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Abstract

In this work, we describe the results of a computational investigation aimed at identifying potential
biological targets of honokiol, magnolol, and a series of synthetic prodrug derivatives obtained
through esterification of the free hydroxyl groups. The ligand-based and structure-based analyses
revealed that these compounds potentially interact with several biological targets, some of which
are known while others are new. Honokiol, magnolol and three of the newly synthesized derivatives
may bind to estrogen receptors ERa and ERp. Biological testing confirmed that these compounds
modulate estrogen-regulated transcriptional activity mediated by ERa or ERB with potencies in the
nanomolar range. In particular, magnolol and one of its derivatives (10) behaved as partial
antagonists of ERa and ERp, while compounds 8 and 11 behaved as partial agonists. These findings
validate the computational predictions and shed light on the mechanism of action of these natural

compounds, paving the way for further investigation in the context of targeted therapies.
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Polyphenols, a wide class of plant secondary metabolites, have garnered significant interest for their
potential protective functions in the maintenance of human health and diseases.! Among
polyphenols, hydroxylated biphenyls play a particularly pivotal role due to their distinctive
pharmacophore structure. Honokiol 1 (5,5’-diallyl-2,4’-dihydroxybiphenyl) and magnolol 2 (5,5’-
diallyl-2,2’-dihydroxybiphenyl) are hydroxylated biphenyls isolated from the root and stem bark of
Magnolia officinalis, a plant native to southeastern region of Asia, particularly in China and
Japan.>3 Asian Magnolia spp. are generally large deciduous trees that can reach a height of 30
meters. M. officinalis has been used extensively for thousands of years in Chinese and Japanese
medicine.* Magnolia bark extracts are often found in supplements and cosmetic products. Due to
the discovery of its multiple pharmacological activities, M. officinalis is also finding application in
modern clinical practice.* Honokiol (1) and magnolol (2) represent the main pharmacologically

active compounds of the bark.*>
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The unique pharmacophore structure of magnolol and honokiol, formed by two hydroxylated
aromatic rings bridged by a single C-C bond representative of the hydroxylated biphenyl structure,
has a crucial role in their biological activity.® Their pharmacological effects are associated with the
presence of the hydroxyl groups and the allyl chain in para position (for magnolol) and in the ortho
or para position (for honokiol) to the phenolic hydroxyl. These structural elements confer these
molecules peculiar biological activities, positioning them as potential candidates for the
development of new drugs targeting various diseases. These compounds have been associated with
many beneficial effects, including antioxidant and anti-inflammatory activities, as well as protective

effects on the cardiovascular system.”” Moreover, M. officinalis derivatives have been investigated
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for their potential as anti-neurodegenerative and antidepressant agents,” and for their utility in
treating glioblastoma multiforme.'® Additionally, honokiol and magnolol have been reported as
potential anticancer agents.” They were found to inhibit the transcription factor NF-kB,” suppress
STATS3 activity by acting on interleukin-6 (IL-6), which modulates its expression, and negatively
regulate EGFR signaling and phosphorylation.> These results point to a multi-target effect on
various factors involved in tumorigenesis. Magnolol, in particular, has been studied for its ability to
act on several human tumor diseases, including lung, prostate, breast, gallbladder, colon and
hepatocarcinoma cancers.!!~!7 Studies have shown that magnolol can arrest cell cycle progression,
inducing GO/G1 phase arrest in gallbladder cancer and G2/M phase arrest in breast cancer. In both
diseases, the outcome is the induction of apoptosis by activating the transcription factor p53 and the
intrinsic caspase-independent pathway.”-181°

However, while many beneficial activities have been reported for honokiol and magnolol, their
mechanisms of action are often unknown. Their low aqueous solubility has limited their widespread
clinical application, prompting the exploration of various strategies to address this issue. One such
approach involves encapsulating honokiol,?*?! or synthesizing magnolol and honokiol derivatives.?
However, these efforts have encountered obstacles associated with toxicity and drug interactions,
hindering their practical application in medical settings. To tackle these limitations, a prodrug
approach has been previously used by our group as a versatile strategy that involves transforming
the hydroxyl groups of magnolol 1 and honokiol 2 into butyryl or acetyl esters and methyl or
glucosyl ethers.??** These modifications aimed to enhance bioactivity by facilitating in vivo
biotransformation through chemical or enzymatic cleavage. Following this strategy, and thanks to
the presence of both the ester group and unmodified hydroxyl group in the structure of honokiol and
magnolol, the synthesized derivatives showed significant antitumor activity on hepatocarcinoma
cells, as well as antifungal effect on Fusarium isolates of clinical relevance.??2*

This study aims to conduct an in-depth investigation to highlight potential biological targets of

magnolol and/or honokiol. The goal is not only to highlight some of the already established effects,
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but also to unveil new therapeutic opportunities. A library of synthesized honokiol and magnolol
derivatives was also subjected to structure-based analyses on the identified top targets, in order to
expand the possibility of obtaining biologically active compounds.?*?* The computational analyses
identified estrogen receptors o (ERa) and B (ERp) as the top scoring targets, a finding that was
confirmed through experimental testing.

