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ABSTRACT

The 5′-adenosine monophosphate-activated protein kinase

(AMPK) is an important metabolic regulator. Its allosteric drug

and metabolite binding (ADaM) site was identified as an

attractive target for direct AMPK activation and holds promise

as a novel mechanism for the treatment of metabolic

diseases. With the exception of lusianthridin and salicylic acid,

no natural product (NP) is reported so far to directly target

the ADaM site. For the streamlined assessment of direct AMPK

activators from the pool of NPs, an integrated workflow using

in silico and in vitro methods was applied. Virtual screening

combining a 3D shape-based approach and docking identified

21 NPs and NP-like molecules that could potentially activate

AMPK. The compounds were purchased and tested in an in

vitro AMPK α1β1γ1 kinase assay. Two NP-like virtual hits were

identified, which, at 30 µM concentration, caused a 1.65-fold

(± 0.24) and a 1.58-fold (± 0.17) activation of AMPK, respec-

tively. Intriguingly, using two different evaluation methods,

we could not confirm the bioactivity of the supposed AMPK

activator lusianthridin, which rebuts earlier reports.

In Silico and In Vitro Approach to Assess Direct
Allosteric AMPK Activators from Nature#

# Dedicated to Professor Dr. A. Douglas Kinghorn on the occasion of his

75th birthday.
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Introduction
The 5′-adenosine monophosphate-activated protein kinase
(AMPK) is a trimeric serine threonine kinase and a key hub of
cellular metabolism and growth. The heterotrimer consists of a
catalytic α subunit (α1 or α2) and two regulatory subunits, β (β1
or β2) and γ (γ1, γ2, or γ3) [1]. AMPKʼs γ subunit senses cellular
energy levels as ratio of low energy nucleotides (AMP, ADP) rela-
tive to high energy nucleotides (ATP). ADP and AMP binding trig-
gers a conformational change of AMPK that promotes activation
through phosphorylation of α-Thr172 by upstream kinases (LKB1
and CaMKK) [2]. Activated AMPK promotes catabolic processes in
the cell (e.g., autophagy, glucose uptake, glycolysis) and inhibits
anabolic processes such as lipogenesis. AMPK activators are in-
794 Kirchweger
vestigated for a variety of therapeutic applications, including
non-alcoholic fatty liver disease [3], diabetic nephropathy [4],
type 2 diabetes mellitus [5,6], cancer [7] and Alzheimerʼs disease
[8]. It is well known that natural products (NPs) can activate AMPK
in in vitro cell cultures and in vivo. However, their mechanism of
action is either unclear or attributed to indirect activation, e.g.,
the inhibition of mitochondrial respiration or ATP synthesis result-
ing in an increased AMP :ATP ratio [9–11].

An attractive binding site for small-molecules activating AMPK
is the allosteric drug and metabolite binding (ADaM) site, which is
B et al. In Silico and… Planta Med 2022; 88: 794–804 | © 2022. Thieme. All rights reserved.
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ABBREVIATIONS

ADaM allosteric drug and metabolite binding site

ADP adenosine diphosphate

AMP adenosine monophosphate

AMPK adenosine monophosphate-activated

protein kinase

ANOVA analysis of variance

AUC area under the curve

BEH bridged ethylene hybrid

BSA bovine serum albumin

CaMKK calcium/calmodulin-dependent protein

kinase kinase 2

DTT dithiothreitol

EDIA electron density score for individual atoms

FA-CoAs fatty acyl–coenzyme A esters

LKB1 liver kinase B1

NP natural product

PDB Protein Data Bank

TC Tanimoto combo

Tris Tris(hydroxymethyl)aminomethane

VH virtual hit

VS virtual screening

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.
located between the α and β subunit [12]. Recently, strong evi-
dence was provided that fatty acyl–CoA esters (FA-CoAs) are en-
dogenous ligands of the ADaM site. FA-CoAs such as palmitoyl-
CoA (1) might act as a feedforward nutrient signal increasing
AMPK activity and subsequent mitochondrial fatty acid oxidation
[13]. To date, only two NPs have been reported to activate AMPK
via the ADaM site: salicylic acid (2) and lusianthridin (3). Salicylic
acid is a weak activator, with an EMax of 1.6- fold activation and an
EC50 of 1mM [14]. The dihydrophenanthrene lusianthridin (3) was
patented in 2019 for use as an AMPK activator (no EC50 stated)
[15]. High-throughput screening and hit-to-lead development
led to the discovery of several classes of structurally similar syn-
thetic ADaM activators with high potency and efficacy, including
A769662 (4), 991 (5), Pf-249 (6), SC4 (7), Pf-739 (8) and MK8722
(9) (▶ Fig. 1). All synthetic activators are structurally closely re-
lated to each other [16].

