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unds from the seeds of Amomum
tsaoko Crevost et Lemaire, a Chinese spice as
inhibitors of sphingosine kinases, SPHK1/2†
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Amomum tsaokoCrevost et Lemaire (Zingiberaceae), a traditional Chinese spice also known as “Caoguo” or

“tsao-ko,” has been considered to have many health benefits. As part of our continuous efforts to screen

natural resources exhibiting potential bioactivity, we examined the seeds of A. tsaoko and found that its

EtOH extract inhibited sphingosine kinases 1 and 2 (SPHK1/2). Bioactivity-based analysis and chemical

investigation of the EtOH extract led to the isolation and identification of four aliphatic alcohols (1–4),

five fatty acids (5–9), 12 phenolics (10–21), and four terpenoids (22–25), including four new compounds,

an acetylated aliphatic alcohol (2), a fatty acid (5), and two phenolics (10–11). In addition, compound 1

was isolated for the first time from natural sources in this study. The structures of all compounds were

elucidated based on spectroscopic analysis, including 1D and/or 2D NMR and HR-ESIMS as well as LC/

MS analysis. A recently developed method using competing enantioselective acylation (CEA) coupled

with LC/MS analysis was applied for the assignment of absolute configuration of compound 5. The

absolute configurations of compounds 10 and 11 were determined using ECD calculations. All of the

compounds (1–25) isolated from the active fraction were evaluated for their SPHK1/2 inhibitory effects at

the concentration of 10 mM. Aliphatic alcohols 2–4, fatty acids 7 and 9, and phenolic compounds 13–15

and 21 showed inhibition against the activity of SPHK1 up to 20% and aliphatic alcohols 2 and 4, fatty

acid 8, and phenolic compounds 10, 11, 18, and 22 showed inhibition against the activity of SPHK2 up to

40% compared with the control. Compound 2 showed the highest potency to inhibit SPHK1 enzymatic

activity, by 59.75%, and compound 22 showed the highest potency in inhibiting the activity of SPHK2, by

22.75%, in comparison with the control, where both exhibited higher inhibition compared to those of

positive controls. Docking modeling studies were conducted to suggest the binding mode of 2 and 22 in

the substrate-binding pocket of SPHK1 and SPHK2, respectively.
Introduction

Sphingolipids are key components of the cell membrane that
are required for the generation of signals that play important
roles in human health as well as in diseases.1 Sphingosine,
which is the fundamental base of sphingolipids, is an inter-
convertible metabolite of ceramides. Through the actions of
sphingosine kinases 1 and 2 (SPHK1/2), sphingosine can be
interconverted to sphingosine 1 phosphate (S1P), which func-
tions in numerous cellular and physiological processes.2 Hence,
SPHK1/2 are considered rate limiting agents for the function of
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S1P, or its precursors, sphingosines and ceramides. Inhibition
of SPHK1/2 can thus inhibit the function of S1P or result in the
accumulation of sphingosines or ceramides, which can be
benecial in certain conditions. However, research exploring
SPHK1/2 modulators from natural products or as synthetic/
semisynthetic compounds has been limited. SPHK1 functions
in cell survival and apoptosis, and thus SPHK1 inhibitors have
potential to induce apoptosis and anti-proliferative effects in
cancer cells.3 The precise roles of SPHK2 have not yet been
dened because of its various functions according to cell type.
In some cells, SPHK2 decreases cell cycle arrest, thus inhibition
of SPHK2 induces cell cycle arrest and apoptosis and thus may
exert anticancer effects.4,5 Since sphingosines and ceramides
play important roles in cell cycle arrest and apoptosis and S1P
functions in cell proliferation, survival, differentiation, and
angiogenesis, the inhibition of SPHK1/2 may induce cell cycle
arrest and apoptosis by reducing S1P levels and increasing
sphingosines and ceramides, which may be benecial for the
treatment of various cancers.6,7 SPHK1/2 inhibitors can thus
RSC Adv., 2019, 9, 33957–33968 | 33957

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra07988b&domain=pdf&date_stamp=2019-10-22
http://orcid.org/0000-0002-5285-9138


Fig. 1 Effects of EtOH extract of A. tsaoko seeds, water-soluble and
hexane-soluble fractions on inhibiting the activity of SPHK1 and
SPHK2. SPHK1/2 were treated with the extract or the fractions (100 mg
mL�1), and SPHK1/2 activity was evaluated based on the overall level of
converted ADP. Enzymatic activity of (A) SPHK1 and (B) SPHK2. All data
are presented as the mean � standard error of the mean of inde-
pendent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate
significant differences compared with the control group.
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exhibit anti-cancer activities directly or indirectly through
sphingosine metabolism.8 In addition, a recent report showed
that SPHK1/2 both play equal roles in mediating the mitogenic
actions of insulin.9 Studies in neuroinammation also revealed
reduced SPHK1 and increased SPHK2 in Alzheimer's disease
and Huntington's disease.10 Roles for S1P in chronic inam-
mation, infection, autoimmunity, and in allergic reactions have
also been previously reported.11

Amomum tsaoko Crevost et Lemaire (Zingiberaceae), which is
also known as “Caoguo” or “tsao-ko,” is used as food and spice
in Asian cuisine and is considered to have many health benets
for the treatment of stomach disorders, digestive disorders, and
throat infections.12,13 Studies have demonstrated that A. tsaoko
extracts have various pharmacological properties, including
anti-microbial, anti-viral, anti-oxidant, anti-obesity, anti-
inammatory, and anti-proliferative activities.14–21 Phytochem-
ical analysis of A. tsaoko identied a broad range of constitu-
ents, including diarylheptanoids, fatty acids, avonoids,
monoterpenes, phenolic metabolites, and steroids. Mono-
terpenes identied from A. tsaoko were reported to have anti-
inammatory and anti-Trichomonas vaginalis properties,12,19

while diphenylheptanes showed antioxidant, anti-tumor, anti-
inammatory, and neuroprotective effects,22,23 and benzalde-
hydes and cycloterpenals exhibited antiproliferative and anti-
inammatory effects.13,14 However, the effects of the crude
extract or the constituents of A. tsaoko on SPHK1/2 activity have
not been investigated.

In this study, as part of our continuous efforts to screen
natural resources exhibiting potential bioactivity and to char-
acterize the responsible compounds,24–30 we examined the
effects of an ethanol (EtOH) extract of A. tsaoko seeds on SPHK1/
2 activity and found that the EtOH extract exhibited inhibitory
effects on SPHK1/2. Bioactivity-based analysis and chemical
investigation of the EtOH extract led to the isolation and iden-
tication of 25 compounds (1–25). Compound 1 was identied
from natural sources for the rst time and an acetylated
aliphatic alcohol (2), a fatty acid (5), and two phenolics (10–11)
were identied as new compounds based on structural analysis
using spectroscopic techniques including 1D and 2D nuclear
magnetic resonance (NMR) and high-resolution electrospray
ionization mass spectrometry (HR-ESIMS) as well as LC/MS
analysis. The absolute congurations of new compounds were
determined by quantum chemical electronic circular dichroism
(ECD) calculations and the application of the recently developed
method, competing enantioselective acylation (CEA) coupled
with LC/MS analysis. Here we report the isolation of compounds
1–25 from the seeds of A. tsaoko, the structural elucidation of
the isolated compounds, and the bioactivity of the isolates with
regard to SPHK1/2 inhibition.

