilis SUKA22 expressing ksIB was grown on the agar
medium containing 5mM L-tryptophan. ODS column
chromatography, followed by preparative reversed-phase
HPLC, gave 17.3 mg of the pure compound 2 as a pale-
yellow amorphous solid. The molecular formula of com-
pound 2 was deduced to be C;¢H;(N,Og by HRFABMS
analysis (positive ion mode), indicating the presence of
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= H-H COSY
HMBC

VR

Fig. 3 Chemical structure of kitasetalic acid (2) (left) and the 'H-'"H
COSY and HMBC correlations (right)

7 unsaturated sites in the structure. The IR absorption bands
of compound 2 suggested the presence of OH or NH groups
(broad absorption bands: 3600-3150 cm™') and carbonyl
groups (broad absorption bands: 1760-1520 cm™!). The
structure of compound 2 was established by 1D NMR ('H
and >C NMR) and 2D NMR (HSQC, HMBC, and 'H-'H
COSY) analysis (Table 1).

The 'H and "*C NMR spectra of 2 in conjunction with
DEPT-135 and the HSQC spectrum indicated the presence
of four aromatic protons (6y 7.05, 7.17, 7.40, and 7.52),
three methylene protons (oy 2.41, 2.56/2.83, and 3.01/3.34),
one methine proton (oy 4.55), and eight quaternary carbons,
including three carbonyl carbons (6c 169.6, 170.5, and
173.7). The 'H-'H COSY correlations revealed three partial
structures: H-3 to H-4, H-5 to H-8, and H-15 to H-16
(Fig. 3). Subsequently, the HMBC correlations revealed the
presence of a 1,2,3,4-tetrahydro-p-carboline structure,
which includes two of the partial structures (H-3 to H-4 and
H-5 to H-8). Methylene protons (6y 3.01 and 3.34) at C-4
and a methine proton (0y 4.55) at C-3 showed HMBC
correlations to a carbonyl C-18 carbon, indicating that the
COOH group was attached at C-3 (6c 54.8). The HMBC
correlations from methylene protons (6y 2.56 and 2.83) at
C-15 to two quaternary carbons at C-1 (6¢c 64.5) and C-10
(6c 127.6) and from methylene protons (0 2.41) at C-16 to
a carbonyl C-17 carbon (6c 173.7) revealed that the 2-
carboxyethyl group, including the partial fragment (H-15 to
H-16), was connected at C-1 of the tetrahydro-p-carboline
structure. In addition, the 'H-'3C long-range correlation
from methylene protons at C-15 to a carbonyl C-14 carbon
(6c 169.6) confirmed a connection between the COOH
group and the tetrahydro-f-carboline structure via a qua-
ternary C-1 carbon. Thus, these results identified the
structure of compound 2 as 1-(2-carboxyethyl)-1,2,3,4-tet-
rahydro-p-carboline-1,3-dicarboxylic acid (Fig. 1a), which
has not been isolated from any natural sources. We named
compound 2 “kitasetalic acid”.

SPRINGER NATURE

Antimicrobial activity of kitasetalic acid (compound
2)

Some f-carboline compounds show antimicrobial activity
against the Gram-negative and Gram-positive bacteria [24],
whereas the antimicrobial activity of kitasetaline (1) has not
been determined yet. We here attempted to investigate the
antimicrobial activity of kitasetalic acid (2), which includes
the tryptoline structure. However, there was no growth
inhibitory activity of 2 against B. subtilis, C. albicans,
E. coli, S. cerevisiae, or R. solanacearum at the 500 pg disk
~! Jevel, and no growth inhibitory activity against
M. smegmatis and M. bovis BCG up to 50 uM. Thus, we
concluded that kitasetalic acid has no antimicrobial activity
against the above-mentioned bacterial and fungal strains.

