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ABSTRACT: Selaginellins are unique pigments found in the
genus Selaginella, the largest genus of Lycopodiophyta. Recent
studies reported that some selaginellin analogues have potent
phosphodiesterase-4 (PDE4) inhibitory activity. In this study,
the chemical diversity of natural selaginellin derivatives was
revealed by an MS/MS molecular networking-based derepli-
cation of the Selaginella tamariscina extract. It led to the
prioritization of chromatographic peaks predicted as pre-
viously unknown selaginellin derivatives. Targeted isolation of
these compounds afforded two unusual selaginellin analogues
with a 1H,3H-dibenzo[deh]isochromene skeleton, namely,
selariscins A (1) and B (2), along with eight new

“Molecular Networking
based dereplication

Toger ¥
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diarylfluorene derivatives, selaginpulvilins M—T (3—10), and five known analogues, 11—15. The absolute configurations of
1, 2, and 8—10 were elucidated by spectroscopic data analyses including computational electronic circular dichroism data.
Compounds 1 and 3—10 showed PDE4 inhibitory activity with ICs, values in the range of 2.8—33.8 uM, and their binding

modes are suggested by a molecular docking study.

hosphodiesterase-4 (PDE4) is an important pharmaco-

logical target for inflammatory diseases and tumors. PDE4
inhibitors have been pursued for the treatment of diseases such
as chronic obstructive pulmonary disease (COPD), rheuma-
toid arthritis, and various cancers.' > Recently, naturally
occurring PDE4 inhibitors have been reported from different
species of plants or fungi.”> The genus Selaginella, the largest
genus of Lycopodiophyta containing about 700 species, is
known for its unusual pigment metabolites named selaginel-
lins. Recently, selaginellin analogues were reported to exhibit
potent PDE4 inhibitory activity. Fluorene derivatives from S.
pulvinata, selaginpulvilins A—L, and a 1H-2-benzopyran
derivative from S. tamariscina, selagintamarlin A, exhibited
exceptionally potent inhibitory activity against PDE4." "’
Inspired by the unprecedented structures and potent
bioactivity, the organic chemistry community develolped
several synthetic methods for selaginpuvilins C and D,"" ™"
which shows that selaginellin analogues are promising leads for
drug discovery. Despite this important biological activity, the
chemical diversity of natural selaginellin derivatives has not
been systematically analyzed.

In the present study, we expand our understanding of the
chemical diversity of natural PDE4 inhibitory selaginellin
derivatives by a structure-based discovery approach with liquid
chromatography combined with tandem mass spectrometry
(LC—MS/MS) analysis."* LC—MS/MS is the most commonly
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used platform for holistic profiling of natural products, because
it provides useful information for structural characterization in
complex mixtures.">'® There have been a few studies on the
chemical profiling of Selaginella extracts, but these only
characterized primary metabolites or biflavonoids, not the
selaginellin derivatives.'”'® In the current study, we applied an
MS/MS molecular networking (MN) strategy,'® which has
been demonstrated as a promising tool for dereplication and
structure-based discovery of natural products,”*~** to prioritize
selaginellin analogues from the extract and fractions of S.
tamariscina (P. Beauv.) Spring. Based on the molecular
network, chromatographic peaks estimated as previously
unknown selaginellin derivatives were prioritized and isolated.
As a result, two unusual 1H,3H-dibenzo[de,h]isochromene
derivatives, selariscins A (1) and B (2), and eight new
diarylfluorene derivatives, selaginpulvilins M—T (3—10), were
identified. The PDE4 inhibitory activities of 1—10 were
studied in addition to their binding modes.

B RESULTS AND DISCUSSION

The 90% EtOH extract of the air-dried roots and rhizophores
of S. tamariscina and the n-hexane, CHCIl;, EtOAc, and n-
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3:Ry = CHy, R,=H,  Ry=0CH; Ry=0CH,
4R, = CH,0CHs, Ry=H, Ry=0CH; Ry=0CH;
5 R, = CH,0H, Ry=H, Ry=0CH; Ry=O0CH
6 :R; = CH,0CH, R;=H,  Ry=OH, Ry = OH
7Ry = CH,0CH, R, =OH, Ry=OH, Ry = OH
8 Ry = CHy, R;=H, Ry=0CH;, R,=OH
9 'Ry = CH,0H, Ry=H, Ry=0CH; R,=OH
10 :R; = CH,0CHj, R,=H, Ry=OH, Ry = OCH,
12 R, = CH,0H, R;=H,  Ry=OH, Ry = OH
13 R, =H, R, =OH, Ry=OH, Ry = OH
14 R, = CHO, Rp=H,  Ry=0CH; Ry=O0CH,
15:Ry =H, Ry=H,  Ry=0CH; Ry=O0CH,