Results and discussion

Extracts were prepared from dried A. tsaoko seeds using 50%
EtOH. The inhibitory effects of the EtOH extract on SPHK1/2
were examined, and the results revealed that 100 mg mL�1 of
EtOH extract inhibited SPHK1 and SPHK2 up to 47% and 55%,
respectively, compared to the control (Fig. 1). To identify the
33958 | RSC Adv., 2019, 9, 33957–33968
bioactive constituents of A. tsaoko seeds responsible for the
SPHK1/2 inhibitory effect, we rst fractionated the EtOH extract
into hexane (HX)-soluble and water (H2O)-soluble fractions and
examined which fraction was enriched with compounds
responsible for SPHK1/2 inhibition (Fig. 1). The HX fraction
showed signicant inhibition of SPHK1 and SPHK2 by 39% and
67%, respectively, compared to the control (Fig. 1). The water
fraction also exhibited inhibitory effect, however as it did not
show any signicant peaks when analyzed by LC-MS, chemical
analysis was not further carried out. These observations indi-
cated that the SPHK1/2 inhibitory effects of A. tsaoko seeds were
attributable to bioactive constituents in the HX fraction.

To identify the active constituents responsible for the
SPHK1/2 inhibitory effects of A. tsaoko seeds, we examined the
HX fraction using repeated column chromatography and HPLC
purication. Four aliphatic alcohols (1–4), ve fatty acids (5–9),
12 phenolics (10–21), and four terpenoids (22–25) were isolated
(Fig. 2). Of note, among the isolates, an acetylated aliphatic
alcohol (2), a fatty acid (5), and two phenolics (10–11) were
identied as new compounds, and compound 1 was isolated for
the rst time from natural sources.

Compound 1 was isolated as colorless oil. The molecular
formula was established as C14H22O4 from the molecular ion
peak [M + Na]+ atm/z 277.1414 (calcd for C14H22O4Na, 277.1416)
in the positive-ion mode of HR-ESIMS. The IR spectrum showed
an absorption band of a carbonyl (1620 cm�1) group. The 1H
NMR spectrum of 1 (Table 1) showed signals of an acetyl group
at dH 2.06 (3H, s), olenic methines at dH 5.56 (1H, dt, J ¼ 15.0,
6.5 Hz) and 5.75 (1H, dt, J ¼ 15.0, 7.0 Hz), and an oxygenated
This journal is © The Royal Society of Chemistry 2019



Fig. 2 Chemical structures of compounds 1–25 isolated from the
seeds of A. tsaoko.

Fig. 3 1H–1H COSY/TOCSY (blue bold lines) and key HMBC (red
arrows) correlations for compounds 1–2.
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methylene at dH 4.50 (2H, d, J ¼ 6.5 Hz). The 13C NMR (Table 1)
showed 7 carbon signals, which were comprised of an acetyl
group, olenic carbons, and an oxygenated carbon, determined
by the aid of HSQC analysis. Through other 2D NMR tech-
niques, such as HMBC and 1H–1H COSY (Fig. 3), compound 1
was determined to be an acetylated aliphatic alcohol that is
structurally symmetrical, in consideration of HR-ESIMS data.
Table 1 1H and 13C NMR data of 1–2 and 5 in CDCl3
a

Position

1 2

dH dC dH

1 4.50 d (6.5) 65.2 4.52 d (
2 5.56 dt (15.0, 6.5) 124.0 5.58 dt
3 5.75 dt (15.0, 7.0) 136.2 5.78 dt
4 2.06 m 32.0 2.06 mb

5 1.40 m 28.4 1.42 dt
6 1.40 m 28.4 1.42 dt
7 2.06 m 32.0 2.06 mb

8 5.75 dt (15.0, 7.0) 136.2 5.71 dt
9 5.56 dt (15.0, 6.5) 124.0 5.65 dt
10 4.50 d (6.5) 65.2 4.10 d (
11
12
13
14
15
16
1-MeCO 170.9
1�MeCO 2.06 s 21.0 2.08 s
10-MeCO 170.9
10�MeCO 2.06 s 21.0

a Signal multiplicity and coupling constants (Hz) are in parentheses. Th
experiments; 1H and 13C NMR were measured using NMR spectrometers
and 600 MHz (1H) and 150 MHz (13C) for compound 5. b Overlapped.

This journal is © The Royal Society of Chemistry 2019
The two acetyl groups were shown to be at each end of
compound 1 by the HMBC correlations of H-1 and H-10 with
each carbonyl carbon (Fig. 3). The HMBC correlations of H-1/C-
2 and C-3 as well as H-10/C-8 and C-9 were also observed, which
led to the assignment of the location of double bonds. Further
analysis with 1H–1H COSY conrmed the connections of C-3/C-
4/C-5/C-6/C-7/C-8, and the gross structure of compound 1 was
completely elucidated (Fig. 2). This structure was determined as
1,10-diacetate-2,8-decadiene-1,10-diol and named acetox-
ytsaokol A. A previous study reported the synthesis of
compound 1,31 and the current study represents the rst iden-
tication of this compound from natural sources.

Compound 2 was isolated as colorless oil. The molecular
formula was established as C12H20O3 from the molecular ion
peak [M + Na]+ atm/z 235.1310 (calcd for C12H20O3Na, 235.1310)
in the positive-ion mode of HR-ESIMS. The IR spectrum showed
absorption bands of hydroxy (3408 cm�1) and carbonyl
(1680 cm�1) functional groups. The 1H NMR spectrum of 2
(Table 1) showed signals for an acetyl group (dH 2.08 (3H, s)),
four olenic methines (dH 5.58 (1H, dt, J ¼ 15.0, 6.5 Hz), 5.65
(1H, dt, J¼ 15.0, 6.0 Hz), 5.71 (1H, dt, J¼ 15.0, 6.5 Hz), 5.78 (1H,
dt, J ¼ 15.0, 6.5 Hz)), and two pairs of oxygenated methylenes
5

dC dH dC

6.5) 65.4 170.9
(15.0, 6.5) 124.1 5.83 d (15.5) 124.1
(15.0, 6.5) 136.5 6.83 dt (15.5, 7.0) 146.5

32.1 2.22 dt (7.0, 8.0) 31.0
(7.0, 3.5) 28.8 1.33 mb 24.8
(7.0, 3.5) 28.5 1.58 mb 27.9

32.2 5.43 dt (11.0, 7.5) 130.6
(15.0, 6.5) 133.2 6.04 t (11.0) 128.5
(15.0, 6.0) 129.3 6.51 dd (15.0, 11.0) 125.0
6.0) 63.9 5.65 dd (15.0, 7.0) 136.2

4.10 q (7.0) 71.9
1.48 m, 1.54 mb 36.9
2.26 m 26.6
1.33 mb 31.5
1.33 mb 22.3
0.93 t (7.0) 12.9

171.0
21.2

e assignments were based on HSQC, HMBC, and TOCSY/1H–1H COSY
operating at 700 MHz (1H) and 175 MHz (13C) for compounds 1 and 2,

RSC Adv., 2019, 9, 33957–33968 | 33959
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(dH 4.52 (2H, d, J ¼ 6.5 Hz), 4.10 (2H, d, J ¼ 6.0 Hz)). The 13C
NMR of compound 2 (Table 1) showed 12 carbon signals
attributable to an acetyl group, four olenic carbons, and two
oxygenated carbons, which were determined by the aid of HSQC
analysis. Further 2D NMR analysis including HMBC and TOCSY
experiments revealed that compound 2 was an acetylated
alcohol with a similar structure as compound 1, with the only
difference in the absence of an acetyl group. The HMBC corre-
lations of H-1 with the carbonyl carbon conrmed the attach-
ment of an acetyl group at C-1 (Fig. 3). In the HMBC spectrum,
H-1 correlated with C-2 and C-3 and H-10 correlated with C-8
and C-9, which led to the assignment of the location of
double bonds. The linkages between C-3/C-4/C-5/C-6/C-7/C-8
were conrmed by the analysis of TOCSY correlations. The
gross structure of compound 2 was completely elucidated as 1-
acetate 2,8-decadiene-10-ol and named tsaokol A (Fig. 2).