Downregulation of GRP78 in the human cell lines by
kitasetalic acid

The glucose-regulated protein (GRP) 78 is involved in
protein refolding in human cells and also plays an important
role in maintaining the endoplasmic reticulum (ER) [25].
Because GRP78 expression is upregulated in various types
of cancer cells, GRP78 has been regarded as a potential
therapeutic target for cancers [26]. Thus, we investigated
the ability of kitasetalic acid to downregulate GRP78
expression in three cultured cell lines: human osteosarcoma
cell line U20S, human cervix epithelial carcinoma cell line
HeLa, and MEFs. The immunoblotting assays revealed that
kitasetalic acid at a concentration of 100 uM selectively
suppressed 50% of the GRP78 expression in both the U20S
and HeLa cell lines (Fig. 4a), whereas the GRP78 expres-
sion in MEF cells did not respond to treatment with kita-
setalic acid (Fig. S3). In addition, the treatment of U20S
and HeLa cells with kitasetalic acid induced a dose-
dependent decrease in the GRP78 expression. These results
indicated that kitasetalic acid exhibits suppressive activity
against GRP78 expression in the two cancer cell lines
tested.

To further investigate whether kitasetalic acid affects
the mRNA level of GRP78, we performed qRT-PCR
analysis by using the U20S and HeLa cell lines. Kitase-
talic acid treatment at the concentration of 100 uM (but
not at other concentrations) significantly downregulated
the mRNA level of GRP78 in the U20S and HeLa cell
lines (Fig. 4b). Therefore, kitasetalic acid has the ability to
control the transcriptional level of GRP78 in U20S and
HeLa cells.

Finally, we examined the effect of kitasetalic acid (2) on
cell viability in the U20S and HeLa cell lines. In the cell
viability assays, kitasetalic acid up to 100 uM did not induce
cell death in these two cell lines (Fig. 4c). Furthermore,
kitasetalic acid did not affect the mRNA level of CCAAT/
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Fig. 4 Inhibition of GRP78
expression by Kkitasetalic acid in
the U20S and HeLa cell lines.
U20S and HeLa cells were
incubated with kitasetalic acid at
the indicated concentrations for
24 h. Data are presented as the
mean + standard deviation (SD)
from three different experiments.
a Immunoblotting analysis of
GRP78 protein. Cell lysates were
subjected to immunoblotting
with anti-GRP78 and anti-B-actin
antibodies (upper panels). The
band intensity of GRP78 and B-
actin was processed by
densitometric scanning using
image] software (NIH image)
(lower panels). P values were
calculated using two-way
ANOVA followed by Tukey’s
test; *P <0.05 and **P <0.01.
(*, vs O uM of kitasetalic acid)
b Expression of GRP78 mRNA
in U20S and HeLa cells treated
with kitasetalic acid. Total RNA
was subjected to qRT-PCR
analysis using the primer pair for
GRP78 and f-actin. Data were
normalized to p-actin expression.
P values were calculated using
two-way ANOVA followed by
Tukey’s test; *P <0.05 (*, vs

0 uM of kitasetalic acid). ¢
Cytotoxicity assay of kitasetalic
acid. Cell viability was
determined by MTT assay
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(Fig. S4) [27]. All of these results indicated that kitasetalic

acid has no cytotoxicity against these cancer cells.
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The majority of B-carboline alkaloids have been found in

plants, whereas only a few p-carboline compounds have been
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reported so far from bacteria [11, 28]. Identification and
engineering of a biosynthetic pathway of bacterial
p-carboline compounds might enable us to generate
B-carboline derivatives with intriguing biological activities.
However, our current poor understanding of the f-carboline
biosynthetic pathway in bacteria has hindered the engineered
production of B-carboline analogs. We previously demon-
strated that three new P-carboline compounds (kitasetaline,
JBIR-133, and JBIR-134) are produced from a heterologous
host expressing the putative biosynthetic genes, which
included ksIB annotated as a hypothetical gene [17]. In the
present study, we have shown that kitasetalic acid, a new
tetrahydro-p-carboline compound (also known as tryptoline),
was produced by the heterologous expression of the ksIB gene
alone in the versatile model host S. avermitilis SUKA22, and
that kitasetalic acid has the ability to downregulate the
expression of GRP78 in cancer cells. A few indolotryptolines,
such as BE-54017, cladoniamide A and borregomycin A,
have been identified as tetrahydro-f-carboline compounds
from actinomycetes strains or metagenome [29-31]. How-
ever, these compounds have a more complicated structure
than kitasetalic acid, and their biosynthesis requires an oxy-
tryptophan dimerization enzyme for the core structure [31],
which is quite different from the structure of kitasetalic acid.
To our knowledge, this is the first report on the identification
of a simple tetrahydro-p-carboline compound in bacteria.
Moreover, the heterologous expression of the ks/B gene
allowed us not only to generate a new tetrahydro-fB-carboline
compound, but also to better understand the kitasetaline (1)
biosynthetic pathway, in which KsIB presumably catalyzes
the condensation between L-tryptophan and a-ketoglutaric
acid to generate kitasetalic acid as a putative intermediate of
kitasetaline.  Interestingly, another KsIB  homolog
(KSE_75260), in addition to KsIB, is also present in K. setae,
and KsIB homologs are widespread among Gram-positive
and Gram-negative bacteria. Therefore, heterologous expres-
sion of these KsIB homologs in a suitable host could expand
the structural diversity of P-carboline alkaloids and related
compounds, and may lead to the discovery of new biosyn-
thetic enzymes to catalyze unprecedented reactions.