RESULTS and DISCUSSION

The aim of this study was to identify potential therapeutic targets of honokiol and magnolol, two
major natural products extracted from the bark of Magnolia officinalis.* We initially explored the
various known activities of these molecules through extensive literature reviews and ChEMBL data
mining.> This exploration yielded a list of already investigated targets. We then developed an in
silico workflow integrating both ligand- and structure-based methods. As mentioned earlier, the
integration of different methods in computational studies maximizes the advantages of each
approach, while mitigating their inherent limitations.”® Our workflow extensively leveraged
available data from public databases of therapeutic interest, including DrugBank
(https://go.drugbank.com/), Protein Data Bank (PDB, https://www.rcsb.org/), and ChEMBL
(https://www.ebi.ac.uk/chembl/).2>?7-28 The combined use of molecules extracted from databases of
different natures allowed us to cover a broader chemical space and gather more comprehensive

information about the targets.

Ligand-based analyses

We conducted ligand-based analyses by comparing the structures of honokiol and magnolol with
molecules extracted from the specified datasets. We downloaded, filtered, and prepared the
DrugBank, Protein Data Bank (PDB), and ChEMBL databases.?>?"-?® Given the heterogeneity of
data in ChEMBL, we filtered activity values by considering only high-confidence activity
annotations. This resulted in a subset of high-confidence ligands for comparison with honokiol and

magnolol.
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We performed both 2D (fingerprint-based) and 3D (shape-based) similarity estimations using our in
house Python scripts based on RDKit libraries and on the OpenEye toolkits, respectively.?*-3% This
approach aimed to consider various factors contributing to similarity, including connectivity (using
ECFP4 circular fingerprints), fragment composition (using MACCS fingerprints), and overlapping
shapes and atom types (3D similarity estimations with ROCS). Integrating 2D and 3D similarity
estimations in a single workflow improves the accuracy of predictions.?¢

Natural products possess unique structural features that may significantly differ from those of
typical drug discovery scaffolds,’ so we decided to apply less restrictive similarity thresholds
compared to those commonly used in small-molecule drug design. The filtered similarity results
were analyzed using specifically designed KNIME workflows,* linking target information reported
in the respective source databases. This allowed us to group results by target UniProt
(https://www.uniprot.org/) identification codes and to obtain a list of biological targets associated
with compounds similar to honokiol and magnolol.3* The accuracy of the predictions increases
when the identified targets result from molecules in drug or drug candidate datasets (DrugBank),
crystallographic complexes (PDB), or are associated with high-confidence activity data
(ChEMBL).2327:28 'We prioritized targets that showed consensus from different databases and
different methods of analysis. Priority was also given to targets identified through both 2D and 3D
analyses. We also focused on the analysis of ChEMBL activity data, assessing the number of active
and inactive compounds at the 10 pM activity threshold. We considered the difference between the
number of active and inactive compounds as a useful indicator. For example, if one target had 15
associated activity data, with 5 active and 10 inactive, while another target had 14 associated
activity data, all below the 10 uM threshold, then the second target would have priority over the
first.

Table 1 reports the biological targets of honokiol and magnolol as identified from consensus of 2D
and 3D similarity screenings and occurrence in at least two of the three analyzed databases. Results

were sorted based on the difference in active and inactive molecules at the 10 uM threshold.

ACS Paragon PﬁJs Environment



Page 7 of 29 Submitted to Journal of Natural Products
1
2
2 Estrogen Receptor B is the top target for honokiol (Table 1), with 9 molecules from ChEMBL and 6
Z molecules from DrugBank above the similarity thresholds. Of the 9 molecules in ChEMBL, 5
7
8 molecules were active at a concentration below 100 nM, and one below 20 nM. Estrogen Receptor
9
10 o was also identified from all three investigated databases. Regarding ERo, the 7 molecules
11
:g emerging from ChEMBL include 3 with activity data below 100 nM, and one data point below 20
14
15 nM (CHEMBL370037). Both isoforms of ER were also identified for magnolol, along with related
16
17 Androgen and Progesterone Receptors. The screening identified a number of receptors already
18
;g known to be targeted by honokiol and/or magnolol. Cannabinoid receptor isoforms CB1 and CB2
21 . . .. c -
2 were identified for both molecules, and Retinoid X receptor a for magnolol, validating our
23
24 approach.?
25
26
27 . . . . .
28 Table 1. List of biological targets resulting from molecules in common between 3D and 2D
29 similarity analyses, present in at least two of the three analyzed databases.
30 N° of active ° o
31 Target Target Target Known  ChEMBL mols Dr1: l;);nk ll\iD(];f
32 UniProt ID UniProt Name Organism activity  (N° of inactive g
mols mols