Compound 5 was isolated as an amorphous gum. The
molecular formula was established as C16H26O3 from the
molecular ion peak [M � H]� at m/z 265.1795 (calcd for
C16H25O3, 265.1804) in the negative-ionmode of HR-ESIMS. The
IR spectrum showed absorption bands of hydroxy (3415 cm�1)
and conjugated carbonyl (1720 cm�1) functional groups. The 1H
NMR spectrum of 5 (Table 1) showed signals for a methyl group
at dH 0.93 (3H, t, J ¼ 7.0 Hz), an oxygenated methine at dH 4.10
(1H, q, J¼ 7.0 Hz), and six olenic methines (dH 5.43 (1H, dt, J¼
11.0, 7.5 Hz), 5.65 (1H, dd, J¼ 15.0, 7.0 Hz), 5.83 (1H, d, J¼ 15.5
Hz), 6.04 (1H, t, J ¼ 11.0 Hz), 6.51 (1H, dd, J ¼ 15.0, 11.0 Hz),
6.83 (1H, dt, J ¼ 15.5, 7.0 Hz)). The 13C NMR of compound 5
(Table 1) showed 16 carbon signals comprised of a methyl
group, a carbonyl group, an oxygenated carbon, and six olenic
carbons. The disparity in the chemical shis of the olenic pair
C-2 (dC 124.1)/C-3 (dC 146.5) suggested the existence of
a carbonyl group next to the double bond, and HMBC correla-
tions between H-2/C-1 and H-3/C-1 further conrmed the
presence of an a,b-unsaturated carbonyl group. Along with this
evidence, the signal of a terminal methyl group at dH 0.93 was
indicative of a fatty acid. The positions of the double bonds were
conrmed as C-2, C-7, and C-9 by MS/MS analysis. The MS2 of 5
(265 / full-scan) yielded m/z 153 [M � H]� and 113 [M � H]�,
m/z 195 [M�H]�, andm/z 165 [M�H]�, as shown in Fig. 4. The
HMBC correlations of H-11 with C-9 and C-10 conrmed that
Fig. 4 MS/MS analysis of compound 5 (MS2 265 / full-scan).

33960 | RSC Adv., 2019, 9, 33957–33968
the oxygenatedmethine was located next to the olenic pair C-9/
C-10 (Fig. 5), with the coupling constants of H-10 (dd, J ¼ 15.0,
7.0 Hz) further conrming the position of C-11 next to C-10. The
HMBC correlations of H-10/C-9 and C-8, H-9/C-10, C-8, and C-7,
H-8/C-10, C-9, and C-7, and H-7/C-9, C-8, C-6, and C-5 further
conrmed the locations of the remaining olenic pairs (Fig. 5).
The coupling constants of H-9 (dd, J ¼ 15.0, 11.0 Hz), H-8 (t, J ¼
11.0 Hz), and H-7 (dt, J ¼ 11.0, 7.5 Hz) conrmed the olenic
pairs C-7/C-8 as cis and C-9/C-10 as trans forms. To assign the
absolute conguration of compound 5, a recently developed
chemical-derivative method, CEA coupled with LC/MS anal-
ysis,38 was used. Using HBTM catalysts, the reaction rates of the
parallel reactions were compared by LC/MS. For each parallel
acylation reaction, two sets of 5 (each 0.2 mg) and S- and R-
HBTM catalysts (each 0.1 mg) were used. Samples of each
reaction were quantitatively analyzed by LC/MS for the
measurement of the reaction rate catalyzed by S- and R-HBTM.
As a result of the CEA reaction, the acylated derivative (5A, [M +
H]+ peak at m/z 323), esteried by propionic anhydride in the
hydroxyl group at C-11, was expected (Fig. 6). This was directly
observed in LC/MS analysis, in which the peak for the antici-
pated derivative was detected in samples of both parallel reac-
tions. These data indicated that the esterication reaction with
S-HBTMwas faster than that of R-HBTM, by comparing the peak
areas of the acylated derivatives (Fig. 6 and S20†), which sug-
gested compound 5 as (11R)-hydroxyhexadeca-(2E,7Z,9E)-tri-
enoic acid (Fig. 6).32 We further referred to properties of
chemical substances with similar chemical equivalence as
compound 5. The values of specic rotation were compared,
[a]25D +17.9� for compound 5 and [a]25D +13� for methyl-(10R)-
hydroxyhexadeca-(7Z,11E,13Z)-trienoate,33 and conrmed
compound 5 as (11R)-hydroxyhexadeca-(2E,7Z,9E)-trienoic acid.
Thus, the structure of compound 5 was completely assigned as
shown in Fig. 2.

Compound 10 was isolated as an amorphous gum. The
molecular formula was established as C11H16O4 from the
molecular ion peak [M � H]� at m/z 211.0962 (calcd for
C11H15O4, 211.0970) in the negative-ionmode of HR-ESIMS. The
IR spectrum displayed absorption bands of hydroxy (3341 cm�1)
and aromatic (1450 cm�1) functional groups. The 1H NMR
spectrum of 10 (Table 2) showed signals for a methyl group at dH
1.38 (3H, d, J ¼ 6.5 Hz), a methoxy group at dH 3.19 (3H, s), two
relatively deshielded methoxy groups at dH 3.84 (6H, s), an
oxygenated methine at dH 4.25 (1H, q, J ¼ 6.5 Hz), and two
aromatic methines at dH 6.59 (2H, s). The 13C NMR data showed
a total of 11 carbon signals (Table 2), comprised of a methyl,
three methoxy, an oxygenated methine, and six aromatic
Fig. 5 1H–1H COSY (blue bold lines) and key HMBC (red arrows)
correlations for compounds 5 and 10–11.

This journal is © The Royal Society of Chemistry 2019



Fig. 6 (A) CEA reaction for the determination of absolute configura-
tion of compound 5. (B) Proposed favorable transition state of
compound 5 in the reaction.