Most ADaM activators such as A769662 and Pf-249 are β1 spe-
cific [17], thus targeting the predominant isoform in kidneys and
macrophages [18,19]. Possible applications for β1 specific activa-
tors are diabetic nephropathy and non-alcoholic fatty liver disease
[3,4]. Some of the known ADaM activators are reported to work
on both the β1 and β2 AMPK isoforms. Since the β2 isoforms are
predominant in muscle and liver [20], pan-AMPK activators are re-
garded as promising starting points for the development of anti-
diabetics. On the other hand, they are also suspected to cause car-
diac side effects [6].

For some of the synthetic ligands X‑ray crystal structures of the
ligand – αβγ subunit complex have been disclosed. This holds
promise that new AMPK ADaM activators can be discovered by
structure-based virtual screening (VS) [21] as performed by
Huang and coworkers [22]. Due to the limited availability and con-
Kirchweger B et al. In Silico and… Planta Med 2022; 88: 794–804 | © 2022. Thieme. All rights re
siderable price of NPs [23], an assessment of their ADaM activa-
tion potential by random screening would be costly. Hereby, VS
is a proven approach to streamline the experimental efforts [24,
25].

It is tempting to speculate that some NP scaffolds are able to
activate AMPK via the ADaM binding site. These scaffolds would
be an important extension of AMPK activator diversity. Hence, in
this work we present an in silico study to identify NPs acting as
ADaM site ligands. As a cheminformatic starting point, data were
collected on the protein structure and ligands of the AMPK ADaM
site. Based on the gathered information we focused on VS with a
3D similarity approach using co-crystallized ligands as queries.
High similarity molecules were subjected to molecular docking
experiments. From the virtual hits (VHs), plausible binding poses,
potential assay interference and chemical properties as well as
structural diversity and availability of compounds guided the se-
lection of 13 NPs and 8 NP-like compounds. The 21 selected VHs
were tested at 30 µM together with the known activators 3 and 4
in a luciferase-based AMPK α1β1γ1 enzyme assay. Activity was ex-
perimentally confirmed for two VHs, 11 and 23. Intriguingly, con-
trary to an earlier report, 3 did not activate AMPK in our enzyme
assay.
Results and Discussion
Compounds with reported bioactivity in AMPK enzyme assays
were manually collected from publications and patents (Materials
and Methods – Ligand dataset). The dataset was separated into
three groups as they were tested on different isoforms of the
AMPK (α1β1, α2β1 and α2β2) consisting of 488, 58 and 605 com-
pounds, respectively (Table 4S–6S, supplementary material).
There was no bioactivity data available on the α1β2 isoform. The
majority of bioactivity values were retrieved from patents
(91.5%). The AMPK dataset revealed to occupy a physicochemical
space similar to approved drugs and NPs. The mutually populated
area is characterized by a high degree of aromatic and conjuga-
tion-related properties (Fig. 1S, supplementary material).

Ten AMPK protein structures were downloaded from the Pro-
tein Data Bank (PDB) [26] and analyzed using the ProteinsPlus
webserver (Table 1S, supplementary material) [27]. The quality
of the published protein-ligand complexes was mediocre based
on their resolution ranging from 2.63 Å (5iso) to 3.92 Å (4cff)
and low electron density fits of binding site residues. However,
the electron density fit of most ligand atoms assessed by the elec-
tron density score for individual atoms (EDIA [28]) was generally
well supported with mean EDIA scores from 0.53 (4 qfr) up to
0.83 (5ufu) (▶ Fig. 2). Although the published protein structures
were supposed to be a little less suitable for molecular docking,
the 10 crystallized ligands represent a high-quality data set for
virtual screening, e.g., pharmacophore or 3D similarity screening.

