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ARTICLE INFO ABSTRACT

Keywords: This work is devoted to the study of biocompatibility, cyto- and genotoxicity, mechanism of action and prospects
Atranorin for the use of atranorin, which is an AKT kinase inhibitor, for the treatment of myelodysplastic syndrome.
Biocompatibility Atranorin was isolated by preparative flash chromatography; identification was carried out by UV, IR, and NMR
gz;(:)t:o):iccli?’y spectroscopy, mass spectrometry, and elemental analysis. Biocompatibility studies included studies of haemo-
AKT kinase compatibility, genotoxicity, antioxidant activity, cytotoxicity against ECV340 and HEK293 cell lines. Computer

modelling of the interaction of atranorin with AKT kinase was carried out using docking followed by molecular
dynamics of the resulting complexes; the ADMET properties of atranorin were also calculated. Flow cytometry
included analysis of the expression level of PD-L1 and TIM-3 in the presence of atranorin on THP-1, Mono-Mac-1
and KG-1 cell lines, as well as human bone marrow cells.

Flow cytometry

1. Introduction

Lichens are producers of a large number of specific secondary me-
tabolites, most of which are not found in other living organisms [1,2].
Currently, more than 800 secondary metabolites of lichens are known
[1]. The majority of aromatic lichen metabolites (about 500 com-
pounds) are formed during the acetate-polymalonate biosynthetic
pathway, which occurs with the participation of polyketide synthase
(PKS) enzymes, which are very similar to fatty acid synthases in the
organisation and mechanism of biosynthesis [1].

The most numerous classes of lichen metabolites formed along the
acetate-polymalonate biosynthetic pathway are depsides and dep-
sidones, which are formed by combining two or less often three phenolic
rings of the orsinol or B-orsinol type through ether and ester bonds [3]. It
is believed that the additional methyl group at C-3 in p-orsinol type rings
is added to the tetraketide before cyclisation with the participation of
PKS [1]. Phenolic rings of the p-orsinol type most often differ in the

degree of oxidation of the alkyl substituents in both the sixth and third
positions [2,3].

Atranorin (Fig. 1) belongs to the p-orsinol type depsides and is often
the main metabolite in many lichen families Cladoniaceae, Parmeliaceae,
Streocaulaceae and others [2]. The compound was first isolated by O.
Hesse in 1898 and since then its properties, pharmacological and bio-
logical activities have been intensively studied. The antibacterial prop-
erties of atranorin began to be studied in the middle of the 20th century.
One of the first published studies showed weak activity of this depside
against mycobacterium tuberculosis and staphylococci [4]. The anti-
bacterial activity of atranorin against strains of gram-positive and gram-
negative bacteria has been studied by various authors [5]. Although
atranorin exhibited pronounced bactericidal properties against Staphy-
lococcus aureus, Escherichia coli and Klebsiella pneumoniae, its activity was
lower than that of such antibiotics as streptomycin, levofloxacin,
erythromycin and gentamicin [6,7].

Studies of the antiviral activity of atranorin against hepatitis C virus
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Fig. 1. Structural formula of atranorin.

Table 1
Characteristics of atranorin obtained by HPLC and electrospray time-of-flight
mass spectrometry. M — atranorin (C19H;150g). tr is retention time.

Analyte tg/min Molecular formula Ion [M—H] /m/z A/ppm*
Atranorin 31.6 Cy9H180g 373.0929 0.03
" Discrepancy between calculated and observed ion masses.
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Fig. 2. Mass spectrum of atranorin with electrospray ionisation in the detection
mode of negative ions. M are molecular ions of atranorin (C;9H;g0g).

(HCV) showed that depside is active against HCV with an ICsq of 22.3
pM, while erlotinib and telaprevir, used as controls, had ICsg of 0.64 and
0.18 pM, respectively [8]. Evaluation of the activity of atranorin in vitro
against the HCoV-229E virus did not reveal a pronounced antiviral effect
[9].

The cytotoxic activity of atranorin was studied against a number of
tumour and normal cells. In most cases, the effect is described as weak
[10-12] or moderate [13,14]. Studies of the cytotoxic activity of atra-
norin against human melanoma cells (FemX) and human colon cancer
(LS 174) showed the following activity: ICso (FemX) = 20.9 pgeml™!
(0.056 pM), and ICso (LS 174) = 24.6 pgeml ™! (0.066 pM) [15]. Cyto-
toxicity of depside against human lung adenocarcinoma cells (A549)
was also revealed: at an atranorin concentration of 25 pg e ml~* (0.067
pM), an 80 % loss of cell viability was observed [16].

Information on the mechanism of cytotoxic activity of atranorin is
scarce [13,17-19]. Atranorin has been shown to stimulate apoptosis in
both tumour and normal cell lines. A study of the effect of atranorin on
caspase-3 activity in normal rat hepatocytes revealed a moderate in-
crease in the activity of the early apoptosis enzyme [13]. At the same
time, the results of other studies showed that atranorin does not affect
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Fig. 3. Chromatogram of atranorin obtained by HPLC in a mixture of 0.1 %
aqueous solution of formic acid and acetonitrile in a gradient elution mode.
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Fig. 4. IR spectrum of atranorin.

the expression of proteins involved in apoptosis (Bcl-2, Bax, Hsp70,
etc.), and also does not increase the activity of caspase-3 [19]. Evalua-
tion of the effect of atranorin on the expression of apoptotic proteins
(Bax, caspase-3, 7 and 9) in tumour (melanoma HTB-140, prostate
adenocarcinoma DU-145 and PC-3) and normal (human skin fibroblasts
HSF and prostate cells PNT-2) cell lines also did not reveal the proapo-
ptotic activity of depsid [17].