33 mols)
34 Honokiol
22 Q92731 Estrogen receptor 3 Homo sapiens &(1) 6 0
37 P34972 Cannabinoid CB2 Homo sapiens Yes 73) 1 0
38 receptor
39 P10275 Androgen Receptor Homo sapiens 2(0) 2 0
40 P10635 Cytochrome P450 2D6  Homo sapiens 2 (0) 1 0
41 P02766 Transthyretin Homo sapiens 1(0) 0 3
42 P03372 Estrogen receptor o Homo sapiens 4(3) 3 2
43 P21554 Cannabinoid CB1 Homo sapiens Yes 33 1 0
44 receptor
45 ,
e P56817 B -secretase 1 Homo sapiens 1(2) 1 0
47 Magnolol
48 P34972 Cannabinoid CB2 Homo sapiens Yes 7(2) 1 0
49 receptor
50 P10275 Androgen Receptor Homo sapiens 4 (0) 3 0
51 P05177 Cytochrome P450 1A2  Homo sapiens 1(0) 1 0
52 P06401 Progesterone receptor ~ Homo sapiens 1(0) 1 0
53 P10635 Cytochrome P450 2D6 ~ Homo sapiens 1(0) 1 0
54 P14174 Macrophage migration  Homo sapiens 1(0) 0 1
55 inhibitory factor
56 P35354 Cyclooxygenase-2 Homo sapiens Yes 1(0) 2 0
57 P03372 Estrogen receptor Homo sapiens 1(1) 3 0
o P21554 Cannabinoid CBI ~ Homo sapiens ~ Yes 303) 1 0
60 receptor

Q92731 Estrogen receptor 3 Homo sapiens 1(1) 2 0
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P19793
P56817

Retinoid X receptor « Homo sapiens Yes 0(1) 0 5

—
(=]

p -secretase 1 Homo sapiens 0(2)

To further enrich the analysis, we examined which targets resulted from the union of 2D- and 3D-
based similarity results, as opposed to the intersection discussed above. Tables 2 and 3 report the
top 30 targets resulting from either 2D or 3D analyses on at least two of the three investigated
databases for honokiol and magnolol, respectively. For honokiol, broadening the analysis yielded
similar results, with ERP and ERa ranking first and second, respectively. For magnolol, many of the
targets identified by either 2D or 3D methods were the same as those in the consensus analysis. The
known targets CB2 and CB1 were consistently positioned on the top, providing further validation

for the reliability of the applied screening method.

Table 2. First 30 targets from 3D-2D comparison analysis of honokiol, with target identifiers and
the number of molecules emerging from at least 2 of the 3 databases. The number in parentheses in
the column “N° of active ChREMBL mol” indicates the number of molecules active at the 10 pM
threshold.

N° of active

Page 8 of 29

o (]
Ta.rget Target Target ChEMBL mols N® of N® of
UniProt . . . . DrugBan PDB
UniProt Name Organism (N° of inactive
ID k mols mols
mols)
Q92731 Estrogen receptor 8 Homo sapiens 66 (13) 12 1
P03372 Estrogen receptor a Homo sapiens 55(22) 16 49
P12931 Tyrosine-protein kinase SRC Homo sapiens 34 (3) 5 0
P48736 PI3-kinase p110-gamma subunit Homo sapiens 29 (2) 4 2
P10275 Androgen Receptor Homo sapiens 40 (18) 6 2
P08631 Tyrosine-protein kinase HCK Homo sapiens 21 (2) 2 3
P00918 Carbonic anhydrase 11 Homo sapiens 19 (3) 0 3
P11511 Cytochrome P450 19A1 Homo sapiens 32 (16) 1 0
P25774 Cathepsin S Homo sapiens 11 (0) 1 3
096017 Serme/threong;lek—grotem kinase Homo sapiens 14 (4) 0 1
P00519 Tyrosine-protein kinase ABL Homo sapiens 19 (9) 1 0
P14061 Estradiol 17- 5 -dehydrogenase 1 Homo sapiens 10 (0) 0 2
P27338 Monoamine oxidase B Homo sapiens 21 (11) 2 0
P14902 Indoleamine 2,3-dioxygenase Homo sapiens 15(7) 1 3
P11309 Serme/threonlgl&[l)rotem kinase Homo sapiens 11 (4) 3 4
Aldo-keto reductase family 1 .
Q04828 member C1 Homo sapiens 7 (0) 0 1
P00523 Tyrosine-protein kinase SRC Gallus gallus 6 (0) 0 7
P14174 Macrophage migration inhibitory Homo sapiens 20 (14) 3 12
factor
P28845 11- B -hydroxysteroid dehydrogenase =~ Homo sapiens 6 (0) 1 4
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P06401
P21964
P34972