As a first in silico approach, structure-based pharmacophore
models on the basis of AMPK co-crystallized ligands were
generated. VS cycles were performed with 242566 NPs and
20357 human metabolites (Supporting information 1, supple-
mentary material). This resulted in only 64 VHs or a hit rate of
0.025%. The hit rate was approximately 10‑fold higher (0.23%)
upon VS of the Aldrich market select library consisting of mainly
795served.



▶ Fig. 1 Chemical structures of reported AMPK activators.

▶ Fig. 2 Presentation of the electron density fit applied on the
binding conformation of the ADaM site ligand Pf-739 (8) co-
crystallized with AMPK (PDB ID:5ufu). According to the EDIA scores
the position of blue atoms have a well-supported electron density
fit; red and purple atoms indicate a poor supported electron density
fit.
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synthetic compounds. In vitro validation of 14 VHs of the latter
library (Fig. 2S, supplementary material) yielded no AMPK activat-
ing compound (Fig. 2S, 3S and Table 2S, supplementary mate-
rial). Due to these results, we concluded that the proposed phar-
macophore models were not discriminatory for AMPK activity.
Possible explanations for this could be (i) conformational changes
occurring in the apo structure upon ligand binding, (ii) flexibility
of the binding site [29] insufficiently reflected in the crystallized
complexes, and (iii) high similarity of known ligands causing over-
fitted models.

The molecular structures of around 300 k NPs are available for
download from different NP databases [30]. However, the data-
bases are sometimes poorly curated, especially with regard to cor-
rect/complete annotations of 3D stereochemical information
[25]. Moreover, only around 10% of these NPs are available
through commercial suppliers [23]. Obtaining VHs is therefore
challenging, and in many cases can only be achieved by isolation
from natural materials protected by the Nagoya protocol [31]. For
the purpose of generating a Commercially Available NP database
(CAN database) with an annotation of stereocenters as complete
as possible, we filtered the MolPort database for molecules with
NP-likeness higher than 80% calculated using the recently pre-
sented NP-Scout algorithm [32]. MolPort is an online database
providing screening compounds from major chemical suppliers.
796 Kirchweger
All stereochemistry annotations provided by the supplier were in-
cluded in the CAN database. From the 8424631 molecules in-
cluded in the MolPort catalogue (molecular weight 150–
B et al. In Silico and… Planta Med 2022; 88: 794–804 | © 2022. Thieme. All rights reserved.



▶ Fig. 3 ROCS alignments of query AMPK structures with exemplary VH molecules and TC scores. a Alignment of 23 with query 3; b Alignment of
11 with query AMPK activator 6 from PDB structure 5t5t.
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1500 Da, date: May 6, 2019), 51902 achieved a NP class proba-
bility score equal to or higher than 0.8. After further preparation
steps the CAN database comprised 41190 NP-like molecules.

In addition to the CAN database we included a virtual database
of in house physically available NPs (IH database). The IH database
is manually curated and currently consists of 1122 unique drug-
like molecules.

Alignment-based 3D similarity approaches have proven to be
useful tools for VS, especially when high-quality data on protein
targets are missing. The software tool ROCS [33] offers combined
calculation of shape and pharmacophore similarity of a query
molecule with database molecules. This has demonstrated higher
accuracy in finding active molecules than simple shape similarity
calculations [33]. We used ROCS to perform virtual screening by
using the 10 co-crystallized ligands as queries (Table 1S, supple-
mentary material). We further included the patented NP AMPK
activator 3 as query, although no crystallized binding conforma-
tion was available. Due to its rigid dihydrophenanthrene scaffold,
3 can only form a few conformers, mainly by rotation of the
methoxy and hydroxy groups with only minor impact on the 3D
shape.