Myelodysplastic syndrome accounts for about 1 % of all malignant
diseases, but is nevertheless associated with significant mortality. For
example, in Europe and the USA, epidemiological assessment of the
disease remains challenging due to the development of classification
systems, but the overall incidence is about five cases per 100,000 people
per year after 60 years of age and increases with age [20-22].

Currently, there are no conservative approaches to treating this
disease that led to a cure, so improving the results of treatment of
myelodysplastic syndrome will contribute to reducing overall mortality
from cancer. Standard treatments for high-risk myelodysplastic syn-
drome provide about 12 months of additional treatment compared with
best supportive care and are not curative in the vast majority of these
patients. Today, the development of AKT kinase inhibitors for the
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Fig. 5. UV/Vis spectrum of a solution of atranorin in methanol (C = 37.5 pM).
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Fig. 6. Effect of atranorin on haemolysis after incubation for 1 h (light grey)
and 3 h (dark grey). C is the molar concentration of atranorin (*p < 0.05
compared to control).

treatment of myelodysplastic syndrome, which affect the expression of
PDL-1 and TIM3 proteins of the ‘checkpoint’ system, is relevant. The
mechanism of suppression of the antitumor immune response by
changing the expression of checkpoint molecules is common in many
tumour diseases. Atranorin has previously been shown to be an AKT
kinase inhibitor [23].

This work presents a method for the isolation and purification of
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atranorin from the lichen C. rangiferina which was collected at the end of
July 2021 in a pine forest in Yakutia, Russia (61.923198°N
129.535190°E). Identification of atranorin was carried out using a
complex of physicochemical methods of analysis. The biocompatibility
study included the study of haemocompatibility, binding to DNA and
HSA, the study of cyto- and genotoxicity, as well as antioxidant prop-
erties. The effect of atranorin on the expression level of PD-L1 and TIM-3
proteins was studied using flow cytometry. The interaction of atranorin
with AKT kinase was demonstrated by molecular docking followed by
molecular dynamics of the complexes.

Table 3
Values of binding constants (K},) and binding stoichiometry (n) of the interaction
of atranorin with RatCol at different temperatures.

T/K Kpe10°/M ™! n
298.2 0.16 + 0.01 0.90 + 0.03
302.1 0.28 + 0.01 0.95 + 0.03
306.2 0.42 + 0.03 1.00 + 0.06
310.0 1.55 + 0.07 1.10 + 0.05
314.3 9.27 +£0.18 1.38 £ 0.02
Table 4

Values of changes in enthalpy (AH), entropy (AS) and Gibbs energy (AG) of the
binding of atranorin to RatCol.

T/K —AG/kJ-mol ! AH/kJ-mol AS/J-mol 1K !
298.2 231+ 3.3 206 + 22 770 + 73
302.1 26.1 + 3.8
306.2 29.3 + 4.2
310.0 322+ 4.6
314.3 355+ 5.1
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Fig. 7. Dependence of the thermal effect of the reaction of interaction of
atranorin with HSA at 298.15 K. AH is the thermal effect of the reaction,
Catranorin / Cusa is the ratio of the molar concentrations of atranorin and HSA.

Table 2
The effect of atranorin on ADP-, collagen- and adrenaline-induced platelet aggregation.
Amplitude/%
Inductor Control Catranorin/MM
1 5 10 25 50 75 100
ADP 84.2 +£ 0.4 85.6 £ 1.6 87.7 £ 1.6* 91.0 £+ 1.05* 88.2 + 1.9 89.3 £+ 1.00* 87.8 + 1.8*
Collagen 94.5+ 1.8 97.7 + 0.2* 98.5 + 0.1% 98.2 + 0.4* 96.1 + 0.5% 96.3 + 0.8* 98.4 + 0.3*
Adrenaline 54.8 £5.8 79.5 £ 0.6* 78.4 + 0.9¢ 73.7 £ 6.5* 76.0 &+ 3.6* 71.8 + 8.3* 71.2 4+ 2.8¢ 78.5 + 5.4*

" p < 0.05 compared to control.
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Table 5

Thermodynamic characteristics of atranorin binding to HSA and DNA. Kj is the
dissociation constant, K}, is the binding constant, n is the stoichiometric coeffi-
cient of binding of atranorin with HSA or DNA, AH, AS, AG is the change in
enthalpy, entropy and Gibbs energy in the reaction of atranorin with HSA or
DNA, T is the absolute temperature.

Thermodynamic parameter HSA-atranorin DNA-atranorin

K4/M 1.32:107° 3.48.107°
n 0.13 1.12
AH/kJ-mol ! 18.03 -1.57
AS/J-mol 1K! 153.9 80.1
AG/kJ-mol ! —27.86 —25.45
—TAS/kJ-mol —45.89 —-23.88
Ky/M ™! 7.60-10* 2.88-10*
005 T T T T T T T T
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Fig. 8. Rate constants for the hydrolysis of NPA under the influence of HSA in
the absence and presence of atranorin (C = 50 pM).
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Fig. 9. Dependence of the fraction of reduced radicals on the concentration of
atranorin and ascorbic acid (for comparison) 30 min after the start of the re-
action: []— atranorin with DPPH; ] — atranorin with ABTS; [l — ascorbic acid
with DPPH; ll — ascorbic acid with ABTS.
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2. Experimental part
2.1. Identification of atranorin

Identification of atranorin was carried out using NMR spectroscopy,
high-performance liquid chromatography, IR, UV spectroscopy, mass
spectrometry, and elemental analysis.