Q13126
P07900

POAT725
P31645
075762

P02766
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1
Cytochrome P450 2C19
Progesterone receptor
Catechol O-methyltransferase
Cannabinoid CB2 receptor
S-methyl-5-thioadenosine
phosphorylase

Heat shock protein HSP 90- o
UDP-3-O-acyl-GlcNAc deacetylase

Serotonin transporter
Transient receptor potential cation
channel subfamily A member 1
Transthyretin
Adenosine A3 receptor

Homo sapiens
Homo sapiens
Homo sapiens
Homo sapiens

Homo sapiens

Homo sapiens

Escherichia
coli K-12
Homo sapiens

Homo sapiens

Homo sapiens
Homo sapiens

13 (7)
11 (6)
7(2)
94)

5(0)
9(5)
4 (0)
8(4)
3(0)

4
5(2)

—_—0 N =

N

—_ o W ok O
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Table 3. First 30 targets from 3D-2D comparison analysis of magnolol, with target identifiers and
the number of molecules emerging from at least 2 of the 3 databases. The number in parentheses in
the column “N° of active ChEMBL mols” indicates the number of molecules active at the 10 pM

threshold.
Target Tareet UniProt N° of active ChEMBL N° of N° of
UniProt g Target Organism mols (N° of inactive DrugBank PDB
Name
ID mols) mols mols
P10275 Androgen Receptor Homo sapiens 13 (1) 4 0
p3497p ~ Cannabinoid CB2 Homo sapiens 12 (5) 1 0
receptor
07900 Heat shock protein ) 104 10
P07 HSP 90- Homo sapiens 4) 5
P21554 Cannabinoid CB1 Homo sapiens 84) 1 0
receptor
P35354 Cyclooxygenase-2 Homo sapiens 2 (0) 7 0
P06401 Progesterone Homo sapiens 3(1) 2 0
receptor
Serine/threonine- .
P11309 protein kinase PIM 1 Homo sapiens 4(2) 1 1
Serotonin la (5- .
P08908 HTla) receptor Homo sapiens 4(2) 1 0
P13922 Dihydrofolate Plasmodium falciparum 2(0) 1 0
reductase Kl
P29274 Adenosine A2a Homo sapiens 2(0) 1 0
receptor
Q16539  MAP kinase p38 a Homo sapiens 3(1) 1 0
P23219 Cyclooxygenase-1 Homo sapiens 1 (0) 7 0
POWGR] Enoyl—.[acyl—camer— Mycobacterzym 1(0) ) 4
protein] reductase tuberculosis
P68400 Casein kinase II a Homo sapiens 1(0) 0 5
P0838 Heat shock protein " ) Lo | 3
HSP 90- B omo sapiens (0)
Sodium channel
Q99250 protein type I « Homo sapiens 1(0) 3 0
subunit
pl4gpy ~[ndoleamine 2,3- Homo sapiens 10 (9) 1 1
dioxygenase
P30542 Adenosine Al Homo sapiens 3(2) 2 0
receptor
Sodium channel
Q15858 protein type IX « Homo sapiens 1(0) 2 0
subunit
Sodium channel
QINY46  protein type Il a Homo sapiens 1(0) 2 0
subunit
Ol4746  lclomerase reverse Homo sapiens 1(0) 1 0
transcriptase
posol3 A -2aadrenergic Homo sapiens 1(0) 1 0
receptor
POAEK4 ~ Lroyllacyl-carrier b o hia coli K-12 2(1) 1 0
protein] reductase
P16152 Carbonyl reductase Homo sapiens 1(0) 1 0

[NADPH] 1
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1
2
3 P35372  Mu opioid receptor Homo sapiens 1 (0) 1 0
4 Enoyl-[acyl-carrier- Staphylococcus aureus
> Q6GI75 yrlacy subsp. aureus 1(0) 1 0
6 protein] reductase MRSA252
; Qoyare ~ G-protein coupled Homo sapiens 1(0) 1 0
9 receptor 55 P
10 P03372  Estrogen receptor o Homo sapiens 1(1) 4 0
11 Q92731  Estrogen receptor 3 Homo sapiens 1(1) 5 0
12 C
ytochrome P450