The p-carboline compounds (kitasetaline (1), JBIR-133
and JBIR-134) have neither antimicrobial activity nor
nematocidal activity, and no effect on the cell cycle status
of Jurkat cells [16]. Recently, Savi et al. [32] demon-
strated that 1-vinyl-p-carboline-3-carboxylic acid displays
growth inhibitory activity against Gram-positive bacteria
and fungi, suggesting that the vinyl side chain at C-1 of
the P-carboline structure is crucial for the physiological
activity of this compound. On the other hand, kitasetalic
acid (2) has two different side chains (a carboxylic group
and a carboxyethyl group) at C-1 of the tetrahydro-f-
carboline structure, and also has no antibacterial and
antifungal activities. However, we revealed that
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kitasetalic acid (2) has the suppression activity against
GRP78 expression in the cancer cell lines, but not against
normal-like MEF cells (Fig. 4). GRP78 protein allows
cancer cells to adapt to chronic stress in the tumor
microenvironment, which promotes tumor proliferation,
survival, metastasis, and resistance to a wide variety of
therapies [26]. Therefore, several researches have strongly
suggested that the suppression of GRP78 protein expres-
sion is a promising target for anticancer drugs in various
types of cancer [26]. Although some tetrahydro-f-
carbolines show anticancer activity [33], there has been
no report that they inhibit the expression of the GRP78
protein in human cell lines. The expression of GRP78
protein is well known to be upregulated by ER stress [25].
Interestingly, kitasetalic acid suppressed tunicamycin-
induced GRP78 expression, but not thapsigargin-induced
GRP78 expression (Fig. S5), suggesting that kitasetalic
acid has an ability to suppress ER stress in part.
Furthermore, we found that kitasetalic acid (2) has no
cytotoxicity against the cancer cells examined
in this study, suggesting that this compound could be a

new lead compound for downregulating GRP78
protein expression without inducing cell death.
Liu et al. [34] reported that tetrahydro-fB-carboline

derivatives containing an acylhydrazone moiety could be
chemically synthesized by using 1-methyl-3-carboxylic
tetrahydro-p-carboline, and that some of these derivatives
exhibited new biological activities. Further structural
modification of kitasetalic acid (2) by chemical synthesis
or genetic engineering would improve the physiological
properties for the generation of novel therapeutic agents
for cancer.

In conclusion, we have shown that kitasetalic acid (2) is
generated by the heterologous expression of the ks/B gene,
and that it is a new member of the tetrahydro-p-carboline
compounds.  Moreover, this compound  shows
interesting biological activity, and has a unique chemical
structure compared with those of known downregulators
of GRP78 protein expression. Kitasetalic acid (2) could
thus become a lead inhibitory molecule for cotreatment
with other anticancer drugs as a novel therapeutic
strategy.

Acknowledgements This work was supported by a Grant-in-Aid for
Scientific Research (C) (Grant Number JP15K07358) from the Japan
Society for the Promotion of Science to S.K. and by a New Chemical
Technology Research Encouragement Award from the Japan Asso-
ciation for Chemical Innovation to S.K.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.