19 (400 MHz), Bc{'H} NMR spectra were recorded on a Bruker
Avance spectrometer (Germany). The NMR spectrum of atranorin in
deuterated DMSO is shown in Fig. S1. Analysis of Fig. S1 allows to select
the following signals: 'H NMR (400 MHz, DMSO) § 12.43 (s, 1H, OH),
10.55 (s, 1H, OH), 10.21 (s, 1H, OH), 6.64 (s, 1H, CHypp), 6.44 (s, 1H,
CHap), 3.87 (s, 3H, CH3), 2.39 (s, 3H, CH3), 2.35 (s, 3H, CH3), 2.03 (s,
3H, CH3). '3C NMR (101 MHz, DMSO) & 194.27, 170.21, 165.04,
157.78, 151.83, 149.51, 137.22, 116.64, 116.20, 115.48, 109.43,
108.19, 52.81, 21.58, 9.70.

The isolated atranorin was studied by HPLC in combination with
time-of-flight mass spectrometry on an Agilent 6538 UHD (USA) quad-
rupole time-of-flight (qTOF) mass spectrometer with electrospray ion-
isation (ESI). The voltage on the capillary with positive and negative ESI
was 2.5 kV; capillary temperature was 350 °C; nebuliser gas pressure
was 45 psi; temperature of the drying gas (nitrogen) was 225 °C; drying
gas flow rate was 5 1 min~!. Only ions formed during negative ESI
without their additional dissociation induced by collisions were recor-
ded in MS/MS mode, in the mass range 100-1000 m/z. HPLC and
electrospray time-of-flight mass spectrometry data are given in Table 1.
As can be seen from Table 1, with negative electrospraying, the forma-
tion of molecular ions of atranorin (M) [M—H] ™~ occurred. Mass spectra
of standard samples of the studied atranorin are shown in Fig. 2.

The analytical purity of atranorin was determined on an Agilent
1290 high-performance liquid chromatograph (USA). A mixture of 0.1 %
aqueous solution of formic acid and acetonitrile was used as the mobile
phase; the analysis was carried out in a gradient elution mode with an
increase in the proportion of acetonitrile from 10 to 100 % over 40 min
at a flow rate of 300 pl min~! and a column temperature of 30 °C. A
ZORBAX SB-C18 reverse-phase column (150 x 2.1 mm, 3.5 um) was
used for separation. The volume of the introduced sample is 5 pl.
Detection was carried out at a wavelength of 250 nm. Analysis of the
chromatogram of atranorin allows to conclude that the purity of the
isolated product is 99.9 % (Fig. 3).

IR spectrum (Fig. 4) of atranorin was recorded in the range of
4000-400 cm™! in potassium bromide tablets on a Varian 7000 FT-IR
spectrometer (USA). Analysis Fig. 4 allows to detect the following sig-
nals: v, em™! (KBr): 2161.2, 1651.7, 1621.7, 1582.7, 1472.9, 1451.9,
1407.9, 1377.9, 1351.9, 1283.6, 1268.3, 1236.3, 1214.0, 1199.9,
1162.8, 1106.0, 1075.7, 1028.4, 1007.2, 989.6, 937.4, 864.3, 821.6,
802.5, 782.7, 752.5, 729.1.

UV spectrum of atranorin was recorded in the range of 200-800 nm
on a Beckman Coulter DU 800 spectrophotometer. Fig. 5 shows the
spectrum of a solution of atranorin in methanol (C=37.5 pM). It can be
seen that the electronic spectrum contains absorption band maxima at 1
= 205 nm and 247 nm.

Elemental analysis of atranorin (C19H;80g) was carried out on a Euro
EA 3028 HT CHNSO analyser. Experimental values: 60.9 % (C), H 4.8 %
(H). Theoretical content (C19H;180g): 60.9 % (C), 4.8 % (H).

2.2. Study of biocompatibility and biological activity

The study with human blood samples (erythrocytes, platelets, pe-
ripheral blood mononuclear cells (PBMCs) and nucleated bone marrow
cells was approved by the Local Ethics Committee of the Pavlov First
Saint Petersburg State Medical University, and the procedures followed
were in accordance with University guidelines and ethical standards. An
informed consent form was received from the volunteers of 22-32 years
old (males, n = 12), which were recruited by the laboratory staff of the
Clinical Centre at the Pavlov First Saint Petersburg State Medical



K.N. Semenov et al.

Journal of Molecular Liquids 413 (2024) 125743

Catranorin

1.0

1.5 2.0

/ CDNA

Fig. 10. Dependence of the thermal effect of the reaction of interaction of atranorin with DNA at 298.15 K. AH is the thermal effect of the reaction, Catranorin / Cona 1S
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Fig. 11. Melting curves of DNA in saline (l) (Cpna = 3.4.10% M) and DNA
complex with atranorin (Caranorin = 1.3-107° M) (@); dotted lines are differ-
ential curves.

University.

The reagents used to study the biocompatibility and biological ac-
tivity of atranorin are given in Table S1.

The distribution of atranorin in the octan-1-ol-HyO system was
studied using a LAUDA ET 20 shaker-thermostat (Germany, shaking
frequency 200 rpm) at a temperature of 298.15 K for 5 h. A solution of
atranorin (C=0.013 g1 1) was prepared for the experiment) in deionised
water, to which an equal volume of octan-1-ol (5 ml) was added. The
optical density of the atranorin solution in the aqueous phase was
measured on an SF-2000 spectrophotometer (Russia) at a wavelength of
250 nm. Details of the experimental procedure are described in [24]. A
total of 5 parallel measurements were made.

The effect of atranorin on spontaneous haemolysis was studied by
measuring the optical density of the supernatants at a wavelength of 1 =
540 on an Allsheng AMR-100 microplate reader photometer (China)
according to a previously described method 25. The concentration range
of atranorin was 1-100 pM.