12 PO177 1A2 Homo sapiens 1(1) 1 0
15
16 . . . . .
17 We conducted a more in-depth analysis of the results obtained for the most promising targets, ERa
18
19 and ERp. Table 4 presents the first 20 compounds from ChEMBL with reported activity on ERa
20
;; and/or ERf, which were found to be similar to honokiol. These compounds are ordered according
23 . . . D
24 to their TanimotoCombo score. Standing on the reported bioactivity data, some of these compounds
25
26 are inactive at the 10 uM threshold, while others are well below the threshold, with several values
27
;g falling in the high nanomolar range.
30
31 Table 4. 3D and 2D similarity scores of honokiol and magnolol with respect to ChEMBL,
32 e, .. .
33 DrugBank and PDB compounds. Selected top molecules exhibiting activity against estrogen
34 receptor o and B are reported.
35 Tanimoto Shape Standard Standard Target
36 Molecule ID Combo  Tanimoto MACCSfp ECFP4ip Type Value (nM) Name
;73 Honokiol
39 CHEMBL258509 1.331 0.831 ICso 2100 ERS
2‘1) CHEMBL71271 1302 0.749 ECso 4130 ERa
42 CHEMBL71271 1.302 0.749 ECso 894 ERS
Zi CHEMBL4171348  1.292 0.779 ICs 32,500 ER a
45 CHEMBL4173755  1.289 0.777 ICs 55,300 ER a
2? CHEMBL406630 1.28 0.78 ICso 3100 ERS
48 CHEMBL261781 1.271 0.771 ICs 1200 ER
49 CHEMBL4166909  1.269 0.787 ICs 7980 ER a
50
51 CHEMBL459008 1.265 0.753 ICso 1420 ERa
52 CHEMBL258553 1.262 0.767 0.652 0.17 ICs 1800 ER S
53 Magnolol
54
55 CHEMBL2382126 1.441 0.895 0.714 0.455 ECs 48360 ER a
g? CHEMBL2382126  1.441 0.895 0.714 0.455 ECso 49210 ERS
58 DB01428 1.139 0.694 0.577 0.152 ERS
Zg DB11064 1.185 0.692 ER o

CHEMBL496 1.124 0.595 0.68 0.162 ICs 2161.56 ER a
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CHEMBL496 1.124 0.595 0.68 0.162 ICso 98.27 ER B
DB09086 1.064 0.633 0.667 0.594 ER
DB09086 1.064 0.633 0.667 0.594 ERf
DB06937 1.032 0.745 ER B

We then proceeded to visually evaluate the alignments of the top three compounds obtained from
3D ROCS.3*% Figures 1 and 2 show the best superposition of ROCS-generated conformers of
honokiol and magnolol (i.e., panel A, in gray of the figures) with three top-scoring compounds from
the screening (i.e., panels B-D of the figures), respectively.3>3¢ In the case of honokiol (Figure 1),
all three compounds exhibit an excellent overlap of the p-hydroxyl group of honokiol with a
hydroxyl group of the matched ChEMBL ligands. Two of the compounds (i.e., CHEMBL258509
and CHEMBL4171348 in panels B and D, respectively) feature a hydrophobic methyl substituent in
ortho position relative to the hydroxyl, which matches with the allyl group of the honokiol A ring. It
is noteworthy that both CHEMBL258509 and CHEMBL71271 (i.e., panels B and C, respectively)
are reported to be active at the 10 uM threshold, while CHEMBL4171348 (i.e., panel D) is reported
as inactive. Given that compound CHEMBL4171348 lacks a second aromatic ring, present in
honokiol, we can conclude that this feature is likely to be important for ER activity.
CHEMBL71271 (i.e., panel C) is reported on ChEMBL to be a selective ER3 modulator, exhibiting
a 5-fold difference in activity compared to ERa. The compound presents an H-bond donor that
aligns well with the second hydroxyl group of honokiol. In summary, this information supports the
hypothesis that the investigated natural products may possess the ability to modulate the estrogen

receptors.
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CHEMBL71271

= K - Y@ /-\2_‘
o

CHEMBL4171348

Figure 1. Panel A: 3D shape of honokiol. Panels B-D: 2D structures and 3D ROCS
superimposition of honokiol (light grey) with the three top scoring compounds (light blue, pink and
yellow, respectively).

A) B)

CHEMBL2382126

)

C

DB01428
Cl

D) » O cl

Cl

Cl
CHEMBLA49%6

Figure 2. Panel A: 3D shape of magnolol. Panels B-D: 2D structure and 3D ROCS superimposition
of magnolol (light grey) with the three top scoring compounds (yellow, blue and light blue,
respectively).
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Structure-based analyses

We assessed the steric and electrostatic complementarity of honokiol and magnolol with ERa and
ERp ligand binding domains. We performed molecular docking using the Glide software from the
Schrodinger suite 2020-2 after selecting suitable crystallographic structures from the Protein Data
Bank.3” We selected the following structures: i) the crystal structure of ERa in complex with ligand
15Q as a representative of ERa in the active conformation (PDB ID: 4IWF).3® This structure was
selected because ligand 15Q appeared to be the most similar to honokiol among all PDB ligands
(TanimotoCombo value of 1.2); ii) the crystal structure of ERa in complex with 4-OH-tamoxifen as
a representative of ERa in the inactive conformation (PDB ID: 3ERT; PDB HET ID: OHT); iii)
the crystal structure of ERp with THC or (R,R)-5,11-cis-diethyl-5,6,11,12-tetrahydrochrysene-2,8-
diol as a representative of ERp in the inactive conformation (PDB ID: 1L2J; PDB HET ID: ETC).4
We selected a single representative crystallographic complex for ERp, as recent molecular
dynamics studies have shown that the “canonical” active conformation of H12 in ER is less stable
than the same conformation in ERa.*!