Fig. 7 Comparison of the experimental and calculated ECD spectra of
10 and 11.
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carbons. The methyl group showed HMBC correlations with C-1
and C-10, and the chemical shis of H-1 (dH 4.25) and H-2 (dH
1.38) and their coupling constant (J ¼ 6.5 Hz) suggested the
presence of an oxygenated ethyl moiety attached to the aromatic
ring. The HMBC correlations of OMe-1/C-1 revealed the
attachment of a methoxy group at C-1 (Fig. 5). Furthermore, the
HMBC correlations of H-1/C-20 and C-60 were observed, along
with that of H-20/C-1, C-10, C-30, and C-40 and H-60/C-1, C-10, C-50,
and C-40. Additionally, the HMBC correlations of the two rela-
tively deshielded methoxy groups each with C-30 and C-50

conrmed the location of the methoxy groups attached to the
aromatic ring (Fig. 5). The structure of compound 10 was
determined to be 2,6-dimethoxy-4-[1-methoxyethyl]-phenol. The
planar structure of compound 10 as well as its S isomer, 2,6-
dimethoxy-4-[(1S)-1-methoxyethyl]-phenol, was previously re-
ported.34 The values of specic rotation were compared, �67.0�

for the S isomer and +34.5� for compound 10, and indicated
that these are stereoisomers. Thus, quantum chemical ECD
calculations, which is one of the most widely used methods for
determining chirality,35 were performed to conrm the stereo-
chemistry. As shown in Fig. 7, the calculated ECD curves of 10a
(1R) and 10b (1S) show apparent opposite Cotton effects at
227 nm and the experimental ECD curve of 10 matched well
with the calculated curve of 10a. Thus, compound 10 was
Table 2 1H and 13C NMR data of 10–11 in CD3ODa

Position

10 11

dH dC dH dC

1 4.25 q (6.5) 80.8 3.96 t (6.5) 85.7
2 1.38 d (6.5) 23.8 1.61 m, 1.78 m 30.4
3 0.85 t (7.5) 9.2
10 134.9 132.5
20 6.59 s 104.2 6.55 s 103.5
30 149.4 147.8
40 135.8 134.6
50 149.4 147.8
60 6.59 s 104.2 6.55 s 103.5
1� OMe 3.19 s 56.1 3.18 s 55.2
3
0 � OMe 3.84 s 56.3 3.83 s 55.3

5
0 � OMe 3.84 s 56.3 3.83 s 55.3

a Signal multiplicity and coupling constants (Hz) are in parentheses.
The assignments were based on HSQC, HMBC, and 1H–1H COSY
experiments; NMR data were measured using NMR spectrometers
operating at 850 MHz for 10 and 800 MHz for 11.

This journal is © The Royal Society of Chemistry 2019
conrmed to be 2,6-dimethoxy-4-[(1R)-1-methoxyethyl]-phenol
(Fig. 2).

Compound 11 was isolated as an amorphous gum. The
molecular formula was established as C12H18O4 from the
molecular ion peak [M + Na]+ at m/z 249.1102 (calcd for
C12H18O4Na, 249.1103) in the positive-ion mode of HR-ESIMS.
The IR spectrum showed absorption bands of hydroxy
(3397 cm�1) and aromatic (1448 cm�1) functional groups. The
1H and 13C NMR data of 11 (Table 2) were nearly identical to
those of compound 10, except for the signals for the alkyl chain,
in which the proton signal of the oxygenated methine of 11 was
triplet (dH 3.96 (1H, t, J ¼ 6.5 Hz)) instead of quartet, and the
signal for the methyl group was also triplet (dH 0.85 (3H, t, J ¼
7.5 Hz)). Consistent with the above evidence, an extra carbon
signal in the alkyl chain region, a methylene carbon (dC 30.4),
was observed in HSQC spectrum. This was conrmed by other
2D NMR including HMBC and 1H–1H COSY (Fig. 5). The HMBC
correlations of H-1/C-10, C-20, C-60, C-2 and C-3, H-2/C-10, C-1 and
C-3, and H-3/C-1 and C-2 were observed, and the cross-peaks
between H-1/H-2/H-3 in 1H–1H COSY spectrum conrmed the
existence of a propyl chain (Fig. 5). The planar structure of
compound 11 was previously reported as a synthetic product,36

however the absolute conguration at C-1 was not determined.
To conrm the absolute conguration, the ECD spectrum of 11
was compared with the computed ECD spectra of 10a and 10b.
The ECD curve of compound 11 exhibited the identical pattern
with those of 10 and 10a (Fig. 7), and the specic rotation of 11
([a]25D +17.5�) was comparable to that of compound 10
([a]25D +34.5�), which led to the assignment of the absolute
conguration as R. Accordingly, compound 11 was elucidated to
be 2,6-dimethoxy-4-[(1R)-1-methoxypropyl]-phenol (Fig. 2).

By comparing NMR spectroscopic and physical data with
previously reported data, along with LC/MS analysis, the known
compounds were identied as (2E)-1-acetate 2-dodecen-1-ol
(3),37 (2E,8E)-2,8-decadiene-1,10-diol (4),38 (9S,10E,12Z)-9-
hydroxy-10,12-octadecadienoic acid (6),39 (9S,6Z,10E,12Z)-9-
hydroxy-6,10,12-octadecatrienoic acid (7),40 (2E)-2-dodecenoic
acid (8),41 (2E)-2-tetradecenoic acid (9),42 2,6-dimethoxy-phenol
(12),43 2,6-dimethoxy-4-methyl-phenol (13),44 2,6-dimethoxy-4-
RSC Adv., 2019, 9, 33957–33968 | 33961
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(methoxymethyl)-phenol (14),45 2,6-dimethoxy-4-(2-propen-1-yl)-
phenol (15),46 1-(4-hydroxy-3,5-dimethoxyphenyl)-1-propanone
(16),47 3,30,5,50-tetramethoxy-[1,10-biphenyl]-4,40-diol (17),48 4-
hydroxy-3-methoxy-benzaldehyde (18),49 1-(4-hydroxy-3-
methoxyphenyl)-ethanone (19),50 1-(4-hydroxy-3-
methoxyphenyl)-1-propanone (20),51 3,4-dimethoxy-benzoic
acid (21),52 8-hydroxy-2,6-dimethyl-1,6-octadien-3-one (22),53

(2E,6E)-8-(acetyloxy)-2,6-dimethyl-2,6-octadienal (23),54 (3S,6E)-
3,7,11-trimethyl-1,6,10-dodecatrien-3-ol (24),55 and (3E)-4-
[(1S,4aS,8aS)-decahydro-5,5,8a-trimethyl-2-methylene-1-
naphthalenyl]-3-buten-2-one (25).56

All of the isolated compounds (1–25) were tested for cell
cytotoxicity in BV2 microglial cells, and no signicant cell death
was observed at the concentration of 10 mM of each compound
(data not shown). Then, in order to identify the bioactive
ingredients contributing to the SPHK1/2 inhibitory effects of A.
tsaoko seeds, SPHK1/2 inhibition activity of the isolated
compounds was evaluated at the concentration of 10 mM (Table
3). The results revealed that compounds 2–4, 7, 9, 13–15, and 21
inhibited the activity of SPHK1 up to 20% compared to the
control. Among these compounds, compound 2 showed the
most potent inhibition against SPHK1 enzymatic activity by
approximately 40% in comparison with the control, with higher
inhibition compared to the positive control, resveratrol. Our
results indicate that the newly identied compound 2 possesses
the highest potency in SPHK1 inhibition, indicating its poten-
tial usefulness in the treatment of various disorders. In the case
of SPHK2, most of the compounds showed signicant inhibi-
tion (Table 3). In particular, compounds 4, 8, 10, 11, and 18
inhibited SPHK2 activity by 40–50%, and compounds 2 and 22
showed the most potent inhibition, by approximately 70%
compared to the control, with higher inhibition compared to
the positive control, SKI-II (Table 3). Although the identication
of compound 22 has been previously reported, the current study
is the rst to demonstrate its inhibitory effects against SPHK2
activity. Compounds 1, 2, and 4 are aliphatic alcohols sharing
similar structures, with the only difference in the presence of
Table 3 SPHK1/2 inhibition activity of compounds 1–25a