Engineered production of kitasetalic acid, a new tetrahydro-B-carboline with the ability to suppress...

861

References

10.

11.

12.

13.

14.

15.

16.

17.

. Cao R, Peng W, Wang Z, Xu A. p-Carboline alkaloids: bio-

chemical and pharmacological functions. Curr Med Chem.
2007;14:479-500.

. Djamshidian A, Bernschneider-Reif S, Poewe W, Lees AlJ.

Banisteriopsis caapi, a forgotten potential therapy for Parkinson’s
disease? Mov Disord Clin Pract. 2016;3:19-26.

. Ngoc PB, et al. A new anti-inflammatory P-carboline alkaloid

from the hairy-root cultures of Eurycoma longifolia. Nat Prod Res.
2016;30:1360-5.

. Lee D-S, et al. Anti-methicillin-resistant Staphylococcus aureus

(MRSA) substance from the marine bacterium Pseudomonas sp.
UJ-6. Environ Toxicol Pharmacol. 2013;35:171-7.

. Li Y, et al. DH334, a f-carboline anti-cancer drug, inhibits

the CDK activity of budding yeast. Cancer Biol Ther. 2007;
6:1193-9.

. Shankaraiah, N et al. Synthesis of novel C3-linked B-carboline-

pyridine derivatives employing khronke reaction: DNA-binding
ability and molecular modeling studies. Lett Drug Des Discov.
2016;13:335-42.

. Song Y, et al. Specific inhibition of cyclin-dependent kinases and

cell proliferation by harmine. Biochem Biophys Res Commun.
2004;317:128-32.

. Kamal A, et al. Design and synthesis of dithiocarbamate linked f-

carboline derivatives: DNA topoisomerase II inhibition with DNA
binding and apoptosis inducing ability. Bioorg Med Chem.
2015;23:5511-26.

. Herraiz T, Chaparro C. Human monoamine oxidase enzyme

inhibition by coffee and p-carbolines norharman and harman
isolated from coffee. Life Sci. 2006;78:795-802.

Glennon RA, et al. Binding of p-carbolines and related agents at
serotonin (5-HT, and 5- HT;,), dopamine (D,) and benzodiaze-
pine receptors. Drug Alcohol Depend. 2000;60:121-32.

Herraiz T, Gonzalez D, Ancin-Azpilicueta C, Aran VJ, Guillén H.
p-Carboline alkaloids in Peganum harmala and inhibition of
human monoamine oxidase (MAO). Food Chem Toxicol.
2010;48:839-45.

Kim CK, et al. Manzamine Alkaloids from an Acanthos-
trongylophora sp. Sponge. J Nat Prod. 2017;80:1575-83.
Stankovi¢ D, Mehmeti E, Svorc L, Kalcher K. New electro-
chemical method for the determination of B-carboline alkaloids,
harmalol and harmine, in human urine samples and in Banister-
iopsis caapi. Microchem J. 2015;118:95-100.

Fotso S, et al. Furan oligomers and p-carbolines from terrestrial
streptomycetes. J Nat Prod. 2008;71:1630-3.

Yang ML, Kuo PC, Hwang TL, Wu TS. Anti-inflammatory
principles  from  Cordyceps  sinensis. ~J Nat  Prod.
2011;74:1996-2000.

Aroonsri A, Kitani S, Tkeda H, Nihira T. Kitasetaline, a novel p-
carboline alkaloid from Kitasatospora setae NBRC 142167, J
Biosci Bioeng. 2012;114:56-58.

Aroonsri A, et al. Pleiotropic control of secondary metabolism and
morphological development by KsbC, a butyrolactone auto-
regulator receptor homologue in Kitasatospora setae. Appl
Environ Microbiol. 2012;78:8015-24.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Komatsu M, Uchiyama T, Omura S, Cane DE, Ikeda H. Genome-
minimized Streptomyces host for the heterologous expression of
secondary metabolism. Proc Natl Acad Sci. 2010;107:2646-51.
Pulsawat N, Kitani S, Fukushima E, Nihira T. Hierarchical control
of virginiamycin production in Streptomyces virginiae by three
pathway-specific regulators: VmsS, VmsT and VmsR. Micro-
biology. 2009;155:1250-9.