The rigid docking of honokiol and magnolol in both the active and inactive conformations of ERa
did not yield poses where the crucial hydrogen bonds between the hydroxyl group of the
compounds and Glu353, Arg394, and the water molecule of ERa were present (Figure 3, panels A
and B). In contrast, docking honokiol and magnolol in the ERf site (Figure 3, panel C) revealed the
desired hydrogen bonds. Both molecules were able to form a hydrogen bond between Glu305 and
one of the two hydroxyls, while the other hydroxyl was engaged in an additional interaction with

the backbone of Leu298 (magnolol) and the side chain of Thr299 (honokiol).
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29 Figure 3. Docking poses of magnolol (upper figure) and honokiol (lower figure) resulting from
30 rigid docking calculations. Panel A: ERa in the active conformation (PDB ID: 4IWF). Panel B:
31 ERa in the inactive conformation (PDB ID: 3ERT). Panel C: ERJ in the inactive conformation
32 (PDB ID: 1L2J).

36 Based on these results, we decided to conduct further investigations on ERP by using the Induced
Fit Docking (IFD) protocol to account for binding site flexibility.*> These calculations included a
41 library of 12 synthetic derivatives of honokiol and magnolol (3-14), in order to expand the

43 possibility of obtaining biologically active compounds.
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The binding modes of honokiol and magnolol obtained with IFD into the ERP structure were

consistent with those previously obtained through rigid docking (Figure 4). These results further

support the notion that the compounds can bind estrogen receptor B by establishing the required

hydrogen bonds.

ACS Paragon P]fgs Environment



Page 17 of 29 Submitted to Journal of Natural Products

oNOYTULT D WN =

\

Glu305

*ﬁ_\t

Arg346 |
- o

+ Thr299

l .nm 154 KAty

Arg346 % |

S
W ‘
) Y

Figure 4. Induced fit docking poses obtained for magnolol (panel A) and honokiol (panel B) in
ERP (PDB ID: 1L2J). Hydrogen bonds are depicted as dashed black lines.

Some of the synthetic derivatives also exhibited favorable interactions with residues of the catalytic
triad, particularly compounds 8, 10 and 11 (Figure S1, panels C-E and Table S1). In particular, the
hydroxyl group of 8 was predicted to H-bond to Glu305, while the allyl moieties were engaged in a
series of hydrophobic interactions with the side chains of Leu 301, Ala302, Leu339, Met340, and
Leu343. Compound 10 could bind ERB by accommodating similarly to the crystallographic ligand
ETC, i.e., by establishing a H-bond bond with Glu305 and an ©-7 stacking aromatic interaction with
the side chain of Phe356; the allyl groups of 10 gave a series of hydrophobic contacts with Leu 301,
Ala302, Leu298, Pro486, and Val487. According to IFD, the interactions established by 11 were
similar to those observed for 8 and 10, as detailed in Table S1. Conversely, compounds 4, 6 and 13
did not interact with key catalytic residues, albeit presenting one free hydroxyl group potentially
able to establish H-bond interactions (Table S1). According to IFD predictions, these compounds
preferred the establishment of additional hydrophobic interactions between the allyl (e.g., with
Leu380 and Val487) and ester groups (e.g., with Met336 and 1le376) with the side chains of other
residues lining ERf binding site, as shown in Figure S1 and Table S1. As expected, synthetic
derivatives of honokiol and magnolol in which both hydroxyl groups were functionalized

(compounds 3, 5, 7, 9 and 12) were unable to form hydrogen bonds with the key catalytic residues
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(Table S1). Given that interaction with these residues is critical for activity,? these molecules were

excluded from further consideration.

Altogether, the data collected from the ligand- and structure-based analyses for magnolol 1,
honokiol 2, and their synthetic derivatives 8, 10 and 11 led us to choose these compounds for

experimental testing of their activity on estrogen receptors.

Biological assays on ERs

We evaluated the effects of magnolol 1, honokiol 2, and compounds 8, 10, and 11 on ERa- and
ERB-mediated transcriptional activity using classical estrogen-response element (ERE)-driven
luciferase reporter assays (Figure SA-D). Control compounds include the vehicle, dimethyl
sulfoxide (DMSO); the agonist, 17B-estradiol (E2); the selective modulator, 4-hydroxytamoxifen
(40HT); and the antagonist, fulvestrant. The efficacy (Eff) and potency (ECs, / ICs() of control and
test compounds in these assays are shown in Table 5. In ‘“agonist mode” where individual
compounds are tested alone (Figure SA—B), none of the compounds increased ERa or ERp activity,
suggesting that these compounds are not agonists. The compounds did not show SERM agonist
activity in HepG2 cells, unlike 4OHT. In ‘“antagonist mode” where test compounds are combined
with 1 nM E2 (Figure 5C-D), these compounds showed partial agonist/antagonist activities, except
for honokiol which had no effect on ERa or ERp activity. Magnolol and 10 reduced ERa and ERf3
activity, suggesting that they act as partial ERa and ER antagonists. Compound 8 increased ERa
and ERp activity when combined with E2, while 11 increased ERa activity and reduced ER[

activity when combined with E2.