Compound SPHK1 activity (% of Ctl) SPHK2 activity (% of Ctl)

1 81.89 � 7.24 83.33 � 12.35
2 59.75 � 4.14 25.40 � 4.49
3 74.09 � 9.27 122.22 � 14.55
4 72.14 � 14.96 58.20 � 6.61
5 98.89 � 9.93 69.84 � 11.00
6 81.34 � 17.80 107.94 � 17.96
7 73.54 � 8.45 105.56 � 21.33
8 92.91 � 10.66 46.03 � 2.24
9 71.73 � 1.88 68.78 � 13.50
10 86.63 � 13.71 61.11 � 21.33
11 106.96 � 10.66 47.62 � 2.24
12 86.28 � 7.98 96.83 � 17.96
13 77.51 � 6.20 72.49 � 25.86
14 73.54 � 21.97 116.67 � 23.57

a SPHK1 and SPHK2 enzyme activity inhibition assay performed with 10 m
untreated control. The results are expressed as mean � SD; resveratrol an
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acetyl groups. Comparison of the relative activity levels of these
three compounds suggested that there might be a structure–
activity relationship, in this case being the presence of acetyl
groups. Both acetyl and hydroxyl groups at the end of the chains
of these aliphatic alcohols appear to play a role in SPHK1/2
inhibition. Collectively, our results suggest that compound 2
(tsaokol A), a new compound with the highest potency to inhibit
both SPHK1 and SPHK2, may be a promising candidate for
further drug discovery as an SPHK1/2 inhibitor.

Polyunsaturated fatty acids showed anti-inammatory
potency via inhibition of SPHK1 in a cecal ligation and
puncture-induced sepsis model.57 This study was in agreement
with our results demonstrating that compounds 5–9 showed
good potency to inhibit SPHK1 and/or SPHK2. Compounds 6
and 7 potently inhibited SPHK1, while compounds 5 and 8
inhibited SPHK2. Phenolic compounds, such as epi-
gallocatechin-3-O-gallate (EGCG) and curcumin, are also re-
ported to possess inhibitory activity against SPHK1.58,59 Our
results are consistent with these studies, as the isolated
phenolic compounds showed signicant inhibition of sphin-
gosine kinases. Among the phenolic compounds we identied,
compounds 12, 14, 15, and 21 signicantly inhibited SPHK1,
while compounds 10, 11, 13, and 17–20 showed inhibition
against SPHK2 enzymatic activity. Furthermore, most of the
phenolic compounds showed higher potency in inhibiting
SPHK2. Terpenoids are less known for their ability to inhibit
sphingosine kinases and for their involvement in sphingolipid
metabolism. Compound 22, a monoterpene, showed potent
inhibition of SPHK1/2, particularly SPHK2. Collectively, these
results demonstrate that the previously known compounds as
well as the newly identied compounds, including compounds
2, 5, and 10–11, exhibit high ability to inhibit SPHK1/2.

To simulate the inhibition mechanism of 2 and 22, which
showed the most potent inhibition against SPHK1/2, we con-
structed docking models of 2 and 22 in the active site of SPHK1/
2. For molecular docking analysis of 2, the X-ray crystal struc-
ture of SPHK1 (PDB id: 3VZB)60 complexed with the substrate
Compound SPHK1 activity (% of Ctl) SPHK2 activity (% of Ctl)

15 70.19 � 14.18 79.37 � 11.22
16 100.97 � 17.64 113.49 � 10.10
17 96.11 � 8.93 79.37 � 13.47
18 111.35 � 14.48 35.71 � 3.37
19 101.53 � 13.39 58.73 � 17.96
20 85.79 � 16.14 65.08 � 4.49
21 74.09 � 15.47 79.89 � 24.41
22 82.94 � 10.34 22.75 � 2.42
23 92.62 � 19.44 121.43 � 10.10
24 91.64 � 15.33 76.72 � 18.60
25 99.86 � 10.64 67.46 � 19.08
Resveratrol 85.43 � 3.82
SKI-II 75.35 � 9.64

M of compounds. SPHK inhibition was calculated as percentage (%) of
d SKI-II were used as positive controls.
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sphingosine was used for the receptor. Trans-resveratrol, which
is known as a substrate-competitive SPHK1 inhibitor,61 was also
docked into the sphingosine-binding pocket for comparison
(Fig. 8A). For the docking of 22 and the reference molecule SKI-
II, a homology model of SPHK2 was generated using SPHK1 as
a template, which is highly consistent in amino acid sequences
with SPHK2.

The X-ray structure of SPHK1 complexed inhibitor revealed
key interactions between SPHK1 and the inhibitor: (i) the
hydrogen bond between hydrophilic group of the inhibitor and
Asp178 of helix a7, (ii) hydrophobic interactions in the J-shaped
pocket consisting of nonpolar residues (e.g. Phe192, Ile174,
Met272, and Phe288).60 These key interactions facilitate the
maintenance of the closed conformation of lipid gate consisting
of helices a7 and a8, and then inhibit the binding of sphingo-
sine within the substrate binding site of SPHK1. In the binding
Fig. 8 Proposed docking pose of 2 and 22 in the active site of SPHK1
(PDB id: 3VZB) and SPHK2 (Homology model based on 3VZD)
respectively. (A) Docking poses of 2 and resveratrol were overlapped
with the X-ray pose of sphingosine in SPHK1. (B) Docking pose of 22
and SKI-II are shown in the substrate-binding site of SPHK2 homology
model. Only hydrogen bonds with key residue (SPHK1: Asp178, SPHK2:
Asp 308) were presented by red dotted. Carbon atoms are colored
yellow (amino acid), magenta (2), cyan (22), silver (sphingosine), blue-
green (resveratrol) and orange (SKI-II); nitrogen is blue; oxygen is red;
hydrogen is light grey.

This journal is © The Royal Society of Chemistry 2019
mode of 2 shown in Fig. 8A, terminal hydroxyl group of 2 forms
a hydrogen bond with the side chain carboxylate group of
Asp178, where the phenolic moiety of resveratrol and the 3-
hydroxyl group of sphingosine also form hydrogen bonds.
Compound 2 and resveratrol t in the hydrophobic J-shaped
pocket which is occupied by sphingosine in the X-ray struc-
ture. In the substrate-binding pocket of SPHK2, 22 and SKI-II (a
reference inhibitor of SPHK2) bind to the hydrophobic pocket,
forming hydrogen bonds with Asp304, a key residue corre-
sponding to Asp178 in SPHK1 (Fig. 8B). Our docking results
support the biological assay data identifying both 2 and 22 as
potent inhibitors against SPHK1 and SPHK2, respectively, and
suggest that they may act as substrate-competitive inhibitors.