BuOH fractions were prepared and analyzed by LC—MS/MS.
Although the MS/MS spectrum of selaginellin (11) was not
deposited in any accessible MS/MS spectral library, the
chromatographic peak of 11 was readily annotated based on its
unique molecular formula (Cy,H,,0;). Manual inspection of
the MS/MS data of fractions revealed that selaginellin was
primarily present in the EtOAc extract. In order to reveal the
chemical diversity of minor selaginellin derivatives, the EtOAc
extract was further fractionated by silica gel open column
chromatography and analyzed by LC—MS/MS. The MS/MS
data of subfractions were analyzed by MN via the GNPS Web
platform (https://gnps.ucsd.edu) to cluster similar spectra as
molecular families (MFs) (Figure 1A).>** In the molecular
network, one of the subfractions, namely, E8, showed the
largest number of spectral nodes grouped within the same MF
as 11. This MF contained 47 spectral nodes, and most of them
were estimated to be selaginellin derivatives, according to their
molecular formulas predicted from the precursor ion m/z
values (Figure 1B). Only one spectral node in this MF
(precursor ion m/z 283.060) showed a spectral library match
to 4’-O-methylgenistein; however, this node and three other
nodes of m/z 333.075, 333.076, and 357.076 showed high
mass differences compared to the other nodes, so these were
suggested to be false positive results of cosine similarity
comparison. An in silico fragmentation study supported the
assumption that this molecular family contains MS/MS
spectral nodes of selaginellin derivatives. The chemical
structures of these spectra were estimated using MetFrag,25
which was coded in the Network Annotation Propagation
(NAP) module in GNPS;* compound 11 and selaginellins A,
B, D, and I were putatively annotated by MetFrag (Figure S1,
Supporting Information). However, most other spectral nodes
showed candidate structures of totally different classes. We
hypothesized that these spectral nodes were not annotated
propetrly because their correct structures do not exist in the
chemical libraries, as was demonstrated in our previous
study.”” Hence, we attempted to purify compounds from the
subfraction E8, which was expected to contain a number of
new selaginellin derivatives. As predicted, further chromato-
graphic separations of the E8 subfraction afforded compounds
1-10, along with known derivatives selaginellin (11) and
selaginpulvilins A (12),” 1 (13),'° K (14),° and L (15).°
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The molecular formula of selariscin A (1) was suggested as
C3H,604 by HRESIMS (m/z 5§53.1666 [M — H]~, calcd for
CyHy50g, 553.1656), with 24 indices of hydrogen deficiency.
The '"H NMR data (Table 1) showed the presence of a 1,2,3,4-
tetrasubstituted benzene ring A [6y 8.36 and 7.32 (d, ] = 7.2
Hz)]; three 1,4-disubstituted benzene rings B [6y 7.13 and
6.70 (d, ] = 8.7 Hz)], D [6y4 6.91 (dd, J = 8.3, 2.0 Hz), 6.64
(dd, J = 8.3, 2.6 Hz), 6.61 (dd, ] = 8.3, 2.6 Hz), 6.78 (dd, J =
8.3,2.0 Hz)], and B [8y 6.73 (dd, J = 8.2, 1.9 Hz), 6.41 (dd,
=8.2,2.4 Hz), 6.37 (dd, ] = 8.3, 2.4 Hz), 6.66 (dd, ] = 8.3, 1.9
Hz)]; and a 1,2,4-trisubstituted benzene ring C [8y; 7.30 (d, J =
2.3 Hz), 7.09 (dd, J = 9.7, 2.3 Hz), 7.48 (d, ] = 9.7 Hz)]. The
"H—"H COSY spectrum confirmed the cross-peak correlations
of benzene rings (Figure 2). In addition to these rings, two
methoxy groups [y 3.84 (s) and 3.72 (s)], an oxygenated
methine (6o/8y 79.7/7.76), an upfield-shifted carbonyl (¢
164.0), and two sp* carbons (5c 123.0 and 138.6) were
observed. The 1H,3H-dibenzo[de,h]isochromene skeleton was
established based on the HMBC experiment (Figure 2). Strong
HMBC correlations from H-8 (5 7.48) and H-16 (5 6.78) to
C-7 (8¢ 138.6) revealed that rings C and D are attached to C-
7. The correlation between H-22 (& 6.66) and C-6 (5 148.5)
suggested that the E-ring is connected to C-6. The correlations
between H-24/28 (84 7.13) and C-1 (6; 79.7) showed that
the B-ring is attached to the oxygenated methine C-1. The
lactone group was located by HMBC correlations from H-4
(8, 836) and H-1 (8 7.76) to C-3 (8. 164.0). HMBC
correlations from H-1 (8 7.76) to C-11b (¢ 123.0) and C-
11c (8¢ 126.8) and from H-11 (8 7.30) to C-11b (8¢ 123.0)
revealed the isochromene substructure. Thus, the 2D structure
of compound 1 was established as shown.

Selariscin B (2) was assigned a molecular formula of
C3¢H, 4Oy, the same as 1. The NMR data of 2 were similar to
those of 1 (Table 1), but slight differences in the NMR spectra
suggested that compound 2 has a different molecular structure
than 1. The 'H NMR signal of the oxygenated methine (5y
6.84, H-3) was significantly upfield shifted versus H-1 of 1.
Chemical shifts of H-4 (65 7.19) and H-11 (5 8.98) were also
highly shifted, while the chemical shifts of the carbons to which
they were attached were highly similar. This suggested that the
lactone ring structure of 2 is different from that of 1. The
oxygenated methine hydrogen (H-3) of 2 showed an HMBC
correlation to C-4 (8¢ 124.4), but not to C-11b (5. 112.0)
(Figure 2). From this, the 2D structure of 2 was assigned as
shown in the structural figure. The assigned structure of 2 was
interesting because the 1H,3H-dibenzo[deh]isochromene
skeleton of compound 1 was estimated to be biosynthesized
from selaginellin U.”® However, no plausible biosynthetic
pathway could be established for 2.

Selaginpulvilin M (3) has a molecular formula of C;4H,30,
as determined by HRESIMS (m/z 523.1928 [M — H], calcd
for C;sH,,0, 523.1914). The 'H NMR data (Table 2)
revealed the presence of three 1,4-disubstituted aromatic rings
B [y 6.84 and 6.72 (2H, d, ] = 8.0 Hz)], C [8y4 7.09 and 6.77
(2H, d, ] = 84 Hz)], and D [6 7.09 and 6.77 (2H, d, ] = 8.4
Hz)]; a 1,2,4-trisubstituted aromatic ring [5y 7.65 and 6.74
(1H each, d, ] = 8.0 Hz), and 6.61 (s)]; a 1,2,34-
tetrasubstituted aromatic ring [8y 7.28 and 7.67 (1H each,
d, ] = 7.6 Hz)]; two overlapped methoxy groups [y 3.67 (6H,
s)]; and a methyl group [6y 2.38 (s)]. The 'H-'"H COSY
spectrum assigned each aromatic spin system (Figure 2). In
addition to these rings, two alkynyl carbons (5: 85.3 and
100.8) and an sp® quaternary carbon (5 64.2) were observed
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Figure 1. Dereplication strategy for prioritization of selaginellin derivatives using MS/MS molecular networking: (A) entire molecular network of S.
tamariscina extract and fractions; (B) targeted isolation of selaginellin derivatives within the selected molecular family.

in the *C NMR spectrum (Table 3). These results suggested formyl group of 14 (Figure 2). Selaginpulvilins N and O (4

that compound 3 is one of the selaginpulvilin analogues and is and §) also showed similar spectra to 3, and they were

especially similar to 14. The HMBC experiment confirmed identified to have a methoxymethyl and a hydroxymethyl

that compound 3 has a methyl group at C-2 instead of the group at C-2, respectively. Selaginpulvilin P (6) showed NMR
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Table 1. 'H, ¥C, and HMBC NMR Spectroscopic Data of Compounds 1 and 2 (600/150 MHz, in DMSO-d)

1 2)

position On ¢ HMBC Oy Oc HMBC

7.76, s 79.7 C-11b, C-11¢, C-3, C-24, C-29 164.9
3 164.0 6.84, br s 79.5 C-11¢, C-1, C-4, C-28
3a 125.7 125.8

