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ABSTRACT : We report here the orchestration of molecular ion networking (MoIN)
and a set of computationally assisted structural elucidation approaches in the
discovery of a new class of 4,5-seco-abietane diterpenoids that possess anti-
inflammatory bioactivity targeting the pregnane X receptor (PXR). Rubescens A
represents the first in a new class of 4,5-seco-abietane diterpenoids, discovered from
Isodon. rubescens (I. rubescens). The molecule was discovered with the guidance of
molecular ion networking (MolIN) analysis and untargeted pull down experiment. The
structure was elucidated and determined using extensive spectroscopic analysis in
conjunction with computationally assisted quantifiable structure elucidation tools. In
the docking study, Rubescens A binds well to PXR, COX-2 and ATP binding domain

of some protein kinases involved in inflammatory pathways.

INTRODUCTION

The PXR, a master regulator of drug metabolism, has essential roles in intestinal
homeostasis and abrogating inflammation. Existing PXR ligands have substantial off
target toxicity!. There is still considerable effort required to identify improved PXR
legends.

Natural products have provided a diversity of valuable drugs because of complex
structure and a wide range of promising bioactivities. It has been estimated that up to
50% of all present day therapeutics are derived from natural products?. I. rubescens in
Chinese folk medicine is mainly rich diversity diterpenoids and has long history to

treat jaundice hepatitis, acute cholecystitis, enteritis, and other inflammtory intestinal

https://doi.org/10.26434/chemrxiv-2023-nzcw8 ORCID: https://orcid.org/0009-0007-6507-0287 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-nzcw8
https://orcid.org/0009-0007-6507-0287
https://creativecommons.org/licenses/by-nc-nd/4.0/

inflammation®. Diterpenoid natural products cover a vast chemical diversity and
include many medicinally and industrially relevant compounds®. Continuing our
research towards the identification of new bioactive 4,5-seco-abietane diterpenoids, I.
rubescens was phytochemically investigated.

Identification of new molecules with clear target early in the workflow was achieved
by MoIN and untargeted LC/MS pull down experiment. LC/MS pull down
experiment enables discover the compounds in the complex crude extract binding to
target. MolIN technology can visualize observed molecules with molecular weight, it
also shows the similarities as well as differences between two or more samples in
which similar entities within the network are clustered together while disparate or
unique entities are grouped separately®. With the application of these technologies, an
unrepoted PXR binding diterpenoid was discovered.

X-ray diffraction is golden standard for unequivocal structural elucidation. When
well-ordered crystals are not available for x-ray analysis, NMR spectroscopy is the
most common structure-elucidation method. However, sometimes it is hard to
distinguish  isomers with similar spectra, alternative methods must be
used®. Computational approaches, in conjunction with spectroscopic methods, provide
a powerful and emerging method for the assignment of atom connectivity, relative
configuration, and absolute configuration of complex molecules. Electronic circular
dichroism (ECD) spectroscopy was applied here to determine the absolute
configurations of the natural products. The protocol presented here involves

orchestration of a number of computational methods in combination with
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spectroscopic analyses, leading to the discovery and establishment of the well-defined

structure for structurally novel natural products with clear binding target.

Computationally Assisted Discovery and Structural Elucidation.

Isolation of the novel chemical class was facilitated under the guidance of HPLC-
HRMS/MS (positive mode)-based MolIN. The organized landscape of the MoIN was
generated using Cytoscape (for details see Supporting Information) and showed
several 4,5-seco-abietane diterpenoids compounds (Figure 1). Combined with
untargeted pull down experiment which was applied to discover compounds binding
to the PXR in the crude extract, an unreported and PXR binding diterpenoid signal

(m/z 329.176) was discovered.
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Figure 1. Untargeted pull down experiment and whole MoIN map for ethanol extract

of 1. rubescens. Zoom out part for the diterpenoids of the whole MoIN map.

Compound 1 was obtained as yellow amorphous powder, and had a molecular
formula C20H2404 with nine degrees of unsaturation due to analysis of its positive ion
mode HR-ESI-MS (m/z 329.1753 [M+H]", calcd 329.1753, 351.1578 [M+Na]", calcd
351.1572) and the *C NMR data. The *H-NMR spectrum of 1 (Table 1) displayed
signals for five singlet methyls [on 1.77 (3H, s, H-16), 1.78 (3H, s, H-17), 1.47 (3H, s,