Conclusion

In conclusion, our study demonstrates for the rst time the
SPHK1/2 inhibitory effects of A. tsaoko. Bioactivity-based anal-
ysis and chemical investigation of the EtOH extract of A. tsaoko
seeds led to successful isolation of the active ingredients
responsible for this inhibitory activity. Of note, our chemical
investigation led to the identication of four new compounds,
an acetylated aliphatic alcohol (2), a fatty acid (5), and two
phenolics (10–11). Compound 1 was isolated for the rst time
from natural sources. Among the isolated compounds, aliphatic
alcohols 2–4, fatty acids 7 and 9, and phenolic compounds 13–
15 and 21 inhibited the activity of SPHK1 up to 20%, each at the
concentration of 10 mM, and compound 2 exhibited the most
potent inhibition against SPHK1 enzymatic activity (by 59.75%
compared to the control) with higher inhibition compared to
the positive control, resveratrol. Aliphatic alcohol 4, fatty acid 8,
and phenolic compounds 10, 11, and 18 inhibited approxi-
mately SPHK2 activity by 40–50% and compounds 2 and 22
showed the highest potency in inhibiting SPHK2 activity by
approximately 70% compared with the control group. Both
compounds showed inhibition higher than that of the positive
control, SKI-II. The docking studies supported the biological
data for both 2 and 22 as potent inhibitors against SPHK1 and
SPHK2, respectively. Although SPHK1/2 inhibition by A. tsaoko
and its bioactive constituents need to be further validated, our
ndings provide experimental evidence supporting the poten-
tial application of A. tsaoko for inhibition of cancer cell prolif-
eration and growth or in other diseases involving sphingosine
metabolisms.

Experimental section
General experimental procedures

Optical rotations were measured using a JASCO P-2000 polar-
imeter (JASCO, Easton, MD, USA). Ultraviolet (UV) spectra were
acquired on an Agilent 8453 UV-visible spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA). Electronic circular
dichroism (ECD) spectra were measured on a JASCO J-1500
spectropolarimeter (JASCO). Infrared (IR) spectra were recor-
ded on an IFS-66/s FT-IR spectrometer (Bruker, Karlsruhe,
Germany). Nuclear magnetic resonance (NMR) spectra were
measured using a Bruker AVANCE III (Bruker). High-resolution
RSC Adv., 2019, 9, 33957–33968 | 33963
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(HR)-electrospray ionization (ESI) mass spectra were recorded
on Waters Xevo G2 QTOF mass spectrometer and Synapt G2
HDMS quadrupole time-of-ight (TOF) mass spectrometer
(Waters Corp., Milford, CT, USA). Tandem mass spectrometry
(MS/MS) was performed using Acquity UPLC™ system (Waters)
coupled to a Waters Acquity Xevo G2 Q-TOF system (Waters).
Preparative high-performance liquid chromatography (HPLC)
was conducted using a Waters 1525 binary HPLC pump with
Waters 996 photodiode array detector (Waters) and an Agilent
Eclipse C18 column (250 � 21.2 mm, 5 mm; ow rate: 5
mL min�1) (Agilent Technologies). Semi-preparative HPLC was
conducted with a Shimadzu Prominence HPLC System with
SPD-20A/20AV series Prominence HPLC UV-vis detectors (Shi-
madzu, Tokyo, Japan) and a Phenomenex Luna C18 column (250
� 10mm, 5 mm; ow rate: 2 mLmin�1) (Phenomenex, Torrance,
CA, USA). LC/MS analysis was performed on an Agilent 1200
series HPLC system with a diode array detector and 6130 Series
ESI mass spectrometer using an analytical Kinetex C18 100 �A
column (100 mm � 2.1 mm i.d., 5 mm; ow rate: 0.3 mL min�1)
(Phenomenex). Silica gel 60 (230–400 mesh; Merck, Darmstadt,
Germany), RP-C18 silica gel (Merck, 230-400 mesh) and silica
Sep-Pak Vac 6 cc cartridges (Waters) were used for column
chromatography. The packing material for molecular sieve
column chromatography was Sephadex LH-20 (Pharmacia,
Uppsala, Sweden). Thin-layer chromatography (TLC) was per-
formed with precoated silica gel F254 plates and RP-C18 F254s
plates (Merck) and spots were detected under UV light or by
heating aer spraying with anisaldehyde–sulfuric acid. The 3D
molecular modeling was performed using ChemBioDraw Ultra
and Avogadro.

Chemicals and reagents

All reactions were conducted in capped vials, under dime-
thylformamide (DMF) as an organic solvent, with air, at room
temperature. All solvents and reagents, including DMF, N,N-
diisopropylethylamine, and propionic anhydride, were freshly
dried and distilled. The S- and R-homobenzotetramisole
(HBTM) organic catalysts were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Fetal bovine serum (FBS), penicillin–
streptomycin (PS), Dulbecco's modied Eagle's medium
(DMEM), and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) powder were purchased
from Invitrogen (Carlsbad, CA, USA). SK I-II and resveratrol were
purchased from Sigma Aldrich.

Sample material

Dried A. tsaoko seeds were purchased from Hanherb (Gyeonggi-
do, Korea) and were identied by one of the authors (S. Y. Kim).
A voucher specimen (SKKU CG-2017-07) has been deposited in
the herbarium of the School of Pharmacy, Sungkyunkwan
University, Suwon, Korea.

Extraction and isolation of compounds

Dried A. tsaoko seeds (1.0 kg) were extracted with 50% EtOH at
room temperature (24 h � 3 times). The EtOH extract was
ltered and concentrated using a rotary evaporator. The
33964 | RSC Adv., 2019, 9, 33957–33968
lyophilized powder was kept in the refrigerator at �4 �C until
use. The resulting powder (50.0 g) was suspended in distilled
water (700 mL) and MeOH (30 mL). The suspension was further
subjected to solvent partition using hexane, which yielded HX-
soluble and H2O-soluble fractions.

The HX-soluble fraction (2.1 g) was fractionated using silica
gel column chromatography with a gradient solvent system of
hexane/EtOAc (50 : 1 / 1 : 1), yielding 9 subfractions (H1–H9).
Subfraction H1 (132.1 mg) was puried by preparative HPLC
(MeOH/H2O, 80 : 20 / 100 : 0) to afford 6 subfractions (H11–
H16). Subfraction H15 (18.4 mg) was puried using silica Sep-
Pak with the gradient solvent system of hexane/EtOAc (100 : 1
/ 1 : 1) to yield compound 3 (2.2 mg). Subfraction H2 (91.6 mg)
was subjected to RP-C18 column eluted with the gradient solvent
system of MeOH/H2O (80 : 20 / 100 : 0), which afforded 6
subfractions (H21–H26). Subfraction H25 (23.9 mg) was puri-
ed using silica Sep-Pak with the gradient solvent system of
CH2Cl2/MeOH (100 : 1 / 1 : 1) and yielded compound 24 (0.8
mg). Subfraction H26 (19.5 mg) was puried using semi-
preparative HPLC (MeOH/H2O, 82 : 18) to furnish compound
25 (tR 38.0 min, 0.4 mg). Subfraction H4 (435.2 mg) was frac-
tionated with preparative HPLC (MeOH/H2O, 60 : 40/ 80 : 20),
which afforded 8 subfractions (H41–H48). Subfraction H46
(30.5 mg) was puried using semi-preparative HPLC (MeCN/
H2O, 57 : 43) to afford compound 1 (tR 22.0 min, 5.1 mg). Sub-
fraction H5 (145.3 mg) was separated with preparative HPLC
(MeOH/H2O, 60 : 40 / 100 : 0) to yield 6 subfractions (H51–
H56). Subfraction H51 (7.7 mg) was puried using semi-
preparative HPLC (MeOH/H2O, 55 : 45), and compounds 16
(tR 19.5 min, 0.4 mg) and 11 (tR 36.5 min, 0.3 mg) were obtained.
Subfraction H52 (5.7 mg) was also puried using semi-
preparative HPLC with the solvent system of MeOH/H2O
(63 : 37) to give compound 23 (tR 31.0 min, 0.8 mg), and sub-
fraction H56 (43.8 mg) was puried with MeOH/H2O (83 : 17,
0.01% formic acid, v/v) to give compound 9 (tR 27.0 min, 3.1
mg). Subfraction H6 (118.8 mg) was fractionated with prepara-
tive HPLC (MeOH/H2O, 55 : 45 / 100 : 0) to yield 6 sub-
fractions (H61–H66). Subfraction H61 (19.5 mg) was puried
using semi-preparative HPLC (MeOH/H2O, 48 : 52) and
compounds 14 (tR 18.5 min, 1.1 mg), 12 (tR 21.0 min, 4.1 mg), 10
(tR 24.0 min, 0.5 mg), 21 (tR 27.5 min, 1.0 mg), 13 (tR 30.5 min,
0.9 mg), and 17 (tR 33.0 min, 1.1 mg) were obtained. Subfraction
H62 (5.7 mg) was also puried using semi-preparative HPLC,
with the solvent system of MeOH/H2O (56 : 44) to give
compound 15 (tR 36.0 min, 0.8 mg). Subfraction H7 (220.4 mg)
was separated with preparative HPLC (MeOH/H2O, 60 : 40 /