8.36,d (7.2) 129.3 C-11¢, C-3, C-6 7.19, dd (7.1, 1.1)% 124.4 C-3, C-3a,” C-11¢, C-6
S 7.32,d (7.2) 129.2 C-3a, C-6a, C-23 7.14,d (7.1) 129.0¢ C-3a, C-6a, C-23
6 148.5 141.5
6a 118.3 129.8¢
7 138.6 146.7
7a 127.8 128.3
8 7.48, d (9.7) 129.7 C-7, C-11a, C-10 749, d (9.7) 129.8¢ C-7, C-11a, C-10
9 7.09, dd (9.7, 2.3) 120.3 C-7a, C-11 7.17, dd (9.7, 2.6)“ 120.1 C-7a, C-11
10 157.7 159.9
11 7.30,d (2.3) 100.1 C-11b, C-7a, C-10, C-9 8.98, d (2.6) 102.8 C-11b, C-7a, C-10, C-9
1la 128.1 133.4
11b 123.0 112.0
11c 126.8 131.0
12 6.91, dd (8.3, 2.0) 133.0 C-7, C-14, C-16 6.86" 132.6 C-7, C-14, C-16
13 6.64, dd (8.3, 2.6) 113.0 C-15, C-17 6.64° 113.0° C-14, C-15, C-17
14 158.0 158.2
15 6.61, dd (8.3, 2.6) 113.1 C-13, C-17 6.62" 113.0¢ C-14, C-13, C-17
16 6.78, dd (8.3, 2.0) 132.9 C-7, C-12, C-14 6.80¢ 132.5 C-7, C-12, C-14
17 130.9 130.9
18 6.73, dd (8.2, 1.9) 130.0 C-6, C-20, C-22 6.60, d (8.6) 130.5° C-6, C-20, C-22
19 6.41, dd (8.2, 2.4) 114.1 C-21, C-23 6.35, dd (8.1, 4.9) 113.9 C-21, C-23
20 155.7 155.3
21 6.37, dd (8.3, 2.4) 114.0 C-19, C-23 6.35, dd (8.1, 4.9) 1139 C-19, C-23
22 6.66, dd (8.3, 1.9) 130.5 C-6, C-18, C-20 6.60, d (8.6) 130.4“ C-6, C-20, C-18
23 133.6 133.7
24 7.13,d (8.7) 128.9 C-1, C-26, C-28 7.24, d (8.6) 129.0¢ C-3, C-26, C-28
25 6.70, d (8.7) 115.8 C-27, C-26, C-29 6.80, d (8.6)° 115.5 C-27, C-29
26 158.0 157.9
27 6.70, d (8.7) 1158 C-25, C-26, C-29 6.80, d (8.6)° 1155 C-27, C-29
28 7.13,d (8.7) 1289 C-1, C-24, C-26 7.24, d (8.6) 129.0¢ C-5, C-26, C-24
29 131.2 129.6
10-OCH; 3.84, s 58.5 C-10 3.96, s 554 C-10
14-OCH, 372, s 552 C-14 3.72,s 552 C-14

“Overlapped. "Weak correlation.

spectra similar to 12,7 with the replacement of the
hydroxymethyl group at C-2 by a methoxymethyl group. The
NMR spectra of selaginpulvilin Q (7) (Tables 2 and 3) were
similar to those of 13,'° but the differences between the
spectra of 7 and 13 suggested that compound 7 possesses a
methoxymethyl group at C-2. The 2D structure of
selaginpulvilin R (8) was elucidated as shown, which is similar
to compound 3. However, one of the methoxy groups of the C-
and D-rings of 3 is replaced with a hydroxy group, and this
caused asymmetry of the C- and D-rings. Selaginpulvilins S and
T (9 and 10) were also characterized as asymmetric
derivatives, and so the absolute configurations of compounds
8—10 had to be resolved.

Despite extensive efforts, compounds 1, 2, and 8—10 could
not be crystallized for X-ray diffraction data collection.
Alternatively, computational electronic circular dichroism
(ECD) analysis was utilized to determine the absolute
configurations at C-1 of 1, C-3 of 2, and C-9 of 8—10. By
comparison of the experimental and calculated ECD data, the
absolute configuration of C-1 of 1 was assigned as S (Figure 3).
In detail, the positive Cotton effects in the calculated ECD

1823

spectra of 1, at approximately 248 and 331 nm, arise from the
electronic transition from aromatic z orbitals and a lone-pair
oxygen orbital to aromatic 7* orbitals and a carbonyl 7* orbital
(MO 145 — 147 and MO 138 — 147). This band could be
correlated to the Cotton effects at 255 and 333 nm in the
experimental ECD curve (Figure 3). In addition, the negative
Cotton effects at 240 and 310 nm in the experimental curves
were also reproduced by the calculations at 236 and 306 nm,
respectively (Figure 3). The electronic transitions from
aromatic 7 orbitals to aromatic z* orbitals contributed to
these absorption bands (MO 145 — 149 and MO 144 — 154)
(Figure S78 and Table S8, Supporting Information). Similarly,
the absolute configurations at C-3 in 2 and C-9 in 8—10 were
assigned as R, R, R, and §, respectively, by comparison of the
experimental and calculated ECD spectra (Figure 3, Figure S83
and Table S9, Supporting Information).

PDE4 comprises four subfamilies, PDE4A, PDE4B, PDE4C,
and PDE4D.” Among them, previous studies reported that
selaginellin (11) and selaginpulvilin derivatives exhibit potent
inhibition against PDE4D2, one of the splicing variants of
PDE4D. Compounds 11—15 showed ICy, values of 1.0 uM

DOI: 10.1021/acs.jnatprod.9b00049
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w— 1H-TH COSY
7 HMBC

selaginpulvilin M (3)

Figure 2. Key '"H—'"H COSY and key HMBC correlations of compounds 1—3.

Table 2. '"H NMR Spectroscopic Data (§y in ppm) of Compounds 3—10 (in DMSO-d,)

position

3

4

12
13
15
16
18
19
21
22
24
25
27
28
30

30-
OCH,

20-
OCH,

26-
OCH,

“Overlapped. "Recorded at 850 MHz.