Table 5. Effects of compounds on estrogen receptor activity in 3XxERE-luciferase reporter assays.

Agonist mode Antagonist mode
ERa activity ERp activity ERa activity ERBp activity
Compound | EU*  pog/ic,  ETE pegic,  ETE O pogiic, BT Beg/ick
D SEM (nM) SEM (nM) SEM (nM) SEM (nM)
(%) (%) (%) (%)
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CONCLUSIONS

Honokiol and magnolol are two biphenyl derivatives extracted from the bark of Magnolia
officinalis provided with a number of interesting biological activities. Despite their extensive use in
Eastern medicine for thousands of years, their mechanism of action and the full extent of their
therapeutic potential remain largely unknown.

In this article, we present the results of a computational workflow specifically designed to identify
potential biological targets of magnolol and/or honokiol. This workflow made extensive use of
various ligand-based approaches based on data extracted from public databases of therapeutic
relevance, and structure-based calculations on the top-scoring targets.

The computational analyses revealed that magnolol and honokiol could interact with a number of
biological targets, some of which are already known, while others have not been explored yet.
Notably, we found that honokiol and magnolol may bind to estrogen receptors, a possibility further
confirmed through rigid and induced fit molecular docking into representative conformations of
ERa and ERP. Structure-based calculations included a small library of synthesized prodrugs of
magnolol and honokiol.

The more interesting compounds were experimentally tested for activity against the estrogen
receptors. Four of the five tested compounds modulated ERa or ERp activity in a dose-dependent
manner. The effects of magnolol and compound 10 in HepG2 liver cells were consistent with
partial antagonism of ERa and ERP. The effects of compounds 8 and 11 in HepG2 cells were
consistent with partial agonism through asymmetric ERa dimers, where 8 or 11 bind to one LBD
and signals across the dimer interface to the E2-bound LBD of its dimer partner, as previously
described for other ERa ligands.*? Altogether, the obtained results suggest that these derivatives can
modulate estrogen-regulated transcriptional activity mediated by ERa or ER, with potencies in the
nanomolar range. Thus, ERa and ERP are potential therapeutic targets of magnolol and its
derivatives, a finding that nicely validate the computational predictions performed in this work.

Further studies will be required to fully understand their mechanisms of action.
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EXPERIMENTAL SECTION

In silico studies

Ligand-based analyses

We compared the chemical structure of the two natural products under study with ligands extracted
from DrugBank, Protein Data Bank (PDB) and ChEMBL,?327-28 adopting a procedure similar to that
described in our previous studies.*** The databases were downloaded from their respective
websites (accessed on March 22", 2020). The DrugBank dataset was filtered to retain only small
molecules with MW < 500 Da. Crystallization adjuvants and ions were removed from Protein Data
Bank records. In the ChEMBL database, data were filtered to include only activity values meeting
the following criteria: 1) standard types: 1Cso, ECso, K;, Kg4, Potency; i1) nM standard units; iii)

9

“Single Protein” standard type; 1v) standard relation expressed with the sign. This filtering
process resulted in a high confidence dataset.

We used the OMEGA software from the OpenEye suite to calculate low-energy conformers for the
3D-based analyses.’>3¢ We set the maxconfs parameter, defining the maximum number of
conformers to be calculated, to the suggested default value of 50 for DrugBank and ChEMBL. As
crystallographic ligands from PDB are already in the bioactive conformation, no additional
OMEGA calculations were performed on this dataset. Honokiol and magnolol structures were
drawn using Maestro (Schrodinger Suite 2020.2) and exported as SMILES strings. OMEGA was
employed to generate up to 5 conformers for each compound to be used as queries against the
DrugBank and ChEMBL dataset, and 50 conformers for calculations involving the Protein Data
Bank ligands. Then, ROCS (OpenEye) was used to carry out 3D shape-based similarity
calculations.’*3> The TanimotoCombo score (TC, ranging from 0 to 2) served as the primary metric
for all analyses, with a cutoff value set to retain only similarity results with a TC > 1.1. 2D

fingerprint-based similarity calculations were also conducted on the initial SMILES structures

through an in-house Python script using RDKit modules.’® MACCS and ECFP4 (circular)
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fingerprints were used to encode molecules, and the Tanimoto coefficient (Tc, ranging from 0 to 1)
was used as the primary metric. A threshold of Tcyaccs = 0.60 or Tegcpps > 0.30 was set to filter the
results.