100 : 0) to give 6 subfractions (H71–H76). Subfraction H71 (24.4
mg) was puried using semi-preparative HPLC (MeCN/H2O,
20 : 80) to yield compounds 18 (tR 22.0 min, 2.3 mg), 19 (tR
24.5 min, 1.3 mg), and 20 (tR 42.0 min, 1.8 mg). Subfraction H75
(27.6 mg) was also puried using semi-preparative HPLC with
the solvent system of MeOH/H2O (80 : 20, 0.01% formic acid, v/
v) to give compound 8 (tR 39.0 min, 6.7 mg). Subfraction H8
(490.9 mg) was fractionated with preparative HPLC (MeOH/
H2O, 50 : 50/ 100 : 0) and 6 subfractions were obtained (H81–
H86). Subfraction H83 (34.5 mg) was puried using semi-
preparative HPLC (MeOH/H2O, 44 : 56, 0.01% formic acid, v/v)
This journal is © The Royal Society of Chemistry 2019
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to yield compounds 22 (tR 36.0 min, 0.8 mg) and 4 (tR 38.0 min,
1.5 mg). Subfraction H84 (175.2 mg) was also puried using
semi-preparative HPLC with the solvent system of MeOH/H2O
(60 : 40), which yielded two subfractions (H841–H842). Sub-
fraction H841 (56.5 mg) was further puried using semi-
preparative HPLC (MeOH/H2O, 60 : 40) to give compound 2
(tR 36.5 min, 8.2 mg). Subfraction H85 (55.1 mg) was also
puried using semi-preparative HPLC with the solvent system
of MeCN/H2O (47 : 53), which yielded compound 7 (tR 50.0 min,
1.2 mg). Subfraction H9 (555.3 mg) was subjected to RP-C18

column eluted with MeOH/H2O (50 : 50 / 100 : 0), and 8
subfractions were obtained (H91–H98). Subfraction H96 (26.6
mg) was puried using semi-preparative HPLC (MeOH/H2O,
67 : 33) to give compound 5 (tR 52.0 min, 1.4 mg). Subfraction
H97 (53.5 mg) was separated on a Sephadex LH-20 column
using a solvent system of CH2Cl2/MeOH (20 : 80), and two
fractions were obtained (H971–H972). Fraction H972 (16.7 mg)
was puried using semi-preparative HPLC (MeOH/H2O, 72 : 28)
and compound 6 (tR 60.0 min, 1.6 mg) was obtained.

Acetoxytsaokol A (1). Colorless oil; UV (MeOH) lmax (log 3) ¼
200 (3.7) nm; IR (KBr) nmax: 3385, 2944, 2832, 1620, 1029 cm�1;
(+)-HR-ESIMS m/z 277.1414 [M + Na]+ (calcd for C14H22O4Na,
277.1416); for 1H and 13C NMR spectroscopic data, see Table 1.

Tsaokol A (2). Colorless oil; UV (MeOH) lmax (log 3) ¼ 205
(3.6) nm; IR (KBr) nmax: 3408, 2946, 2832, 1680, 1027 cm�1;
(+)-HR-ESIMS m/z 235.1310 [M + Na]+ (calcd for C12H20O3Na,
235.1310); for 1H and 13C NMR spectroscopic data, see Table 1.

(2E,7Z,9E,11R)-11-Hydroxy-2,7,9-hexadecatrienoic acid (5).
Amorphous gum; [a]25D +17.9 (c 0.07, MeOH); UV (MeOH) lmax

(log 3) ¼ 225 (3.9) nm; IR (KBr) nmax: 3415, 2942, 2836, 1720,
1029 cm�1; (�)-HR-ESIMS m/z 265.1795 [M � H]� (calcd for
C16H25O3, 265.1804); for

1H and 13C NMR spectroscopic data,
see Table 1.

2,6-Dimethoxy-4-[(1R)-1-methoxyethyl]-phenol (10). Amor-
phous gum; [a]25D +34.5 (c 0.03, MeOH); UV (MeOH) lmax (log 3)
¼ 210 (3.9) nm; ECD (MeOH) lmax (D3) ¼ 227 (�61.5) nm; IR
(KBr) nmax: 3341, 2944, 2824, 1450, 1021 cm

�1; (�)-HR-ESIMSm/
z 211.0962 [M � H]� (calcd for C11H15O4, 211.0970); for

1H and
13C NMR spectroscopic data, see Table 2.

2,6-Dimethoxy-4-[(1R)-1-methoxypropyl]-phenol (11). Amor-
phous gum; [a]25D +17.5 (c 0.02, MeOH); UV (MeOH) lmax (log 3)
¼ 210 (3.9) nm; ECD (MeOH) lmax (D3) ¼ 229 (�319.5) nm; IR
(KBr) nmax: 3397, 2942, 2828, 1448, 1029 cm

�1; (+)-HR-ESIMSm/z
249.1102 [M + Na]+ (calcd for C12H18O4Na, 249.1103); for

1H and
13C NMR spectroscopic data, see Table 2.
MS/MS analysis of compound 5

Stock solution of compound 5 was prepared by dissolving 0.1 mg
of sample in 200 mL DMSO. The solution was further diluted with
DMSO, ltered through a 0.2 mm hydrophobic PTFE lter, and
nally analyzed by LC/MS/MS, Acquity UPLC™ system (Waters)
coupled to a Waters Acquity Xevo G2 Q-TOF system (Waters).
Analysis was performed by injection of 5 mL of the sample using an
Agilent ZORBAX Eclipse Plus C18 column (100 mm � 2.1 mm, 1.8
mm) set at 30 �C. The mobile phase consisting of formic acid in
H2O [0.3% (v/v)] (A) and formic acid in acetonitrile [0.3% (v/v)] (B)
This journal is © The Royal Society of Chemistry 2019
was delivered at a ow rate of 0.2 mL min�1 by applying the
following programmed gradient elution: 0–15.0 min, 10–30% (B);
15.0–15.5 min, 30–100% (B); 15.5–20.0 min, 100% (B); 20.0–
20.5 min, 100–10% (B); 20.5–25.5 min, 10% (B). The MS system
was equipped with ESI source and operated in both negative and
positive ionization mode with data acquiring range from 100 to
600 m/z.