3b

728, d
(7.6)

7.67, d
(7.6)
7.65, d
(8.0)
674, d
(8.0)
6.61, s

6.84, d
(8.0)

6.72,d
(8.0)

6.72,d
(8.0)

6.84, d
(8.0)

7.09, d
(84)

6.77, d
(8.4)

6.77, d
(8.4)

7.09, d
(84)

7.09, d
(8.4)

6.77, d
(8.4)

6.77, d
(8.4)

7.09, d
(8.4)

2.38, s

3.67, s

3.67, s

41;
7.42,d (7.9)

7.76, d (7.9)
7.69, d (8.3)
6.76"

6.62, s
6.85, d (8.5)

6.73, d (8.5)
6.73, d (8.5)
6.85, d (8.5)
7.09, d (8.9)
6.77, d

(8.9)°

6.77, d
(8.9)¢
7.09, d (8.9)

7.09, d (8.9)
677, d

(8.9)°
6.77, d

(8.9)°
7.09, d (8.9)

4.52, s
3.34, s

3.67, s

3.67, s

st 6"
7.51,d (7.8) 7.40, d (7.9)
7.77, d (7.8) 7.73, d (7.9)
7.67,d (82) 7.66, d (8.2)
6.75, dd (8.2, 6.75, dd (8.2,

2.0) 2.1)¢
6.62, d (2.0) 6.63,d (2.1)

6.83,d (8.5) 6.89, d (8.5)
6.72, d (8.5) 6.74,d (8.5)°
6.72, d (8.5) 6.74,d (8.5)°
6.83,d (8.5) 6.89, d (8.5)
7.09, d (8.9) 6.97, d (8.8)
6.77, d (8.9) 6.57,d (8.8)
6.77, d (8.9) 6.57, d (8.8)
7.09, d (8.9) 6.97, d (8.8)
7.09, d (8.9) 6.97, d (8.8)
6.77, d (8.9) 6.57, d (8.8)
6.77, d (8.9) 6.57, d (8.8)

7.09, d (8.9) 6.97, d (8.8)

4.63, s 4.53, s
3.35,s

3.67, s

3.67, s

“Recorded at 800 MHz.

b

7¢ 8
6.95, br s 7.27,d (7.8)
7.65,d (7.8)
7.82,d (8.3) 7.63,d (82)

6.68, dd (8.3, 6.74, dd (822,
22) 2.0)“

6.58,d (2.2) 6.61,d (2.0)
6.83,d (8.5) 6.86, d (8.5)

6.70, d (8.5) 6.72, d (8.5)°
6.70, d (8.5) 6.72, d (8.5)"
6.83, d (8.5) 6.86, d (8.5)
6.97, d (8.8) 6.98, d (8.8)
6.55,d (8.8) 6.58, d (8.8)
6.55,d (8.8) 6.58, d (8.8)
6.97, d (8.8) 6.98, d (8.8)
6.97, d (8.8) 7.09, d (8.9)
6.55,d (8.8) 6.76, d (8.9)
6.55,d (8.8) 6.76, d (8.9)
6.97, d (8.8) 7.09, d (8.9)

446, s 237, s
3.34,s

3.66, s
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9¢

7.50, d (7.9)

7.75, d (7.9)

7.65, d (8.2)

6.74, dd (8.2,
2.1)11

6.62,d (2.1)
6.85,d (8.6)

6.72,d (8.6)
6.72, d (8.6)
6.85, d (8.6)
698, d (8.8)
6.58, d (8.8)
6.58,d (8.8)
6.98,d (8.8)
7.09, d (9.0)
6.75, d (9.0)"
6.75, d (9.0)"
7.09, d (9.0)

4.64, s

3.67, s

10°

741, d (7.8)

7.74, d (7.8)

7.67,d (8.2)

6.74, dd (8.2,
2.1)7

6.62,d (2.1)
6.86, d (8.5)

6.73,d (8.5)
6.73, d (8.5)
6.86, d (8.5)
7.09, d (8.9)
6.76, d (8.9)*
6.76, d (8.9)"
7.09, d (8.9)
6.97, d (8.8)
6.58, d (8.8)
6.58, d (8.8)
697, d (8.8)

4.52, s
3.35,s

3.67,s
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Table 3. *C NMR Spectroscopic Data of Compounds 3—10 (in DMSO-d,)

position R 40 st
1 120.4 119.6 1179
2 137.4 137.5 141.9
3 1289 127.7 125.9
4 118.8 118.9 118.7
4a 138.5 140.2 139.2
4b 129.8 129.6 129.7¢
S 120.9 1214 121.0
6 114.8 115.1 114.9
7 1579 158.3 158.0
8 112.0 112.1 112.0
8a 155.3 155.7 155.4
9 64.2 64.3 64.2
9a 151.2 151.2 150.9
10 85.3 84.2 84.0
11 100.8 100.9 101.1
12 1323 132.5 1323
13 115.8 115.9 115.8
14 158.3 158.5 158.4
15 115.8 1159 115.8
16 132.3 132.5 1323
17 112.7 112.7 112.6
18 129.7 129.8 129.7¢
19 113.1 1132 113.1
20 157.8 158.0 157.8
21 113.1 1132 113.1
22 129.7 129.8 129.7¢
23 134.5 134.4 134.5
24 129.7 129.8 129.7¢
25 113.1 113.2 113.1
26 157.8 158.0 157.8
27 113.1 1132 113.1
28 129.7 129.8 129.7¢
29 134.5 134.4 134.5
30 20.6 72.3 61.3
30-OCH; 582
20,26-OCH; 55.1 58.2 S§.1

“Overlapped. "Recorded at 850/212.5 MHz. “Recorded at 200 MHz.

6" 7¢ 8? 9° 10°
119.6 109.4 120.5 118.0 119.6
137.4 139.0 137.5 141.8 137.4
127.3 114.0 128.9 125.7 127.4
118.6 152.7 118.9 118.6 118.6
140.1 126.1 138.5 139.2 140.1
129.5 129.4 130.0 129.7¢ 129.4
121.1 123.7 121.0 120.8 121.1
114.8 114.1 114.9 114.7 114.9
158.1 156.8 157.9° 157.9 158.2
112.0 111.8 112.1 112.0 112.0
156.0 155.2 155.6 155.6 155.8
64.3 64.5 64.4 64.2 64.2
151.6 157.8 151.6 151.1 151.3
84.2 84.5 85.5 84.0 84.1
100.7 98.1 100.8 101.0 100.9
132.3 131.8 132.4 132.2 132.3
115.8 115.7 115.9 115.7 115.9
158.4 157.9 158.3 158.3 158.6
115.8 115.7 115.9 115.7 115.9
132.3 131.8 132.4 132.2 132.3
112.7 1132 113.1 112.7 112.3
129.7 129.7 129.9 129.7¢ 129.7¢
114.3 114.2 114.5 114.3 113.0
156.0 155.8 156.1 156.0 157.8
114.3 114.2 114.5 114.3 113.0
129.7 129.7 129.9 129.7¢ 129.7¢
132.7 132.9 132.8 132.5 134.6
129.7 129.7 129.9 129.7¢ 129.7¢
114.3 114.2 113.1 113.0 114.4
156.0 155.8 157.9° 157.7 156.1
114.3 114.2 113.1 113.0 114.4
129.7 129.7 129.9 129.7¢ 129.7¢
132.7 132.9 134.9 134.7 132.4
72.3 72.1 20.7 61.3 722
58.1 58.0 58.1