The KNIME software was used to create workflows for analyzing 2D and 3D similarity results,?? as
well as to integrate corresponding target information from the DrugBank, Protein Data Bank, and
ChEMBL databases. For similarity records with scores above relevant thresholds, we grouped the
results by the reported target(s) and compared the most frequently recurring outcomes across
different databases and similarity methods. Particular attention was given to top-scoring targets that
emerged from more than one database or demonstrated consensus between 2D and 3D similarity

analyses.
Structure-based analyses

The most promising targets identified through ligand-based analyses were subjected to structure-
based calculations. We assessed the electrostatic and steric complementarity between honokiol and
magnolol and the Estrogen Receptor (ER) isoforms a and B. Crystallographic structures of ERs,
either in complex with ligands similar to honokiol and magnolol or of high resolution, were
retrieved from the PDB using the following accession codes: 4IWF (ERa, active conformation),
3ERT (ERaq, inactive conformation) and 1L2J (ERp, inactive conformation).®3° The structures
were prepared using the Protein Preparation Wizard (PPW) of the Schrodinger Suite 2020.2.46 PPW
was employed to add bond orders and hydrogen atoms, as well as missing side chains and cap
terminal residues. Solvent, ions and water molecules with fewer than 3 bonds with non-waters were
filtered out. Ionization states at pH 7+2 was calculated using Epik, and a manual analysis of the
catalytic triad orientation was conducted before minimizing the entire structures. LigPrep was used
to generate all possible tautomers and protomers of the respective crystallographic ligands of the 3
complexes, as well as honokiol and magnolol, at physiological pH in a low-energy minimized

conformation using the OPLS3e force field.*’” Glide was used to generate 10 A x 10 A x 10 A
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receptor grids centered on the coordinates of the crystallographic ligands for each receptor.
Molecular docking was performed using the Standard Precision (SP) mode.?” The number of poses
sent to post-minimization was set to 10, while all other parameters were kept as default. Re-docking
experiments were performed by docking the crystallographic ligand of each receptor into its
corresponding binding site. All re-docking experiments yielded similar poses with respect to the
crystallographic ligands, with Root mean square deviations (RMSD) below 2.0 A. Honokiol and
magnolol were then docked into receptor grids and further calculations were carried out
incorporating receptor flexibility via Induced Fit Docking.*? The library of synthetic derivatives 3-
14 of honokiol and magnolol was drawn, prepared with LigPrep,?3?* and subjected to the IFD
procedure. The docking score metric was used to quantitatively assess the performance of the
docking experiments. All resulting poses from rigid and flexible docking experiments were visually

inspected to ensure the formation of crucial hydrogen bonds with key residues in the binding sites.

Chemistry
Honokiol 1 and magnolol 2 were purchased from Chemos GmbH (Regenstauf, Germany), with a
purity >98%. The synthesis of compounds 3-14 is described in references.?>?** All synthesized

compounds have >95% purity (Figure S2-S14).

Cell culture

HepG2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (ThermoFisher
Scientific, cat. no. 11995-065) plus 10% fetal bovine serum (FBS) (Millipore Sigma, cat. no.
F0926), 1X GlutaMAX™ (ThermoFisher Scientific, cat. no. 35050061), 1X nonessential amino
acids (ThermoFisher Scientific, cat no. 11140-050), and 1X penicillin-streptomycin-neomycin
antibiotics mixture (ThermoFisher Scientific, cat. no. 15640055) at 37°C in 5% CO, incubator.
3xERE-driven luciferase reporter assays: HepG2 cells in phenol red-free DMEM (Corning, cat. no.
17205CV) +10% charcoal-stripped c¢sFBS (Thermo Fisher Scientific; cat no. A3382101) were

transfected in a 10 cm dish with 5.0 pg of 3xERE-luciferase reporter, 5.0 ug Empty pSPORT, and
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0.5 pg of human ERa or ERP expression plasmids using 31.5 pl Fugene HD reagent (Promega, cat
no. E2311). After 24 h, the cells were resuspended in phenol red-free DMEM +10% csFBS, and 25
ul of cell suspension containing ~17,000 cells were transferred to each well of a 384-well plate
(Greiner Bio-One, cat. no. 781080). The plates were sealed with Breathe-Easy permeable
membranes (Diversified Biotech, cat. no. BEM-1), covered with stainless steel specimen plate lids
(U.S. Patent 6,534,014) and placed in the incubator. The following day, increasing doses of
compounds were added to the plates using a Biomek NXP 100-nl pintool (Beckman Coulter, Inc.).
The plates were then re-sealed, covered, and returned to the incubator for 24 h. Luciferase activity
was measured on an Envision plate reader using the britelite plus reporter gene assay system

(PerkinElmer, cat no. 6066761).
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Figure S1. Binding modes of selected compounds into the inactive conformation of ER (PDB ID:
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