To study platelet aggregation, blood was collected into vacuum tubes
containing sodium citrate (C=0.129 M) as a stabiliser at a sodium cit-
rate: blood ratio of 1:9 (v/v). Platelet aggregation in platelet-rich plasma
(PRP) was studied in the presence of aggregation inducers ADP

120 | B

100 |- B

Cell viability / %

0 1.6 3.1 6.3 12.5 25 50 100

C/uM

Fig. 12. Effect of atranorin on the viability of cell lines ECV340 (light grey) and
HEK293 (dark grey). C is the molar concentration of atranorin.

C/pM:1 5 10 25 50 75 100 C

Fig. 13. Effect of atranorin on genotoxicity in the model experiment containing
PBR322 plasmid. C — control.

(C=0.005 g~l’1), collagen (C=20 g 171) and adrenaline (C=0.005 g-l’l)
[25].

A study of the binding of atranorin to collagen isolated from rat tails
(RatCol) was carried out using a Solar CM2203 spectrofluorimeter
(Belarus). Emission spectra were recorded in the wavelength range
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Table 6
Effect of atranorin on the percentage of DNA in a comet’s tail, tail length, and tail moment of comets.
Amplitude/%
Characteristic Negative control C(H202)/pM Catranorin/ MM
(PBS)
0 100.0 1.0 5.0 10.0 25.0 50.0 75.0 100.0
Tail DNA, % 16.93 + 3.24 83.12 £10.14 14.54 £ 5.10 17.34 +£ 6.15 15.84 + 4.43 16.67 + 15.29 + 18.34 £ 6.30 16.93 + 8.17
3.96 5.11
Tail length, um 69.25 + 14.15 522.56 + 64.22 + 81.99 + 71.73 £ 80.15 + 70.61 + 111.72 + 74.81 +
55.81 12.28 16.81 10.73 9.17 5.72 21.19 11.20
Tail moment 11.72 + 0.45 434.35 + 5.66 9.34 £ 0.63 14.22 +1.03 11.36 + 0.48 13.36 + 10.80 + 20.49 +1.33 12.66 + 0.92
0.36 0.29

(a) (b) (c)

(d) (e) %

(&) (1) (@)

Fig. 14. DNA comets after electrophoresis of PBMCs in a microgel: (a) — positive control (H203), (b) — negative control (PBS), (c-i) — atranorin (C =1, 5, 10, 25,
50, 75, 100 pM).

310-350 nm with an excitation wavelength of 290 nm. The measure- The effect of atranorin on the esterase activity of HSA was carried out
ments were carried out at temperatures of 298.1, 302.1, 306.2, 310.0, at a wavelength of 405 nm using an Allsheng microplate photometer
314.3 K. The temperature control accuracy was AT = + 0.3 K. The (China). For this purpose, the following solutions were prepared: 4-
RatCol concentration was 10 pM, the atranorin concentration varied in nitrophenylacetate (NPA) in isopropanol, HSA and atranorin in PBS
the range of 1-30 pM with a step of 5 pM. (pH 7.02). Details of the experimental technique are described in the



K.N. Semenov et al.

Journal of Molecular Liquids 413 (2024) 125743

250

200 +

150 -

% to control

100 |

50

=2 o
zo] zo] \,
2
B L
Er e .-
7aad &7 Bt &
o [ Tim3
[ 2]
== =
_I||l|l|lll||ll||lll||lll] |Il|l|v||l|ll|ll I|l|l||l| l|lll|lll T
2 ] a 3 <4 2 ] 3
o 10 10 10 S0 100 150 200 250 10 107 10 10
7aad PerCP-Cy5-5-4 FSC- 1,000) Tirn3 APC-4
z z 2
g 299
z zs]
21
: &
Ge 7aad 3o 7
GE 33 -] 274+ -
I"./J 1 % E 274 Tirn3
o {2
=
102 10° 10* 10% S0 100 150 200 250 102 102 gt 102 100 0t 10%
7aad PerCP-Cy5-5-A FSC-A 1.000) 274 PE-Cy7-4 Tirn3 APC-4,
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grey — KG-1, dark grey — THP-1, dark — Mono-Mac-1) (a), example of decreased expression of TIM-3 and PD-L1 in the bone marrow when treated with atranorin
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Cyanine5.5 area, FITC-A — Fluorescein-5-isothiocyanate, PE-Cy7-A — Phycoerythrin Cyanine7 area, Tim3 APC-A - Allophycocyanin-conjugated TIM-3 monoclonal

antibody, 45 — CD45-+-cells, 274 — CD274+-cells.

work [25].

The stable radical DPPH was used to study antiradical activity
[26,27]. The measurements were carried out on a Thermo Scientific
Evolution 300 spectrophotometer (USA). The detailed experimental
procedure is described in the work [25]. Also, to study the antiradical
activity, a model reaction with the stable radical anion ABTS (2,2"-azino-
bis-(3-ethylbenzthiozoline-6-sulfonic acid) diammonium salt) was used.
The experiment was carried out according to the method described in
the work [28].

Experiments to study photoinduced haemolysis in the presence of
atranorin were carried out according to the method described in refs.
[29-32].

The study of the thermodynamic characteristics of the binding of
atranorin to DNA and HSA was carried out by the Isothermal titration
calorimetry (ITC) method using a TA Instruments Nano ITC 2G micro-
calorimeter (USA) equipped with a 1 ml gold measuring cell according
to the method described in the work [33]. Based on the experimental

data obtained, the interaction parameters of atranorin with DNA and
HSA were calculated using the thermodynamic model of independent
binding (Independent model) [34].