55.2 55.0 55.0

(11), 02 uM (12), 1.2 uM (13), 10 nM (14), and 90 nM
(15), while the positive control rolipram exhibited an ICs, of
0.5-0.6 uM.”*"° The inhibitory activity of compounds 1—10
was also evaluated against human PDE4D2. Compounds 1 and
3—10 showed inhibitory activity with ICy, values in the range
of 2.8—33.8 uM, while rolipram exhibited an ICs, of 0.2 uM
(Table 4). The dose—response curves of 1 and 3—10 are
represented in Figure S86 (Supporting Information). Interest-
ingly, compound 2 did not inhibit PDE4D2, although 1 and 2
have the same scaffold. This suggests that the position of the B-
ring in these selaginellin analogues has an important impact on
the inhibitory potency against PDE4. Previous structure—
activity relationship (SAR) studies on selaginpulvilin deriva-
tives revealed that 20,26-OCH; groups are important for
inhibitory activity against PDE4D2.® Our results agreed with
this conclusion, as compounds 4 and S, which have p-
methoxyphenyl C and D rings, were significantly more potent
than compounds 6—10. However, compound 3 showed weaker
inhibition, although it contains methoxy groups at C-20 and C-
26. This suggests that the substitution at C-2 could affect the
PDE4 inhibitory activity of selaginpulvilin derivatives.
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To further investigate the interactions between these
selaginellin derivatives and PDE4D2, molecular docking
studies were carried out to explore the binding modes. In
order to establish the putative binding modes of 1 and 3—10 in
the active site of human PDE4D2, molecular docking was
simulated using the CDOCKER algorithm.”® As shown in
Figure 4 and Figures $91—S93 (Supporting Information), 1—
15 bound to the active sites of the PDE4D2 catalytic domain,
and their E-ring hydroxy group formed hydrogen bonds with
the His160 residue or metals (zinc and magnesium), mediated
by water molecules. Compounds 1, 3—§, 7—11, and 13—15
interacted with the Phe372 residue, forming 7—z-stacked or
m—n T-shaped interactions. The z-stacking interaction against
the conserved phenylalanine residues (Phe372 in PDE4D)
located in the active site is a common interaction observed in
other PDE4 inhibitors.*"** Furthermore, compounds 1, 3, 4, 5,
and 8, showing relatively low ICs, values, also interacted with
Met273, Met357, and 1le336 residues via z-alkyl hydrophobic
interactions (Figure 4A, C, and D; Figure S87, Supporting
Information). On the other hand, compound 2 showed
unfavorable donor—donor interactions with Ser227 and
Ser274 residues only (Figure 4B). This explained the reason
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Figure 3. Comparison between the experimental and Bolzmann-averaged calculated ECD spectra of 1 and 2. The structures show energy-

minimized structures of the lowest-energy conformers.

Table 4. Inhibitory Activity of Compounds 1—10 against
PDE4D2

compound IC, (M) 95% confidence interval
1 13.7 8.9—40.2

2 >30

3 24.6 14.3—-246.0
4 2.8 2.3-34

S 5.4 4.3-6.8

6 232 19.1-32.4
7 29.5 19.0-117.4
8 19.5 15.8—25.8
9 32.1 19.7-20S.5
10 33.8 24.6—96.8
rolipram* 0.2 0.2-0.2

“Positive control.

that compound 2 was inactive while 1 showed moderate
activity. We could not find a significant difference in the
binding interaction between compounds 3, and 4 and §;
however, we presume that the relatively large and stretched
skeleton could render selaginpulvilins more highly selective for
PDE4D2. Unlike other active compounds, compound 6 did

1826

not display a close interaction with Phe372 but showed
interactions with other residues such as GIn210 and Cys358.
This suggests that there might be other residues affecting the
inhibitory activity against PDE4D2. Taken together, the high
number of favorable interactions and absence of unfavorable
interactions in 1, 3, 4, 5, 6, and 8 are responsible for their
binding affinities.

This study demonstrated that MS/MS molecular networking
is a promising tool for seeking natural molecules with a certain
scaffold of interest, even in the case where one does not have
any previously obtained derivative or reference spectrum.
Recent advances in computational MS/MS spectra annotation
tools allow for automated, massive dereplication for natural
product data sets, as shown in this study and other recent
studies.””*** 1t is anticipated that this next-generation MS/
MS data analysis workflow combined with public spectra
deposits will accelerate structure-based natural product
discovery in the scientific community. This approach led to
the isolation of 10 selaginellin derivatives from S. tamariscina.
Among them, selariscins A (1) and B (2) are the first naturally
occurring 1H,3H-dibenzo[deh]isochromene derivatives. The
MS/MS spectra of isolated compounds were deposited in the
publicly accessible GNPS spectral library. This will allow every
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Figure 4. Predicted binding modes of compounds 1 (A), 2 (B), 3 (C), and 4 (D) against human PDE4D2 derived from docking simulations.