We calculated the 3D similarity of all CAN and IH database
molecules to the eleven query molecules and used an arbitrary
Tanimoto combo (TC) score cutoff of 0.95 (CAN) and 0.75 (IH)
(▶ Fig. 3). The TC score refers to the sum of twoTanimoto similar-
ity coefficients, one calculated for mutual chemical features and
one for shape similarity, between database molecules and
queries. Thus, the TC score lies in a range from 0 to 2. A low TC
score for IH database molecules was considered reasonable, as
these compounds were already physically available. 819 VHs from
the IH database (72.99% hit rate) and 12271 VHs from the CAN
database (29.79% hit rate) met the arbitrary similarity thresholds.
After removal of 168 duplicates, 13090 VHs were forwarded to VS
with a docking approach.
Kirchweger B et al. In Silico and… Planta Med 2022; 88: 794–804 | © 2022. Thieme. All rights re
As a validation step for the best suited software tool, four
docking programs were probed by redocking the co-crystallized
ligands. AutoDock Vina 1.1 [34], was superior in reproducing the
experimental poses using the default settings. AutoDock Vina was
therefore selected for docking a total of 13090 molecules ob-
tained from the ligand-based VS. Predicted poses, e.g. as given in
▶ Fig. 4, were controlled for plausibility as described recently [35].
Other criteria for decision making were availability, price and re-
ports on AMPK modulation from the literature. We further used
Hit Dexter [36] to flag VHs with a high probability to show promis-
cuity in primary screening assays. Finally, 21 samples, 12 NPs,
1 NP mixture and 8 NP-like compounds, were selected for in vitro
testing. ▶ Table 1 and Fig. 5 gives an overview on the selected
VHs. Table 3S, supplementary material, gives an overview on the
source organisms and materials of the selected NPs as well as on
the state of research of selected VHs on AMPK modulation based
on literature references.

For validation of the predicted AMPK activation of the selected
VHs, a commercially available luminescence kinase assay kit was
used. It is based on monitoring ATP depletion during substrate
(SAMS peptide, HMRSAMSGLHLVKRR) phosphorylation by human
AMPK α1β1γ1. The positive control 4 at 30 µM showed a highly
significant AMPK activation of 4.74 fold (± 0.54) compared to
vehicle control (0.2% DMSO). At 1 µM and 5 µM 4 activated AMPK
up to 3.52 fold (± 0.84) and 4.57 fold (± 0.62), respectively. How-
ever, in this assay, setting the reported AMPK activator 3 did not
cause any AMPK activation at the tested concentrations of 30 µM
and 90 µM (▶ Fig. 6a). To rule out any decomposition or false
assignment, the purity and identity of 3 was determined with
LC‑MS and 1D/2D NMR spectroscopy (Fig. 4S–6S, supplementary
material). Spectral analysis clearly confirmed a pure and proper
assignment to structure 3 (▶ Fig. 1), also in accordance with
literature [37]. To rule out a false-negative result of 3 due to inter-
ference with the used AMPK assay, we established an MS-based
797served.



▶ Fig. 4 Predicted binding poses of VHs 11 (b) and 23 (d) compared to the crystallized binding poses of 6 (4cfe, a) and 5 (5t5t, c). Binding pocket is
visualized with a surface which is colored by aggregated lipophilicity/hydrophobicity (yellow/blue). Three important side chains of the α domain
(Lys29, Lys31, Asp88) and two important side chains of the β domain (Arg83, Ph-S108), are shown in ball and stick rendering. Core molecules and
docked molecules are rendered by stick mode.

Original Papers

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.
evaluation method. Hereby, the generation of the specific phos-
phorylated peptide SAMS as ratio of Phospho-SAMS/SAMS after
incubation with AMPK, ATP and compounds was quantified by
LC‑MS. After 40min incubation, the ratio of Phospho-SAMS/SAMS
was 3.55 fold (± 0.92, n = 2) higher for AMPK-SAMS‑ATP incubated
with 4 than for the vehicle control (0.2% DMSO). However, 3 only
caused a 0.86 fold (± 0.34, n = 2) change of Phospho-SAMS/SAMS
ratio compared to the vehicle control (▶ Fig. 6b). Similar results
were obtained, when incubated for 20 and 120min, underlining
the validity of the results derived from the luciferase-based assay
(▶ Fig. 6a). Considering all of these observations, we strongly
doubt that lusianthridin (3) is, as previously reported [15], an
AMPK activator. We therefore emphasize on the importance of
critical examination of reported data retrieved from non-peer-
reviewed sources particularly before using them as query for in
silico models.
798 Kirchweger
The 21 virtual hits were validated experimentally using the
luminescence kinase assay kit. A test concentration of 30 µM was
selected based on previously reported AMPK activator screenings,
which resulted in hits with EC50 values of 38 µM [38] and 36 µM
[39]. As a result, two out of 21 screened VHs, namely NP-like com-
pounds 11 and 23, activated AMPK (▶ Fig. 6c,d). 11 caused sig-
nificant AMPK activation with 1.65 (± 0.24) fold activation; 23
with 1.58 fold activation (± 0.17). Compared to the optimized
AMPK activator 4 their efficacy is low but similar to reported initial
screening hits [4].