Experiments on thermal denaturation of DNA in the presence of
atranorin were carried out on a Thermo Scientific Evolution 300 spec-
trophotometer (USA) with a thermostated cell in a 0.015 M NacCl solu-
tion in the temperature range 25-95 °C.

The cytotoxicity of atranorin was studied using the MTT method on
the cell lines Human Umbilical Vein Endothelial Cells (ECV340) and
Human Embryonic Kidney 293 (HEK293) [24,29,31,35].

To study the genotoxicity, the pBR322 plasmid (Thermo Fisher Sci-
entific, USA) was propagated in the bacterial strain Escherichia coli DH5
alpha and isolated using the Plasmid MidiPrep kit (Evrogen, Russia)
[36]. Concentrations of atranorin varied in the range of 10-100 uM;
samples were incubated for 15 h at 37 °C and analysed by electropho-
resis in 1 % agarose gel.

Also, the genotoxicity of atranorin was assessed using the DNA comet
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Fig. 16. AKT1 protein interactions with ATR within the ATP-competing site are monitored throughout the simulation of MD for 300 ns. Simulation interactions
diagram panel of protein-ligand interactions (or ‘contacts’) categorised into four types: hydrogen bonds (red), hydrophobic (grey), ionic (white) and water bridges
(dark) (a). The stacked bar charts are normalised over the course of the trajectory showing the fraction of the simulation time that each specific interaction was
maintained throughout the MD run. A schematic representation of detailed ligand atom interactions with the protein residues (dashed circle — hydrophobic, dark
grey circle — charged (negative), circle — charged (positive), light blue — polar, green — metal coordination, dark wavy line — Pi-Pi stacking, light grey circle —
solvent exposure) (b). Interactions that occur more than 10.0 % of the simulation time in the selected trajectory (0.00 through 300.09 ns), are shown. The fraction of
the simulation time normalized over the course of the trajectory that each specific interaction (shown by arrow) was maintained throughout the MD run. The

threshold of 10% is represented.

assay, based on measuring the effect of substances under study on the
DNA integrity of human PBMCs using alkaline microgel electrophoresis
[35]. DNA comets were visualised using a Micromed 3 LUM fluorescence
microscope (Russia). The tail lengths were measured using the CASP
software (version 1.2.2). Tail DNA content and tail length were deter-
mined experimentally; tail momentum was calculated as the percentage
of tail DNA multiplied by the distance between the centre of the head
and tail [37].

2.3. Cell cultures and flow cytometry

Cells from the human monocytic leukaemia THP-1, acute myeloge-
nous leukaemia KG-1 and human monocytic cell line Mono-Mac-01 were
selected for testing. The cell experiments were carried out using known
allosteric AKT inhibitor 8-[4-(1-aminocyclobutyl)phenyl]-9-phenyl
[1,2,4]triazolo[3,4-f]-[1,6]naphthyridin-3(2H)-one (MK-2206, Sigma-
Aldrich, USA) and atranorin. The cells were cultivated in RPMI-1640
(Biolot, Russia) medium, containing 10 % FBS (bioFroxx, Germany).
The cell lines used in the work were provided by the Russian Collection
of Cell Cultures of the Institute of Cytology, Russian Academy of Sci-
ences. In the experiment, in each well of a plate for suspension cultures
(Nest, China) 2-10° cells were added with the required volume of atra-
norin in a 2 ml culture medium. As controls, cells were used in the same
amount and medium without the addition of atranorin, as well as with
the addition of DMSO in the same concentration. Cells were cultured for
24 h at 37 °C under 5 % CO- until further cytofluorimetric analysis.

Nucleated bone marrow cells were isolated from the bone marrow
aspirate of Acute Myeloid Leukaemia (AML) patients according to the
standard protocol of erythrocyte lysis. Cells were used in the experi-
ments immediately. Bone marrow was cultured in a culture medium
RPMI-1640 (Biolot, Russia), containing 10 % FBS for 24 h at 37 °C under
5 % CO, until further cytofluorimetric analysis.

Flow cytometry was carried out on a FACSCanto II (BD Bioscience,
USA). The cytometer was calibrated and the fluorescence baseline
adjusted using the commercial BD FACS Diva SC&T Research Beads kit
according to the manufacturer’s recommendations. Monoclonal

antibodies to TIM-3 (APC, Biolegend, clone A18087E), CD274 (PE-Cy7,
Biolegend clone 29E.2A3) (Becton Dickinson, USA; Miltenyi Biotec,
USA) were also used. Before assay ~2.10° cells were transferred to a
cytometric tube and centrifuged at 300 g for 7 min, after that washing
off was done to a culture medium residues in 2 ml of CellWash (Becton
Dickinson, USA), followed by centrifugation under the same conditions.
Samples with antibodies were incubated for 15-20 min in the dark at
room temperature. At the end of incubation, the cells were washed twice
under the previous conditions. Samples were analysed by forward and
side light scattering, stained with vital dye 7-AAD (PerCP-Cy5,5,
Elabscience, China) or DRAQ7 (APC-Cy7, BioLegend, USA). Immedi-
ately before analysis, the sample volume was adjusted to 400 pl using
CellWASH (Becton Dickinson, USA). Analysis of the obtained data was
carried out using software BD FACSDiva Software.

In the experiments, due to the absence of a normal distribution, the
obtained data are presented as a median and interquartile range (25th
and 75th percentile), minimum and maximum values. The significance
of differences between multiple groups was determined using Krus-
kal-Wallis test, p-value of less than 0.05 was considered statistically
significant.

Statistical analysis was performed using SciPy (Virtanen et al.,
2020), Pandas (Wes McKinney, 2010) Python (v.3.7) packages. Plotting
was performed using R 4.3.1.