natural product chemist to detect these compounds and
analogues. Moreover, the isolated compounds were evaluated
for their PDE4D2 inhibitory activity, and their binding modes
were suggested based on the molecular docking study. These
results will contribute to PDE4 inhibitor development based
on selaginellin scaffolds.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
measured on a JASCO P-2000 polarimeter (JASCO, Tokyo, Japan)
using a 1 cm cell at 20 °C using a sodium lamp (589 nm). ECD and
UV spectra were recorded on a Chirascan CD spectrometer (Applied
Photophysics, Surrey, UK). 1D and 2D NMR spectra were recorded
on a Bruker Avance III HD 800 MHz, 850 MHz, or Avance III 600
MHz spectrometer (Bruker, Billerica, MA, USA) equipped with a §
mm TCI cryoprobe. The measurement temperature was 290 K.
HRESIMS and MS/MS analyses were performed with a Waters
XEVO G2 Q-TOF MS (Waters MS Technologies, Manchester, UK),
which was equipped with an electrospray ionization (ESI) interface.
Column chromatography (CC) was performed with Zeoprep 60 silica
gel (60—200 um, Zeochem, Uetikon am See, Switzerland).
Preparative HPLC separations were performed using a Gilson 321
pump and a Gilson UV/vis-151 detector (Gilson Inc., Middleton, WI,
USA), equipped with an XBridge BEH C;3 OBD Prep column (19
mm X 250 mm, 5 ym, Waters, Wexford, Ireland) or a YMC Triart C,4
column (10 mm X 250 mm, S um, YMC, Kyoto, Japan). Extra-pure
grade solvents for extraction, fractionation, and isolation were
purchased from Daejung Chemical & Metal Co., Ltd. (Siheung,
Korea). HPLC grade water and MeCN were purchased from J.T.
Baker (Avantor, Phillipsburg, NJ, USA), and formic acid was acquired
from Sigma-Aldrich (St. Louis, MO, USA). Deuterated solvents for
NMR analysis were purchased from Cambridge Isotope Laboratories
(Cambridge, MA, USA).
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Plant Materials. The air-dried roots of S. tamariscina (P. Beauv.)
Spring were collected in Yeongcheon, Gyeongsangbuk-do, Korea
(GPSN 36°01'09”, E 128°5616'’), in June 201S5. The collected plant
samples were authenticated by Prof. Tae-Jin Yang (College of
Agricultural and Life Sciences, Seoul National University). A voucher
specimen (SUPH-1506-01) is deposited in the Herbarium of the
Medicinal Plant Garden, College of Pharmacy, Seoul National
University, Koyang, Korea.

MS/MS Molecular Networking. The total extract and fractions
were analyzed by LC—MS/MS equipped with a Waters Acquity
UPLC BEH Cg (100 mm X 2.1 mm, 1.7 um) column, of which the
temperature was maintained at 40 °C. Mixtures of H,O (A) and
MeCN (B) were eluted at the flow rate of 0.3 mL/min with a linear
gradient of 10—100% B (0—17 min). The samples (2 mg/mL total
extract, 1 mg/mL subfractions; 1.0 yL portions were injected) were
analyzed in data-dependent acquisition (DDA) mode: The full MS
survey scan was performed for 150 ms in the range of 100—2000 Da;
then the three most intense ions were further scanned for MS/MS
fragmentation spectra. The gradient of collision energy was set as 20
to 80 V. The MS/MS data were converted to the .mzXML format
with MS-Convert®® and then uploaded on the GNPS Web platform
(https: // gnps.ucsd.edu) for molecular networking. The MS/MS
molecular network was generated using the GNPS “Classic” molecular
networking workflow (METABOLOMICS-SNETS-V2), in which the
MS-Cluster®® is activated. Parameters for molecular network
generation were set as follows: precursor mass tolerance m/z 0.02
Da, MS/MS fragment ion tolerance m/z 0.02 Da, minimum cosine
score 0.7, minimum matched fragment ions 4, minimum cluster size 2,
network TopK 10. The spectral library matching was performed with
the same minimum cosine score and matched fragment ion number
filtering parameter. The generated molecular network was visualized
using Cytoscape 3.5.1. MetFrag in silico fragmentor analysis was
performed by using NAP workflow (https://proteomics2.ucsd.edu/
ProteoSAFe/?params={%22workflow%22:%22NAP_CCMS2%22}),

DOI: 10.1021/acs.jnatprod.9b00049
J. Nat. Prod. 2019, 82, 1820—1830


https://gnps.ucsd.edu
https://proteomics2.ucsd.edu/ProteoSAFe/?params={%22workflow%22:%22NAP_CCMS2%22}
https://proteomics2.ucsd.edu/ProteoSAFe/?params={%22workflow%22:%22NAP_CCMS2%22}
http://dx.doi.org/10.1021/acs.jnatprod.9b00049

Journal of Natural Products

in which candidate structures were searched with the exact mass filter
of S ppm from the structural databases of DNP, GNPS, and
SuperNatural. Raw MS/MS data were deposited in the MassIVE
Public GNPS data sets (https:/ /massive.ucsd.edu) with accession no.
MSV000083197. The MS/MS molecular network and NAP
annotation are accessible at the GNPS Web site with the following
links:
https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=
885c88d84d624f778fd8ca5aa968ce99
https://proteomics2.ucsd.edu/ProteoSAFe/status.jsp?task=
9e4fte2d0897413cb83600e1a8183aea

Extraction and lIsolation. Air-dried powder of the roots and
thizophores of S. tamariscina (8.4 kg) was extracted with 90% EtOH
(3 x 84 L, for 2 h each) using an ultrasonicator at room temperature.
A 366.2 g amount of crude extract was obtained after removing the
extraction solvent in vacuo. The extract was suspended in H,O and
successively partitioned to produce n-hexane (30.5 g), CHCI; (46.6
g), EtOAc (33.7 g), and n-BuOH extracts (18.8 g), respectively. The
EtOAc extract was subjected to silica gel CC using gradient mixtures
of CHCl; and MeOH (40:1 — 0:100) to afford 14 fractions (E1—
E14) by TLC analysis. E8 (1.57 g, eluted when the ratio of CHCl;—
MeOH was about 19:1) was separated using preparative HPLC
(Waters XBridge C,g column, MeCN—H,0, 36:64 — 100:0, v/v, 15
mL/min, 254 nm) to afford 3 (3.6 mg, t; 22.0 min) and seven
subfractions (E8a—E8g). E8f (113.4 mg) was further purified using
semipreparative HPLC (YMC Triart C,g column, MeOH-H,O,
67:33, 3.5 mL/min, 254 nm) to yield 1 (1.2 mg, t 15.1 min), 8 (3.6
mg, ty 12.9 min), and 14 (2.7 mg, ty 13.8 min). E8g (21.8 mg) was
separated by semipreparative HPLC (YMC Triart C,g column,
MeOH—-H,0, 60:40, 3.0 mL/min, 254 nm) to give 2 (2.0 mg, t; 43.8
min), 4 (5.5 mg, t 26.1 min), and 15 (2,1 mg, t; 34.5 min). E9
(324.9 mg) was separated using preparative HPLC (Waters XBridge
C,5 column, CH;CN—H,0, 36:64 — 100:0, 15 mL/min, 254 nm) to
afford 11 (42.5 mg, t; 7.3 min) and 12 (3.4 mg, tz 9.0 min). E11
(494.2 mg) was separated using preparative HPLC (Waters XBridge
C,g column, MeCN—H,0, 40:60 — 100:0, 12 mL/min, 254 nm) to
afford 1S subfractions (Ella—Ello). Ellc (73.2 mg) was further
purified on semipreparative HPLC (YMC Triart C;g column,
MeCN-H,0, 38:62, 3.0 mL/min, 254 nm) to yield 7 (1.9 mg, tx
31.5 min) and 13 (2.6 mg f 35.0 min). Ellg (412 mg) was
separated by semipreparative HPLC (YMC Triart C,;g column,
MeOH—-H,0, 68:32, 4.0 mL/min, 254 nm) to give 9 (2.7 mg, t; 10.2
min). E11h (12.9 mg) was separated by semipreparative HPLC
(YMC Triart C,;g column, MeOH—H,0, 70:30 — 80:20, 4.0 mL/
min, 254 nm) to give 6 (4.0 mg, t; 8.0 min). E11j (12.9 mg) was
separated by semipreparative HPLC (YMC Triart C,g column,
MeOH—-H,0, 75:25, 4.0 mL/min, 254 nm) to give § (1.7 mg, ty 9.1
min) and 10 (1.1 mg, t; 12.9 min).