H-18), 1.62 (3H, s, H-19) and 2.51 (3H, s, H-20)], three aromatic protons [on 7.15
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(1H, d, J = 8.3 Hz, H-6), 7.52 (1H, d, J = 8.3 Hz, H-7) and 7.09 (1H, s, H-14)].The
13C NMR, DEPT and HSQC spectra exhibited 20 carbon signals, including five
methyls (oc 30.4, 30.4, 30.1, 28.7, 16.6), two methylene (dc 37.4, 37.1), three olefinic
methines (oc 129.7, 125.3, 112.1), and ten nonprotonated carbons (dc 141.8, 137.3,
133.7, 132.2, 129.5, 128.8, 123.3, 123.2, 85.5, 76.5). 2D NMR experiments (COSY,
HSQC, and HMBC) enabled the full assignments of all proton and carbon atoms. A
naphthalenyl moiety was initially proposed by comparing the aromatic region of the
13C NMR spectrum with the known natural product 15-hydroxysalprionin’.
Observation of the HMBCs from H-14 (on 7.09) to C-12 (dc 133.7) and C-11 (dc
141.8) permitted that C-12 and C-11 were oxidized. The HMBCs of H-16 (6w 1.77),
H-17 (dn 1.78), and H-14 (én 7.09) with C-15 (dc 76.5) and H-16 (o 1.77) to C-13
(oc 137.3) confirmed the 2-hydroxyisopropyl group was ascribed to C-13. The
HMBCs between the methyl at o4 2.51 and C-5 (dc 129.5) attached the methyl at C-5
position. Further analysis indicated an additional [5.5]- spiroketal skeleton in 1. The
COSY correlations of H-2 (dn 2.56, 2.72) with H-3 (on 2.12, 2.48) suggested C-2 (dc
37.4) was connected to C-3 (oc 37.4). HMBC correlations of H-18 (on 1.47), H-19 (oH
1.62) with C-4 (oc 85.5) attached the two methyls at C-4 position. C-3 is vicinal to C-
4 since H-2 (o 2.56, 2.72) displayed HMBC correlation with C-4 (6c 85.5). The 3C
NMR and DEPT date of C-1 (dc 123.2) indicated that two oxygen atoms connected to
C-1. Key HMBC correlations from the anomeric H-3 (on 2.56, 2.72) to C-1 (dc 123.2)
and H-2 (on 2.56, 2.72) to C-10 (oc 123.3) confirmed C-1 was connected to C-5.

According to the molecular weight and unsaturation, as well as the previous analysis,
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C-1 was connected to C-11 via an oxygen atom. By comparison of the calculated
spectra to the experimental spectra (Figure 3), the absolute configuration of 1 was

assigned as 1R.

Table 1. *H- and *C-NMR spectral data for 1 (in CDCl3). [

Position 1
oc OH
1 123.2
2 37.4 2.72 (M, 1H)
2.56 (M, 1H)
3 37.1 2.12 (m, 1H)
2.48 (m, 1H)

4 85.5
5 129.5
6 129.7 7.15 (d, J= 8.3 Hz)
7 125.3 7.52 (d, J= 8.3 Hz)
8 132.2
9 128.8

10 123.3

11 141.8

12 133.7

13 137.3

14 112.1 7.09 (s)

15 76.5

16 30.4 1.77 (s)

17 30.4 1.78 (s)

18 28.7 1.47 (s)

19 30.1 1.62 (s)

20 16.6 2.51 (s)

815 in ppm, J in Hz. *H-NMR: 600 MHz, *C-NMR: 150 MHz.
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Figure 2. 2D structure elucidation of 1.
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Figure 3. ECD and 3D structure elucidation of 1.
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Biosynthetic Pathway of 1

Structurally, compound 1 represents the first example of 4,5-seco-abietane
diterpenoids with an unprecedented [5.5]-spiroketal skeleton. 1 could be derived from
saproorthoquinone, a known seco-abietane diterpenoids co-occurred in Salvia.
prionitis®. The intermediate A derived from the oxidation of saprorthoquinone was
followed by reduction to get B. Subsequently, B underwent an intra-molecular
cyclization between the hydroxyl at C-11 and the ketone group at C-1 lead to a

hemiketal C by ketalation. Finally, C constructed spiroketal by further cyclization

between C-4 and C-1 to form 1.

Ketonization
----------- E

HO O

Figure 4. Proposed biosynthesis of 1.

Molecular Docking Study

The computational molecular docking study was employed to assess the interaction
between Rubescens A (1) and the PXR protein. Previous research has identified the

PXR binding domain, which is situated at the core of the PXR protein. This binding
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domain has the capability to bind various agonist compounds, ranging from larger
molecules like paclitaxel and rifampicin to smaller molecules such as estradiol and
oxadiazon (ref). Furthermore, the binding domain can be subdivided into four distinct
subpockets, each with its preferred binding ligand: subpocket 1 - a-zearalanol,
subpocket 2 - oxadiazon, subpocket 3 - pretilachlor, and subpocket 4 - estradiol
(Figure 5).° To evaluate its binding preferences and affinity, compound 1 was docked

separately into these subpockets.