2.4. Computer modelling of the interaction of atranorin with AKT kinase

2.4.1. Protein targets selection

AKT protein was chosen to study molecular interactions with atra-
norin. There are two binding sites known where the AKT-inhibition
mechanism can be realised via conformational changes of the protein:
ATP-competing site and allosteric inhibition [38]. Therefore, it was
decided to study both binding sites of AKT. The protein model of AKT1
with selective ATP-competitive inhibitor AZD5363 (PDB ID 4GV1) was
chosen; the model PDB ID 3096 represented the crystal structure of
AKT1 bound with selective allosteric inhibitor. The sequences of
AKT1,2,3 were also retrieved from the UniProt Knowledge database. All
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Fig. 16. (continued).

stages of protein modelling, docking, molecular dynamics (MD) and
analytical calculations were performed using the Schrodinger molecular
modelling suite (version 2021-1) (Schrodinger, LLC, New York, NY,
2021). The initial protein models 4GV1 and 3096 were structurally
aligned in order to evaluate the colocalisation of two inhibition sites: the
alignment score was 0.211; resulting RMSD was 2.287 A. The protein
binding sites were evaluated within 5 A of bound ligands; the amino
acids composition was compared using The Schrodinger Maestro mul-
tiple sequence viewer (MSV).

2.4.2. AKT1,2,3 homology modelling and preparation

The quality of 4GV1 and 3096 protein structures were tested and
preprocessed in the Protein Preparation Wizard (PPW) [39]. Detected
problems with invalid atom types (missing hydrogens, wrong number of
bonds), alternate positions, steric clashes and other deviations were
refined in PPW. The bond orders were assigned, and hydrogens were
added after removal of the original hydrogens. Missing loops and side
chains were checked in using Prime [40,41], possible protonation states
were generated using EPIK state penalty under default parameters (pH
7.0+2.0) [42]. No problems were reported in the preprocessed protein

structures. Additionally, the quality of complexes was analysed in the
Protein Reliability Report; the initial protein-ligand complexes were
refined in Prime (only some steric clashes were remained as no addi-
tional MD relaxation was made in order not to change the binding site
conformation with ligand bound before docking studies for proper grid
generation, especially for allosteric site model).

In order to test the allosteric site inhibition of other AKT homologs,
the structures of AKT2 and AKT3 proteins were obtained by homology
modelling on the AKT1 template PDB ID 3096 using Schrodinger Ho-
mology Modeling Module [40,41], secondary structure prediction was
carried out using the ClustalW alignment method, which works best for
structures with high sequential similarity [43]. Models were aligned and
further built using an energy-based method where the ligand was
included into the final models.

2.4.3. Ligand preparation

The structure of ligand, atranorin, was retrieved from the PubChem
compound database (CID-68066) [44] and further subjected to ligand
preparation (LigPrep) prior to docking. LigPrep is a robust collection of
tools designed to prepare high quality, all-atom 3D-structures for small
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Fig. 17. AKT1 protein interactions with ATR within the allosteric site are monitored throughout the simulation of MD for 300 ns. A) Simulation interactions diagram
panel of protein-ligand interactions (or ‘contacts’) categorised into four types: hydrogen bonds (red), hydrophobic (grey), ionic (white) and water bridges (dark) (a).
The stacked bar charts are normalised over the course of the trajectory showing the fraction of the simulation time that each specific interaction was maintained
throughout the MD run. A schematic representation of detailed ligand atom interactions with the protein residues (dashed circle — hydrophobic, dark grey circle —
charged (negative), light blue — polar, dark wavy line — Pi-Pi stacking, light grey circle — solvent exposure) (b). Interactions that occur more than 10.0 % of the
simulation time in the selected trajectory (0.00 through 299.99 ns), are shown. The fraction of the simulation time normalized over the course of the trajectory that
each specific interaction (shown by arrow) was maintained throughout the MD run. The threshold of 10% is represented.
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Fig. 18. AKT2 protein interactions with ATR within the allosteric site are monitored throughout the simulation of MD for 300 ns. Simulation interactions diagram
panel of protein-ligand interactions (or ‘contacts’) categorised into four types: hydrogen bonds (red), hydrophobic (grey), and water bridges (dark) (a). The stacked
bar charts are normalised over the course of the trajectory showing the fraction of the simulation time that each specific interaction was maintained throughout the
MD run. A schematic representation of detailed ligand atom interactions with the protein residues (dashed circle — hydrophobic, dark grey circle — charged
(negative), light blue — polar, dark wavy line — Pi-Pi stacking, red wavy line — Pi-cation, light grey circle — solvent exposure) (b). Interactions that occur more than
10.0 % of the simulation time in the selected trajectory (0.00 through 300.09 ns), are shown. The fraction of the simulation time normalized over the course of the
trajectory that each specific interaction (shown by arrow) was maintained throughout the MD run. The threshold of 10% is represented.

molecules. This tool is also capable of generating multiple structures
from input structure with various ionisation states, tautomers, stereo-
chemistry, and ring conformations, as well as eliminating molecules
using specified criteria. Atranorin for this study was also prepared by
optimising geometries through OPLS4 [45] force field and ionisation of
possible state were generated at pH 7.0+2.0 by EPIK [42]. Desalt and
generate tautomers were also selected and the stereoisomer computa-
tion was checked to retain specific chirality (vary other chiral centres)
and to generate at most 32 conformations per ligand. Finally, six atra-
norin tautomers were generated by LigPrep.