Selariscin A (1): yellow oil; [a]3 +6 (c 0.8, MeOH); UV (MeOH)
Amax (log €) 283 (4.42), 377 (3.40), 428 (3.47) nm; ECD (MeOH)
Amax (A€) 237 (=1.9), 251 (12.5), 288 (—18.8), 346 (1.6) nm; 'H
and 3C NMR, see Table 1; HRESIMS m/z 553.1666 [M — H]~
(caled for C3H,O4, 553.1656); the MS/MS spectrum is deposited in
the GNPS spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumlID =
CCMSLIB00004722188#%7B%7D.

Selariscin B (2): yellow oil; [a]¥ +6 (¢ 1.0, MeOH); UV (MeOH)
Amax (log €) 231 (4.44), 283 (4.55), 382 (3.63), 435 (3.58) nm; ECD
(MeOH) 1, (Ae) 278 (—0.6), 308 (12.6) nm; 'H and *C NMR,
see Table 1; HRESIMS m/z 553.1667 [M — H]~ (caled for
C36H,s04 553.1656); the MS/MS spectrum is deposited in the
GNPS spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumlID =
CCMSLIB00004722189#%7B%7D.

Selaginpulvilin M (3): yellow oil; UV (MeOH) 4,,,, (log &) 286
(4.47), 300 (4.49) nm; 'H and *C NMR, see Tables 2 and 3;
HRESIMS m/z 523.1928 [M — H]~ (caled for CyH,,0,, 523.1914);
the MS/MS spectrum is deposited in the GNPS spectral library,
https://gnps.ucsd.edu/ProteoSAFe/gnpslibraryspectrum.
jsp2SpectrumID=CCMSLIB00004722186#%7B%7D.
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Selaginpulvilin N (4): yellow oil; UV (MeOH) A,,, (log £) 301
(4.32) nm; 'H and '3C NMR, see Tables 2 and 3; HRESIMS m/z
5532017 [M — H]™ (caled for CyH,y05 553.2020); the MS/MS
spectrum is deposited in the GNPS spectral library, https://gnps.ucsd.
edu/ProteoSAFe/gnpslibraryspectrum.jsp?SpectrumID=
CCMSLIB00004722187#%7B%7D.

Selaginpulvilin O (5): yellow oil; UV (MeOH) A,,, (log &) 289
(4.21), 300 (4.21) nm; 'H and *C NMR, see Tables 2 and 3;
HRESIMS m/z 539.1848 [M — H]~ (calcd for C;4H,,0s, 539.1863);
the MS/MS spectrum is deposited in the GNPS spectral library,
https://gnps.ucsd.edu/ProteoSAFe/gnpslibraryspectrum.
jsp2SpectrumID=CCMSLIB00004722196#%7B%7D.

Selaginpulvilin P (6): yellow oil; UV (MeOH) 4,,,, (log €) 290
(4.01), 298 (4.05) nm; 'H and *C NMR, see Tables 2 and 3;
HRESIMS m/z 525.1694 [M — H]~ (caled for CyH,;0s, 525.1707);
the MS/MS spectrum is deposited in the GNPS spectral library,
https://gnps.ucsd.edu/ProteoSAFe/gnpslibraryspectrum.
jsp2SpectrumID=CCMSLIB00004722191#%7B%7D.

Selaginpulvilin Q (7): yellow oil; UV (MeOH) A, (log &) 289
(4.06) nm; 'H and 3C NMR, see Tables 2 and 3; HRESIMS m/z
541.1656 [M — H]~ (caled for C;5H,s04, 541.1656); the MS/MS
spectrum is deposited in the GNPS spectral library, https://gnps.ucsd.
edu/ProteoSAFe/gnpslibraryspectrum.jsp?SpectrumID=
CCMSLIB00004722190#%7B%7D.

Selaginpulvilin R (8): yellow oil; [a]¥ —3.5 (¢ 1.0, MeOH); UV
(MeOH) A, (log €) 287 (4.57), 300 (4.58) nm; ECD (MeOH) A,
(A€) 244 (1.4), 281 (33.2), 301 (32.8), 322 (6.9) nm; 'H and BC
NMR, see Tables 2 and 3; HRESIMS m/z 509.1754 [M — H]~ (calcd
for C4sH,50,, 509.1758); the MS/MS spectrum is deposited in the
GNPS spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumlID =
CCMSLIB00004722194#%7B%7D.

Selaginpulvilin 'S (9): yellow oil; [@]® —52 (¢ 1.0, MeOH); UV
(MeOH) A, (log €) 286 (4.25), 298 (4.23) nm; ECD (MeOH) A,
(A€) 255 (—8.6), 282 (10.1), 292 (3.2), 302 (—0.3) nm; 'H and “C
NMR, see Tables 2 and 3; HRESIMS m/z 525.1707 [M — H]~ (calcd
for C4sH,505, 525.1707); the MS/MS spectrum is deposited in the
GNPS spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumlID =
CCMSLIB00004722192#%7B%7D.

Selaginpulvilin T (10): yellow oil; [a]® +281 (¢ 1.0, MeOH); UV
(MeOH) A, (log €) 290 (4.29), 300 (4.28) nm; ECD (MeOH) Ay,
(Ae) 252 (1.3), 266 (4.3), 284 (=3.5), 292 (—=2.1), 300 (—4.4) nm;
'H and *C NMR, see Tables 2 and 3; HRESIMS m/z 539.1866 [M
— H]™ (caled for C36H,,0s, 539.1863); the MS/MS spectrum is
deposited in the GNPS spectral library, https://gnps.ucsd.edu/
ProteoSAFe/gnpslibraryspectrum.jsp?SpectrumID=
CCMSLIB00004722193#%7B%7D.