Subpocket-3

J N

iy
Subpocket-1 ‘éf * ' Subpocket-4

‘i, by
\.‘. }
>

Subpocket-2

Figure 5. (A) The PXR protein structure and its corresponding binding domain; (B)
Subpocket 1-4 subdivisions within the binding domain; (C) Comparative binding
positions of Rubescens A (1) (-9.4 kcal/mol) and oxadiazon (orange; -9.8 kcal/mol) in
relation to a-zearalanol (blue; -10.7 kcal/mol), pretilachlor (red; -7.0 kcal/mol), and

estradiol (purple; 9.7 kcal/mol).
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Figure 6. Interaction of 1 and oxadizon with the amino acid residues within the PXR

binding domain.

The findings revealed that compound 1 exhibited a specific affinity for subpocket-2,
displaying the lowest binding affinity of -9.4 kcal/mol when bound to subpocket-2.
Interestingly, during the docking experiment in which 1 was intended to bind to
subpocket-4, it instead exhibited a very strong binding affinity to subpocket-2. By
closely analyzing the binding configurations of 1 and oxadiazon (the favored ligand
for subpocket-2), it was observed that 1 occupied a binding space similar to that of
oxadiazon. Both 1 and oxadiazon demonstrated -6 non-bonding interactions with
Phe288 and Trp299, which are located within the aromatic cage in the core of the
PXR protein. Additionally, they both exhibited m-alkyl interactions with Met243
(Figure 6). These residues, Phe288 and Trp299, are known to establish interactions

with the hydrophobic/aromatic components of the ligand and secure it within the
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binding domain.® Oxadiazon was proven to be a potent PXR agonist with EC50
values of 9.0E-07 +2.4E-07 uM. The observed similarities in binding preference and
ligand-protein interactions between compound 1 and oxadiazon suggest that 1

possesses a similar potential against PXR.

Table 2. In-silico binding affinity (kcal/mol).

Rubescens A ATP
PXR -94 -
COX-2 -9.9 -
TNF-a -8.1 -
kB -9.6 -7.9
P38 -9.2 -8.6
AKT -9 -9.2
PI3K 8.5 -1.7
JNK-1 -8.9 -8.6
JNK-2 -9.3 -7.6
MKK-4 -9.1 -9.5
MKK-7 -8.2 -7.5
JAK?2 8.5 7.7
STAT3 -6 -

Inflammatory responses can be triggered through various pathways, including the
NFkB pathway, AKT/PI3K pathway, JAK-STAT pathway, and MAPK pathway
(Figure S1).1% The molecular docking study focused on evaluating the key targets
of these pathways, which include COX-2, TNF-a, IxB, P38, AKT, PI3K, JNK-1,
JNK-2, MKK-4, MKK-7, JAK-2, and STAT-3 (Table 2). Activation of these
pathways leads to the expression of proinflammatory cytokines such as COX-2, TNF-
a, IL-6, and IL-1pB. In the molecular docking study, 1 was docked at the ligand
binding domains (LBD) of COX-2, TNF-a, and STAT-3. The results showed that 1
had weak binding to STAT-3, moderate binding to TNF-a, but exhibited strong

binding to COX-2. Upon examining the structure of 1, it was observed that it
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possesses a relatively small size, characterized by a planar naphtofuran moiety linked
to a spirofuran moiety. This structural configuration allows 1 to fit comfortably within
the tightly packed binding domain of COX-2 (Figure S2). The binding affinity of 1 is

comparable to the known COX-2 inhibitor (meloxicam) and better than aspirin.

IkB, P38, AKT, PI3K, JNK-1, JNK-2, MKK-4, MKK-7, and JAK-2 are ATP-
dependent protein kinases. 1 was docked at the ATP-binding domains of these kinases.
The results demonstrated that 1 bound comparably well at the ATP-binding domain at
these kinases (Table 2). The ATP-binding domain is known for its high conservation.
The results revealed that 1 displays favorable binding within the restricted crevice of
the ATP-binding domain (Figure S3). Additionally, the results suggest that 1 may
function as an anti-inflammatory inhibitor of these protein kinases, thereby inhibiting
the expression of proinflammatory cytokines and deactivating their downstream
activities. Within the spectrum of protein kinases, 1 demonstrated the highest affinity
for IkB (-9.3 kcal/mol), a key regulator preceding NF«xB activation. Inhibiting the
activity of IkB results in the attenuation of NF«B signaling, consequently leading to a
decrease in the expression of downstream cytokines. In a conclusion, the molecular
docking study provided valuable insights into the potential mechanisms of compound
1 in regulating inflammation, highlighting its potential as a PXR agonist, COX-2
inhibitor, and protein kinase inhibitor. The unique three-dimensional structure of 1,
characterized by a planar naphtofuran moiety linked to a spirofuran moiety, facilitates

its binding within the inner core or narrow groove of the protein targets. These
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findings contribute to a deeper understanding of the molecular interactions and

therapeutic potential of 1 in the context of inflammatory processes.
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