Mukaihara T, Tamura N, Murata Y, Iwabuchi M. Genetic
screening of Hrp type Ill-related pathogenicity genes controlled
by the HrpB transcriptional activator in Ralstonia solanacearum.
Mol Microbiol. 2004;54:863-75.

Berridge MV, Tan AS. Characterization of the cellular reduction
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT): subcellular localization, substrate dependence, and
involvement of mitochondrial electron transport in MTT reduc-
tion. Arch Biochem Biophys. 1993;303:474-82.

Namba T, et al. CDIP1-BAP31 complex transduces apoptotic
signals from endoplasmic reticulum to mitochondria under
endoplasmic reticulum stress. Cell Rep. 2013;5:331-9.

Suzuki K, Tanaka N, Kamada H, Yamashita I. Mikimopine syn-
thase (mis) gene on pRil724. Gene. 2001;263:49-58.

Saify ZS, et al. Antibacterial activity of 1-methyl-7-methoxy-f-
carboline and its phenacyl and coumarine analogues. Pak J Pharm
Sci. 2005;18:39-41.

Luo B, Lee AS. The critical roles of endoplasmic reticulum cha-
perones and unfolded protein response in tumorigenesis and
anticancer therapies. Oncogene. 2013;32:805—18.

Lee AS. GRP78 induction in cancer: Therapeutic and prognostic
implications. Cancer Res. 2007;67:3496-9.

Walter P, Ron D. The unfolded protein response: from stress
pathway to homeostatic regulation. Science. 2011;334:
1081-6.

Alamri SA, Mohamed ZA. Selective inhibition of toxic
cyanobacteria by p-carboline-containing bacterium Bacillus flexus
isolated from Saudi freshwaters. Saudi J Biol Sci. 2013;20:
357-63.

Chang FY, Brady SF. Cloning and characterization of an envir-
onmental DNA-derived gene cluster that encodes the biosynthesis
of the antitumor substance BE-54017. J Am Chem Soc.
2011;133:9996-9.

Williams DE, et al. Cladoniamides A-G, tryptophan-derived
alkaloids produced in culture by Streptomyces uncialis. Org Lett.
2008;10:3501-4.

Chang F-Y, Brady SF. Discovery of indolotryptoline anti-
proliferative agents by homology-guided metagenomic screening.
Proc Natl Acad Sci. 2013;110:2478-83.

Savi DC, et al. Microbispora sp. LGMB259 endophytic actino-
mycete isolated from Vochysia divergens (Pantanal, Brazil) pro-
ducing P-carbolines and indoles with biological activity. Curr
Microbiol. 2014;70:345-54.

Shankaraiah N, et al. Design, synthesis and anticancer evaluation
of tetrahydro-f-carboline-hydantoin hybrids. Bioorg Med Chem
Lett. 2014;24:5413-7.

Liu Y, et al. Design, synthesis, and antiviral, fungicidal, and
insecticidal activities of tetrahydro-f-carboline-3-carbohydrazide
derivatives. J Agric Food Chem. 2014;62:9987-99.

SPRINGER NATURE



	Engineered production of kitasetalic acid, a new tetrahydro-β-carboline with the ability to suppress glucose-regulated protein synthesis
	Abstract
	Introduction
	Materials and methods
	Bacterial strains, plasmids, and growth conditions
	Heterologous expression of the kslB gene in S. avermitilis SUKA22
	Transcriptional analysis of the kslB gene by semiquantitative RT-PCR
	Analysis of secondary metabolites in the heterologous host
	Isolation and structural elucidation of compound 2
	Physicochemical properties of kitasetalic acid (2)
	Antimicrobial assays
	Immunoblotting analysis of a glucose-regulated protein (GRP78)
	Gene expression analysis of GRP78
	Cell viability assays

	Results
	Heterologous expression of the kslB gene in S. avermitilis SUKA22
	Isolation and structure elucidation of compound 2 from the engineered strain expressing kslB
	Antimicrobial activity of kitasetalic acid (compound 2)
	Downregulation of GRP78 in the human cell lines by kitasetalic acid

	Discussion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