Selaginellin (11): yellow oil; UV (MeOH) 4,,,, (log &) 206 (4.63),
267 (4.47), 301 (4.49), 434 (4.26) nm; 'H and *C NMR, see Table
S1 (Supporting Information); HRESIMS m/z 511.1544 [M — H]~
(caled for C34H,;05, 511.1550); the MS/MS spectrum is deposited in
the GNPS spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumlID =
CCMSLIB00004684197#%7B%7D.

Selaginpulvilin A (12): yellow oil; UV (MeOH) 4,,,, (log €) 204
(4.60), 289 (4.34), 300 (4.35) nm; 'H and *C NMR, see Table S2
(Supporting Information); HRESIMS m/z S$11.1544 [M — H]~
(caled for C4,H,305, 511.1550); the MS/MS spectrum is deposited
in the GNPS spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumlID =
CCMSLIB00004722195#%7B%7D.

Selaginpulvilin | (13): yellow oil; UV (MeOH) 4,,,, (log £) 285
(4.09) nm; 'H and 3C NMR, see Table S1; HRESIMS m/z 497.1402
[M — H]™ (caled for C43H,, 04, 497.1394); the MS/MS spectrum is
deposited in the GNPS spectral library, https://gnps.ucsd.edu/
ProteoSAFe/gnpslibraryspectrum.jsp?SpectrumID=
CCMSLIB00004722197#%7B%7D.

Selaginpulvilin K (14): yellow oil; UV (MeOH) 4,,,, (log €) 206
(4.67), 317 (4.37), 358 (4.28) nm; 'H and *C NMR, see Table S2
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(Supporting Information); HRESIMS m/z $37.1693 [M — H]~
(caled for CygH,505, 537.1707); the MS/MS spectrum is deposited
in the GNPS spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumlID =
CCMSLIB00004722185#%7B%7D.

Selaginpulvilin L (15): yellow oil; UV (MeOH) A, (log £) 207
(4.64), 286 (4.44), 299 (4.44) nm; 'H and *C NMR, see Table S2
(Supporting Information); HRESIMS m/z 509.1743 [M — H]~
(caled for CyH,50,, 509.1758); the MS/MS spectrum is deposited
in the GNPS spectral library, https://gnps.ucsd.edu/ProteoSAFe/
gnpslibraryspectrum.jsp?SpectrumlID =
CCMSLIB00004722198#%7B%7D.

Computation of ECD Data. For the analysis of the absolute
configurations of C-1 in 1, C-3 in 2, and C-9 in 8—10, conformational
searches were performed using MMFF94s in Conflex 7 with an energy
cutoft of 10.0 kcal/mol. Ground-state geometry optimization for the
conformers was carried out by the def-SV(P) basis set for all atoms,
B3LYP functional, and density functional theory (DFT) using
TmoleX 3.4 and Turbomole (COSMOLogic GmbH, Leverkusen,
Germany). After optimization, conformers with a Boltzmann
distribution over 1% were chosen, and their ECD spectra were
calculated with time-dependent DFT (TDDFT) at the B3LYP/def-
SV(P) level. The individual ECD spectra were simulated by the
SpecDis v.1.70.1 program by applying a Gaussian band shape with a
sigma/gamma value of 0.16 eV for 1 and 2 and 0.30 eV for 8—10 for
oscillator strengths and dipole-velocity rotational strengths, respec-
tively. The predicted ECD spectrum was obtained using a Boltzmann
population-weighted average and was plotted with Gnuplot v.5.2.

Enzymatic Assay of PDE4D2 Inhibition. The IMAP TR-FRET
phosphodiesterase evaluation assay kit (Molecular Devices) was used
to determine PDE4D2 inhibitory activity. PDE4D2 was obtained
from BPS Bioscience (San Diego, CA, USA). The assays were
conducted in black 96-well U-bottom plates. The manufacturer’s
instructions were followed during the assay. Briefly, PDE4D2 (5.0 pg/
UL, 20 uL) was dispensed in IMAP assay buffer consisting of 10 mM
Tris, pH 7.2, 10 mM MgCl,, 0.05% NaNj, 1 mM dithiothreitol, and
0.1% phosphate-free bovine serum albumin as the carrier. Plates were
preincubated for 30 min at room temperature with test compounds or
vehicle control (5 uL) before addition of 25 uL of substrate, which
resulted in 200 nM FAM-cAMP in the reaction. The enzymatic
reactions were allowed to proceed at room temperature for 60 min.
The assay was terminated by adding 100 yL of IMAP-binding reagent
Tb complex to each well. The plates were additionally incubated for
60 min at room temperature with gentle shaking. Finally the
fluorescence intensity (FI) was measured by a SpectraMax MS
microplate reader using SoftMax Pro$ software (Molecular Devices,
CA, USA). The FI was measured according to the manufacturer’s
recommendations using a SpectraMax MS microplate reader. Curve
fitting and ICy, values were determined with a four-parameter
nonlinear regression using GraphPad Prism v7.0 (GraphPad Software
Inc.). The experiments were performed for three independent
replicates. Rolipram (Tokyo Chemical Industry, Tokyo, Japan) was
used as a positive control.

Molecular Docking Study. The docking studies were performed
with Accelrys Discovery Studio 2018 (BIOVIA, San Diego, CA,
USA). The crystal structure of the catalytic domain of human
PDE4D2 bound with selaginpulvlin K (RCSB Protein Data Bank
code: SWQA; https://www.rcsb.org) was applied for the docking
studies. The crystallographic water molecules were removed, but
those coordinated with the two metal ions Mg?* and Zn** were
retained in the structure. The CHARMM force field and the
Momany-Rone partial charge method was used to add hydrogens and
charges to the system. A neutral pH was hypothesized for the
protonation states of all ionizable residues in the systems. The active
site of PDE4D2 was defined using selaginpulvilin K as a reference
compound; then other active compounds were docked into the site by
using the CDOCKER protocol. The radius of the input site sphere
was set as 10 A from the center of the binding site, the pose cluster
radius was set to 1.5, and 50 random conformations were generated
for each ligand. Default values were used for other docking
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parameters. The interaction energies between the enzyme and
inhibitors were calculated with implicit distance-dependent dielectrics
using the Calculate Interaction Energy protocol.
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