Interestingly, 11, 23 as well as many known activators includ-
ing 2 and 4 incorporate a negatively ionizable feature at a hydro-
phobic aromatic ring. For a chlorinated derivative of 4, it was
shown that the thienopyridone-hydroxyl, acidified by the adjacent
nitrile group, forms a salt bridge with α-Lys29 of AMPK [12]. Also,
our docking poses of 11 and 23 predict the formation of a salt
B et al. In Silico and… Planta Med 2022; 88: 794–804 | © 2022. Thieme. All rights reserved.



▶ Table 1 VHs selected for in vitro testing with in silico scores and data decisive for the selection process.

Nr CAS NP name Data-
base

NP class
proba-
bility

TC score/
Query

Predicted
affinity
(kcal/mol)

PAINS
proba-
bility

AMPK fold
activation ± SD
(30 µM)

11 24370-73-8 IH 0.8 1.36/5t5t − 8.5/5t5t 0.19 1.65 ± 0.23

12 102841-43-0 Mulberroside C CAN 1 1.05/5ufu − 10.6/5ufu 0.58 1.15 ± 0.22

13 59870-68-7 Glabridin CAN 1 0.98/4qfr − 9.0/4qfr 1 1.10 ± 0.15

14 41060-15-5 3′-Prenyldaidzein CAN 1 1.07/5t5t − 9.6/5t5t 0.73 1.00 ± 0.17

15 642-18-2 Alstonine IH 1 1.05/5kq5 − 7.1/5kq5 0.24 1.03 ± 0.17

16 5786-54-9 Hispidol CAN 0.92 1.11/5kq5 − 8.1/5kq5 0.96 0.89 ± ;0.11

17 149184-19-0 Irenolone CAN 1 1.05/5t5t − 8.7/5t55 0.69 0.58 ± 0.09

18 14389-86-7 CAN 0.96 1.06/5t5t − 7.8/5t5t 0.17 1.08 ± 0.09

19 Silymarin Silibinin B (19) IH 1 1.01/4cfe − 10.6/4cfe 1 1.13 ± 0.06

Silibinin A IH 1 1.00/4cfe No plausible
pose

1

Taxifolin IH 1 0.88/4cff − 8.8/4cff 1

Silicristin IH 1 0.77/4cfe No plausible
pose

0.66

20 57097-71-9 IH 0.65 1.24/lus − 7.4/5kq5 0.14 0.88 ± 0.13

21 314243-91-9 IH 0.1 1.21/lus − 8.9/4cfe 0.38 0.98 ± 0.18

22 1261901-65-8 CAN 0.85 1.35/lus − 7.5/4cfe 0.35 1.06 ± 0.11

23 53197-57-2 CAN 0.98 1.24/lus − 7.9/4cfe 0 1.58 ± 0.17

24 919746-69-3 CAN 0.99 1.23/lus − 8.8/5kq5 0.75 1.04 ± 0.44

25 127526-39-0 IH 0.07 1.23/lus − 8.7/4cfe 0.86 0.76 ± 0.23

26 59-30-3 Folic acid IH 0.77 0.77/6b1u − 8.4/6b1u 0.56 0.72 ± 0.17

27 77795-15-4 Feruperine IH 0.9 0.83/5kq5 − 7.9/5kq5 0.11 0.61 ± 0.08

28 67685-22-7 Anhydroglycinol CAN 1 1.25/lus − 8.9/4cfe 0.48 0.72 ± 0.06

29 1143-70-0 Urolithin A CAN 1 1.50/lus − 7.9/4cfe 0.49 0.32 ± 0.15

30 91433-17-9 Licoflavone B IH 1 0.89/4cff − 9.5/5kq5 0.65 0.40 ± 0.13

31 83925-00-2 Flavidinin CAN 0.98 1.49/lus − 8.4/5kq5 0.35 0.79 ± 0.19
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bridge with Lys29. It can be speculated that this is a favorable fea-
ture of many AMPK activators and potentially important for future
structure-activity relationship studies.

It can be reasoned that our compounds, and also salicylic acid
form a salt bridge with Lys29 as shown for 4 [12] and that this in-
teraction is crucial for anchoring the compounds in the binding
pocket.