2.4.4. Receptor grid generation

Receptor grid was located at the bound ligand of AKT protein within
the appropriate binding site. Grid box was defined around the co-
crystallised ligand binding site and using Glide’s Receptor-Grid-
Generation tool. The grid was a cubic box, centred at the centroid of
the ligand within the complex. In Glide [46], the grid was generated
keeping the default parameters of van der Waals forces (vdW) scaling
factor 1.0 and charge cut-off 0.25 using initial partial charges, subjected
to OPLS4 force field [45].

2.4.5. Glide extra precision (XP) ligand docking

The atranorin docking was carried out inside the assigned grid box
using the Ligand Docking tool within the Glide panel in the Schrodinger
suite. The non-polar atoms were set for the VAW radii scaling factor by
0.8, the partial charge cut-off was 0.15 as well as using input partial
charges. All docking settings were set to default except for the docking
protocol that was changed to an extra precession (XP) mode [47] with
flexible ligand sampling combined with sampling of nitrogen inventions
and ring conformations; EPIK state penalties were added to docking
score calculation; counting of aromatic H as donors was included into H-
bonds. The post-docking minimisation was performed for resulting
complexes. The generated atranorin-AKT complex with highest XP-
GScore was applied for further MD simulation and analysis.

2.4.6. Molecular dynamics simulations
MD simulations were performed using the Desmond package [48].

11

The MD system was set-up in the Maestro’s ‘System Builder’ utility as
follows: TIP3P water model [49] was used to simulate water molecules;
buffer distance in orthorhombic box was set up at 10 A; recalculated
amount of Na®/Cl™ ions were added to balance the system charge and
were placed randomly to neutralise the solvated system; additional salt
was appended for final concentration 0.15 M in order to simulate
physiological conditions.

MD simulations were conducted with the periodic boundary condi-
tions in the NPT ensemble class using OPLS4 force field parameters [45].
The temperature and pressure were kept at 300 K and 1 atmospheric
pressure, respectively, using Nosé-Hoover temperature coupling and
isotropic scaling [50]. The model system was relaxed before simulations
using Maestro’s default relaxation protocol including two stages of
minimisation (restrained and unrestrained) followed by four stages of
MD runs with gradually diminishing restraints. MD simulations were
carried out by running the 300 ns recording the trajectory configurations
obtained at 50 ps intervals. RMSD clustering was performed in the
Desmond package [48]; total system energy was calculated by Prime
[40,41].

2.4.7. Analysis of MD simulation

The MD trajectory files were investigated by using simulation quality
analysis (SQA) and simulation interaction diagram (SID) programs
available within the Desmond module: SID was employed to generate
the protein and ligand’s root mean square fluctuations (RMSF) and root
mean square deviation (RMSD), ligand interaction fingerprints and
interaction fractions with the proteins. The Prime module in
Schrodinger suite 2021-1 was used to compute the ligand binding en-
ergies through the use of a physics-based MM/GBSA method [51,52].
MM/GBSA free energy of binding (AGpinq) is calculated for the repre-
sentative complex with minimal total energy from clustered Desmond
trajectories using the equation: AGpind = Ecomplex — ELigand — EReceptors
where Ecomplex, ELigand, and EReceptor are the energy calculations done in
Prime MM/GBSA of the optimised complex (complex), optimised free
ligand (ligand), and optimised free receptor (receptor). The OPLS4 force
field and VSGB solvation model were used in the calculations.
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3. Results and discussion
3.1. Partition coefficient
The distribution coefficient of atranorin in the octan-1-ol-water

system was calculated using the formula:

,
C
POW:TOZ
c, c

Cw /— C, (l)

w

where ¢, and ¢,,’ are concentrations of atranorin in octan-1-ol and
water, respectively, after achieving equilibrium, c,, is the initial con-
centration of atranorin in water.

The resulting 1gP,, value for atranorin was 1.22. The obtained value
indicates that atranorin has lipophilic properties. A 1gP,,, value between
—1 and +2 is considered optimal for substances intended for oral
administration [53]. With a low 1gP,,, value, the compound will be
poorly absorbed and, as a result, have low bioavailability.

3.2. Haemocompatibility

To study the haemocompatibility of atranorin, its effect on sponta-
neous haemolysis was determined. Fig. 6 shows the concentration
dependence of the degree of haemolysis in the presence of atranorin

12

after 1 and 3 h. Analysis of the results obtained indicates that atranorin
can be considered haemocompatible in the concentration range of
1-100 pM since the degree of haemolysis does not exceed 5 %
[30,54,55].

Table 2 provides data on the study of the effect of atranorin on ADP-,
collagen-, and adrenaline-induced platelet aggregation. As a result a
weak pro-aggregant activity of atranorin was revealed in the concen-
tration range of 1-100 uM for ADP- and collagen-induced platelet ag-
gregation. At the same time addition of adrenaline caused moderate pro-
aggregant activity of atranorin.

To identify the putative mechanism of the effect of atranorin on
platelet aggregation, the binding constants (Kp) and stoichiometry () of
the binding process with RatCol were determined using the Scatchard
equation:

Fo—F
F

Ig = 1gK;, +nlgQ )]
where Fj is the fluorescence intensity of RatCol in the absence of atra-
norin, F is the fluorescence intensity of RatCol in the presence of atra-
norin, Q is the molar concentration of atranorin, pM. From the
dependence in Hill coordinates lgF“T’F vs 1gQ (Fig. S2), K}, values were
identified for binding of atranorin to RatCol (Table 3) [56-58]. The
obtained binding constants indicate that atranorin forms a stable
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Fig. 19. AKT3 protein interactions with ATR within the allosteric site are monitored throughout the simulation of MD for 300 ns. Simulation interactions diagram
panel of protein-ligand interactions (or ‘contacts’) categorised into four types: hydrogen bonds (red), hydrophobic (grey), and water bridges (dark) (a). The stacked
bar charts are normalised over the course of the trajectory showing the fraction of the simulation time that each specific interaction was maintained throughout the
MD run. A schematic representation of detailed ligand atom interactions with the protein residues (dashed circle — hydrophobic, light blue — polar, dark wavy line —
Pi-Pi stacking, light grey circle — solvent exposure) (b). Interactions that occur more than 10.0 % of the simulation time in the selected trajectory (0.00 through
300.04 ns), are shown. The fraction of the simulation time normalized over the course of the trajectory that each specific interaction (shown by arrow) was

maintained throughout the MD run. The threshold of 10% is represented.

complex with RatCol.