Experimental procedure to determine the absolute
conguration of 5

CEA reaction. Parallel reactions for the CEA reaction were
performed as reported by Lee et al.,32 using S- and R-HBTM.
Compound 5 (0.2 mg, 0.75 mmol) was transferred to two trans-
parent, capped 5 mL vials at room temperature, and DMF (90 mL)
was added as the organic solvent for the CEA reaction. Both S- and
R-HBTM (10 mL, 0.38 mmol) were added, and N,N-diisopropyle-
thylamine (0.8 mL, 4.5 mmol) was successively transferred. Pro-
pionic anhydride (0.6 mL, 4.5 mmol) was added to start the CEA
reaction. Aer 10 min, 2 mL aliquots from each reaction were
acquired for LC/MS analysis and quenched with 98 mL of MeOH to
make a total volume of 100 mL.

LC/MS analysis. An aliquot (5 mL) of sample (100 mL)
acquired from each parallel reaction was directly injected to the
LC/MS (Phenomenex Luna C18, 4.6� 100 mm, 3.5 mm, ow rate:
0.3 mL min; Torrance, CA, USA), and full scans in positive- and
negative-ion modes (scan range m/z 100–1000) were applied to
identify the desired acylated derivative. The mobile phase con-
sisting of 0.1% (v/v) formic acid in distilled water (A) or aceto-
nitrile (B) was carried with a gradient solvent system as follows:
10–100% B for 10 min, 100% B (isocratic) for 5 min, and then
10% B (isocratic) for 5 min, for the post-run washing procedure
of the column. The reaction rate catalyzed by both S- and R-
HBTM was determined by measuring the peak areas of the
acylated derivatives.

ECD calculation

To obtain the conformational differences between 10a (1R) and
10b (1S), computational density-functional-theory (DFT) calcu-
lations were carried out. The rst structural-energy minimiza-
tions of 10a and 10b were performed using Avogadro 1.2.0 with
the UFF force eld. The ground state geometries of 10a and 10b
were established by Tmolex 4.3.1 with the DFT settings (B3-LYP
functional, M3 grid size), geometry-optimization options
(energy: 10�6 Eh, gradient norm: |dE/dxyz|¼ 10�3 Eh/b), and the
basis set def-SV(P) for all atoms. The calculated ECD spectra of
the optimized structures of 10a and 10b were acquired at the
B3LYP/DFT functional settings with the basis set def-TZVPP for
all atoms. The obtained CD spectra were simulated by overlying
each transition (eqn (1)), where s is the width of the band at 1/e
height and DEi and Ri are the excitation energies and rotatory
strengths for transition i, respectively. In the present study, the
value of s was 0.10 eV.

D3ðEÞ ¼ 1

2:297 � 10�39
1ffiffiffiffiffiffiffiffiffi
2ps

p
Xi

a

DEiRi e
½�ðE�DEiÞ2=ð2sÞ2� (1)
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Cell cytotoxicity

MTT assay was performed to analyze the cytotoxicity of the
isolated compounds. The experiment was performed as
described previously with slight modication.62 Briey, BV2
microglial cells were seeded at the density of 4 � 104 cells per
well in a 96 well plate and incubated overnight. The cells were
treated with the compounds for 24 h, then the conditioned
medium from the treated cells were removed and the cells were
incubated with MTT solution (0.5 mg mL�1) for approximately
1 h with complete light protection. MTT solution was removed
and the live cells stained blue with MTT solution were exposed
with 200 mL of DMSO, which resulted in purple formazan col-
oured solution. The change in colour was analysed spectro-
photometrically by measuring absorbance at 570 nm in the
microplate reader (Molecular Devices; San Jose, CA, USA).
SPHK1/2 activity inhibition assay

High throughput screening of SPHK inhibition was performed in
a 384-well plate. A 5� concentration of each extract (500 mgmL�1)
and compounds (50 mM) were prepared in distilled water (DW),
resulting in nal concentrations as 100 mg mL�1 for extract and
10 mM for compound. DMSO at 5% was used as a control. First, 2
mL of 5� compound, 2 mL of 5X reaction buffer, and 2 mL of 5�
sphingosine kinase solution was mixed in each well and pre-
incubated for 30 min. We used 2X ATP/ADP as a standard.
Next, 2 mL of 5� sphingosine solution and 2 mL of 5� ATP
solution was added in each well, except the standard well, and
the reaction was started and incubated for 2 h. When the
sphingosine substrate comes in contact with ATP in the presence
of SPHK1 or SPHK2, S1P is produced together with adenosine
diphosphate (ADP). The ADP2 FI assay detection reagents kit was
then used for the detection of uorescence based on ADP. The
uorescence intensity determines the overall level of ADP that is
converted with the treatment of compounds, which eventually
determines the effect of compounds in inhibiting the activity of
SPHK1/2. Detection solution was prepared according to the
manufacturer's instructions, and 10 mL was added to each well,
followed by incubation at room temperature for 1 h. The uo-
rescence intensity was measured at 590 nm excitation and
620 nm emission. The amount of SPHK1/2 was calculated as
percentage of control.
Homology modeling of SPHK2

Since an X-ray crystal structure of SPHK2 has not been pub-
lished, we built a SPHK2 homology model using homology
modeling module in Schrodinger's Maestro 11.6. First, 618
amino acid sequences of human SPHK2 (Accession number:
AAH10671.1) were downloaded from the NCBI protein database
(https://www.ncbi.nlm.nih.gov/protein). To nd a template
within the NCBI PDB database, BLAST searching module was
used and SPHK1 (PDB id: 3VZD) was detected which showed
58% identity with SPHK2. Amino acid sequences of SPHK2 were
aligned with those of human SPHK1 by the Multiple Alignment
method and the knowledge-based homology modeling was
applied for building a homology model of SPHK2 (Fig. S31†).
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Molecular docking analyses of 2 and 22 on SPHK1/2

The computational docking was carried out on the Schro-
dinger's Maestro 11.6 soware with Window 10 professional K
operating system. First, structures of compounds (2, 22,
resveratrol, and SKI-II) were sketched using 2D sketch module
of Schrodinger's Maestro 11.6 and several tautomers and
ionized states of ligands were generated by the ligprep module.
OPLS3e force eld was applied to optimize the structure of
ligand. Prior to docking performance, the X-ray crystal structure
of SPHK1 (PDB id: 3VZB) having 2�A resolution was downloaded
from the Protein Data Bank (http://www.rcsb.org). Sequentially,
receptor proteins (SPHK1 and SPHK2 homology model) were
prepared by assigning bond orders, removing original hydro-
gens, generating het states, removing duplicated chains and
water molecules, and minimizing in the OPLS3e force eld
using the protein preparation wizard module. Compounds 2
and 22 were docked into the substrate binding site of SPHK1
(PDB id: 3VZB) and SPHK2 homology model, respectively. The
reference molecules including sphingosine, resveratrol, and
SKI-II, were also docked under the same condition for
comparison. The binding site for SPHK1 was dened by a cube
grid box based on a native ligand (sphingosine), and that for
SPHK2 was dened by selecting all the amino acid residues in
the substrate binding pocket. Glide/XP dockings were per-
formed by default parameters and up to 10 conformers per
ligand were generated. Binding affinity of each docking pose of
ligand was calculated by Glide-Dock score. To select a plausible
docking model from the docking output, not only binding
energy but also intermolecular interactions (H-bond, p–p

interaction) between key residues and docking poses of control
were also considered by visual inspection.
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