Interestingly, none of the tested NPs was able to activate AMPK
but several of the NPs inhibited the enzyme. At 30 µM concentra-
tion, inhibitions greater than 20% were observed for 17, 26, 27–
31. These NPs either do not bind via the ADaM site or they bind
but do not activate AMPK. A potential explanation might be a
competitive AMPK inhibition at the kinase domain as NPs are a
well-known source of kinase inhibitors [41]. One may also specu-
late that these NPs bind to the ADaM site, but a positive allosteric
effect is mitigated by inhibiting the kinase domain. Of note,
Kirchweger B et al. In Silico and… Planta Med 2022; 88: 794–804 | © 2022. Thieme. All rights re
several of the observed inhibitors have previously been reported
to activate AMPK in cell-based models [40]; 29 even increased
AMPK activity in vivo [41]. Obviously, direct AMPK inhibition ob-
tained by an enzyme-based assay does not necessarily mean inhi-
bition of AMPK activity in a cell-based model. Suppression of
mitochondrial respiration or activation of redox stress by certain
compounds (overall NPs) may provoke such a strong positive
stimulus e.g., in form of increased AMP/ATP or activation of
upstream kinases that the actual direct inhibition of AMPK is alle-
viated. In this context, many NPs resulting in an AMPK activation
in a cell-based setting might eventually inhibit AMPK in a target-
based setting.

The presented study provides new activators of AMPK. How
the presented compounds influence the function of AMPK in dif-
ferent states and isoforms is not yet clarified and will deserve fur-
ther examination. It is indicated to show how strong fully phos-
799served.



▶ Fig. 5 Chemical structures of selected VHs for experimental validation.
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phorylated AMPK will be activated, how well the compounds pro-
tect against Thr-172 dephosphorylation and how the presence of
AMP influences the activation of AMPK by the presented activa-
tors.
Material and Methods

Ligand dataset

Structural data of AMPK ligands with bioactivity annotations were
collected from literature. The main criteria for inclusion of a mole-
cule were a reported activity on a specific AMPK isoform (α1β1,
α2β1 and α2β2) measured in an enzyme-based assay, with an anno-
800 Kirchweger
tated EC50/EC200 value and with evidence to activate AMPK via the
ADaM site. Structures from 10 journal articles and 24 patents met
the criteria. The SMILES notations of the ligand dataset are avail-
able in Table 4S–6S, supplementary material.

Protein dataset

Ten X‑ray structures of AMPK bound with ADaM activators were
downloaded from the PDB (Table 1S, supplementary material).
The β-108D present in the crystal structures of the α1β1 isoforms
(4qfg, 4qfr, 4qfs, 5ufu, 5t5t, 5kq5) was manually mutated into
Phosphoserine-108 using the mutate command in Maestro 11.5
(Schrödinger, LLC). All proteins were prepared with the Protein
Preparation Wizard in Maestro. Missing residues and loops were
B et al. In Silico and… Planta Med 2022; 88: 794–804 | © 2022. Thieme. All rights reserved.



▶ Fig. 6 AMPK α1β1γ1 activation of reported AMPK activators (a,b) and VHs (c,d). a Luciferase assay-based determination of AMPK activation by
reported activators. 4, but not 3, revealed as direct AMPK activator. Compounds were tested at given concentrations. AMPK activation is expressed
as fold activation compared to the vehicle control (0.2% DMSO, C) with a specific AMPK activity of 0.52 µmol/mg/min, which was set to 1-fold
activation. Lines represent the mean fold activation of at least 2 independent experiments. b LC‑MS based determination of SAMS phosphorylation
derived after incubation of SAMS with AMPK α1β1γ1, ATP and either vehicle control (0.2% DMSO, C) or compounds 3 and 4 (30 µM). Fold SAMS
phosphorylation is expressed as fold phosphorylation of vehicle control (0.2% DMSO, C). Lines represent the mean of two independent experi-
ments. c,d AMPK α1β1γ1 activation of positive control 4 and virtual hits (11–31) at 30 µM. Bars represent the mean of three independent ex-
periments ± SD. AMPK activation was determined with a luciferase-based assay with AMPK enzyme and SAMS peptide substrate. AMPK activation
is expressed as fold activation compared to vehicle control (0.2% DMSO, C) whereby C was set to 1 fold activation. Significance was assessed by
one-way ANOVA and Bonferroniʼs multiple comparisons test (vs C; *, p < 0.05; ****, p < 0.0001).
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modelled with Prime [42]. Some regions of the α1β1 complexes
failed to be modelled, but these regions are not adjacent to the
ADaM site and hence not relevant to our virtual screening experi-
ments. The 3D conformation of the ten co-crystallized ligands, as
well as a low energy conformation of lusianthridin were saved in
SD file format.

Database generation

Two databases were used in this study, the CAN and IH database.
The IH database is a manually expert-curated database of physi-
cally in house available compounds at the Department of Pharma-
ceutical Sciences, Division of Pharmacognosy, University of Vien-
na, Austria. The CAN database consists of NP-like molecules avail-
able in the MolPort database. It was generated as followed: The
MolPort “All Stock Compounds” database was downloaded in bulk
Kirchweger B et al. In Silico and… Planta Med 2022; 88: 794–804 | © 2022. Thieme. All rights re
on May 5, 2019. Molecules with MW below 150 Da or above
1500 Da and parent structures with uncommon elements (ele-
ments other than H, B, C, N, O, F, Si, P, S, Cl, Se, Br, or I) were fil-
tered. NP class probability was calculated by NP-Scout [32] and
molecules with a NP class probability < 0.8 were removed (NP-
Scout is available via the NERDD web portal [43]). Entities with
more than two molecules per entity (e.g., salts) were split with
RDKit molecule extractor. Duplicate entities were identified with
extended connectivity fingerprints and removed (LigandScout
duplicate remover). MW and cLogP values of compounds were
calculated with LigandScout (version 4.3). LigandScout [44] is
available by Inte : Ligand GmbH. Molecules with a MW higher than
800 Da, a cLogP higher than 7.2 or lower than − 1.3 were ex-
cluded. The final CAN database comprised 41190 NP-like mole-
cules. It is available from the corresponding author on reasonable
801served.
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request. Conformers of the remaining structures were generated
using the conformer generator OMEGA 3.1.1.2 [45] with the
“rocs” mode (max number of conformations: 50) and saved as
sdf files. The IH database was prepared accordingly and com-
prised 1221 molecules.

3D similarity search

3D similarity search was performed with ROCS version 3.4.2.1
with default settings. A similarity threshold of 0.75 was selected
for molecules of the IH database, 0.95 for CAN database mole-
cules. Hit lists were concatenated and duplicates were removed,
whereby entries with the higher similarity were retained. The
12922 VHs were docked into the protein structures of their query
molecule using AutoDock Vina 1.1 with default setting (exhaus-
tiveness 8, max. number of modes 9, max. energy difference 3).

Compounds and chemicals

Compound 4 was ordered from ApexBio; 3 (CFN92784, lusianthri-
din), 28 (CFN92692, flavidinin) and 31 (CFN96154, anhydroglyci-
nol) were ordered from Chemfaces; 12 (PS010078, mulberroside
C), 13 (PS010426, glabridin) and 14 (PS020342, neobavaisofla-
vone) were ordered from Chengdu Push; 15 was obtained from
the NCI. The purity was checked using UPLC‑PDA‑MS and deter-
mined as ≥ 90%. 16 (P380-4181, hispidol) was ordered from Pro-
active; 17 (AC072694, irenolone) and 18 (AC091236, 2-benzyl-
oxybenzoic acid) were ordered from Arctom Chemicals LLC; 20
(MolPort-000-480-241), 21 (MolPort-000-451-028), 24 (Mol-
Port-002-536-090) and 25 (MolPort-002-368-935) were ordered
from Vitas-M laboratory; 22 (MolPort-015-752-226) was ordered
from abcr; 23 (MolPort-002-005-187) was ordered from Chem-
bridge Corporation; staurosporine was ordered from Calbiochem.
All ordered compounds were declared with a purity ≥ 92%. 26, 27
and 30 were isolated previously in house. Their purity was checked
using UPLC‑PDA‑MS and determined as ≥ 95%. Several Silybum
marianum flavonolignans as well as taxifolin were identified as
VHs. Thus, they were tested as silymarin mixture (Madaus). Mo-
larity was calculated as silibinin B. All compounds were diluted in
DMSO at a concentration of 45mM and stored at − 20°C until
used.

Cell culture reagents

DMSO was ordered from Lactan (catalogue ID, 4720.2), Tween-
20, Tris and BSA (albumin fraction V) from Carl Roth, SAMS pep-
tide from genscript via Sigma Aldrich (purity > 95%, catalogue
ID, GENSRP20457), MgCl2 from Sigma Aldrich (catalogue ID,
4720.2). The AMPK α1β1γ1 kinase assay system (catalogue ID,
V1921) and the ADP Glo kinase assay kit (catalogue ID, V9101)
were obtained from Promega.

Kinase assay

1 ng of human α1β1γ1 AMPK were dispensed in assay buffer
(40mM Tris pH 7.5, 20mM MgCl2, 0.1mg/ml BSA, 50 µM DTT,
0.01% Tween-20) into the wells of white opaque half-bottom
96‑well microplates with either vehicle control DMSO (0.2% final
concentration), positive control A769662 or test samples (30 µM,
0.2% DMSO) on ice. The plate was switched to room temperature
before the substrate mixture, containing ATP and SAMS peptide,
802 Kirchweger
was added. Final concentration of reagents in assay buffer were
0.2 µg/µl SAMS peptide and 150 µM ATP. Plates were briefly cen-
trifuged at 1300 g and incubated at room temperature for
40min. The luciferase-based quantification was performed as de-
scribed by the supplier. Briefly, the kinase reaction was terminated
by addition of 20 µl ADP‑Glo reagent per well, the plate was again
briefly centrifuged at 1300 g and incubated at room temperature
for 40min to deplete all ATP remaining after kinase reaction.
Then, 40 µl of the kinase detection reagent were added in the
dark to convert not depleted ADP into ATP and to detect the
amount of newly synthesized ATP by a luciferase/luciferin re-
action. The generated light was measured after 15min using a
Tecan GENios Pro plate reader. Unless otherwise stated, the re-
sults presented are the mean values from at least three indepen-
dent experiments performed in duplicate wells with two duplicate
wells without enzyme for correction of background luminescence.

MS-based quantification of Phospho-SAMS/
SAMS ratio

The bioassay was performed at the same conditions as the lucifer-
ase reaction; 2 ng AMPK enzyme was incubated with test com-
pounds (30 µM, 0.2% DMSO), SAMS (0.2 µg/ml), and ATP
(150 µM) in test buffer. The reaction was terminated after 40min
at room temperature by addition of kinase inhibitor staurosporine
(final conc. 10 µM) and frozen at − 20 °C. 10 µl of the test reaction
were diluted with 40 µl of MeOH:H2O (1 :1) and chromato-
graphed over a Dionex Ultimate 3000 system equipped with
Waters Acquity UHPLC 1.7 µm BEH‑C18, 2.1 × 100mm column
and LTQ‑XL linear ion trap mass spectrometer (Thermo Fisher
Scientific). A 15min H2O/acetonitrile gradient was applied (0min
95%/5%, 1min 95%/5%, 8min 50%/50%, 9min 2%/98%, 12min
2%/98%. 12.1min 5%/95%, 15min 5%/95%). Column tempera-
ture was 40 °C; flow rate, 0.3mL/min, injection volume, 2 µL. MS
settings were positive mode, 2.7 kV spray voltage, 250°C heater
temperature, ‑34 V capillary voltage, 275 °C capillary temperature
and (30/10/0) arb. units for sheath, aux and sweep gases. SAMS
showed a Rt of 5.02min with [M + 4H]4+ = 445.8, Phospho-SAMS
showed a Rt of 5.43min with [M + 4H]4+ = 465.8 (MWSAMS =
1779.2 g/mol). AUC were integrated with ICIS algorithm and
SAMS phosphorylation was calculated as followed:

SAMS Phosphorylation ¼ AUCPhospho‐SAMS

AUCSAMS

SAMS phosphorylation is expressed as fold of vehicle control. The
presented results are the mean of 2 independent experiments.

Supporting Information

Following data are available in the supporting information:
(I) Pharmacophore screening approach with virtual screening
databases, X‑ray protein and AMPK ligand datasets as well as vir-
tual hit structures and in vitro results; (II) Comparison of the
chemical space of AMPK activators and natural products; (III)
chromatograms and spectra of compound 3.
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