Determination of changes in enthalpy and entropy of the binding
reaction of atranorin with RatCol were calculated using the van’t Hoff
equation:

AH AS

InKp = — —+—
b RT TR

3
where AH and AS are changes in the enthalpy and entropy of the binding
reactions of atranorin with collagen, R is the gas constant, T is the ab-
solute temperature.

The change in the Gibbs energy (AG) of the binding reaction of
atranorin with RatCol in the temperature range 298.2-314.3 K was
calculated using the formula:

AG = AH—TAS )
Negative AG values (Table 4) in the temperature range 298.2-314.3 K
indicate that the binding of atranorin to RatCol is thermodynamically
favourable. The positive AH and AS values indicate that atranorin binds
to RatCol primarily through hydrophobic interactions.

Regarding data on the interaction of atranorin with RatCol with data
on platelet aggregation, it can be seen that atranorin forms a fairly
strong complex with collagen. However, most likely, the active center of
collagen, which is responsible for interaction with the platelet GPVI
receptor, is not involved [59]. This fact leads to an increase in collagen-
induced platelet aggregation.

The dependence of the thermal effect of the reaction of interaction of
atranorin with HSA at 298.15 K on the titrant concentration (HSA) is
presented in Fig. 7. It can be seen that in this case there is an endo-
thermic thermal effect. Based on the experimental data obtained, the
interaction parameters of atranorin with HSA were calculated using the
thermodynamic model of independent binding (independent model)
[34] (Table 5). It can be seen that atranorin forms a moderately strong
complex with HSA. Thus, HSA will perform a transport function in the
bloodstream [60].

The first order reaction equation was used to determine the rate
constant for NPA hydrolysis [25].

13
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where ANp=1.86 is the optical density of p-nitrophenol solution (C=100
pM); Ay is the optical density of the reaction mixture at time t; Ay is the
optical density of the reaction mixture at the initial time; k is the first
order reaction rate constant (min’l); t is the time from the start of the
reaction (min).

First-order rate constants of the reaction of the hydrolysis of NPA by
HSA in the absence and presence of 50 uM atranorin were calculated

from the slope of the straight lines in coordinates In <1 7%) Vs t.

Fig. 8 shows the dependence of the rate constants of the NPA hydrolysis
reaction on the concentration of atranorin. It can be seen that the rate
constants do not change in the presence of atranorin in the studied
concentration range.

3.3. Study of the effect of atranorin on antioxidant properties

The degree of inhibition of free radical reactions involving DPPH and
ABTS radicals was assessed using the equation:

Arad - (Asample - Ablank)

I =
Arad

100%

(6)

where I is a fraction of reduced radicals (%); Arad, Asample; Ablank are
optical densities of solutions of radicals (DPPH or ABTS), solutions
containing atranorin and stable radicals, and solutions of atranorin
without radicals, respectively.

Fig. 9 shows the dependence of the proportion of reduced radicals on
the concentration of atranorin. It can be seen that in the case of the
reaction with DPPH, the ICso is 117 pM, in turn, the ICso value of
ascorbic acid in this model reaction is less than 10 pM. In the model
reaction of atranorin with ABTS, the ICs is less than 10 pM; for com-
parison, the ICso of ascorbic acid is 3.6 pM. From the data obtained, it
follows that atranorin exhibits pronounced antiradical activity under
experimental conditions, and in the case of a model reaction with ABTS
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Table 7
MM/GBSA free energy of binding (AG-bind) of atranorin with AKT within the
binding site calculated on the representative MD structure with minimal total
energy.

AKT protein AG-bind/kcal-mol~*
AKT1 (ATP-competing site) —20.89
AKT1 (allosteric-inhibition site) —52.09
AKT?2 (allosteric-inhibition site) —63.65
AKTS3 (allosteric-inhibition site) —68.77

it is comparable to ascorbic acid.

From the presented Fig. S3, it can be seen that atranorin in the
studied concentration range (1-100 pM) has no effect on the level of
photoinduced haemolysis.

3.4. Binding to DNA

Fig. 10 shows the dependence of the thermal effect of the reaction of
interaction of atranorin with DNA at 298.15 K depending on the con-
centration of the titrant (atranorin). The resulting interaction
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stoichiometry shows that at the equivalence point there are 1.2 mol of
DNA per 1 mol of atranorin (Table 5). The binding constant of atranorin
to DNA obtained by ITC method (K = 2.88-10%) indicates moderate
binding of DNA to atranorin.

The temperature at which 50 % of the double-stranded DNA remains
in the double-stranded state is considered the DNA melting temperature
(T [61]. The melting temperature of DNA (Ty,) directly depends on the
stability of its double helix. The interaction of DNA with small molecules
can stabilise the nucleic acid structure by causing conformational
changes, which usually leads to an increase in the Ty, value. The melting
curves of DNA and the DNA complex with atranorin are shown in
Fig. 11. It can be seen that the melting temperature of the complex of
atranorin with DNA (T, = 83.5 °C) exceeds the melting temperature of
DNA in a 0.15 M NaCl solution (T, = 78.9 °C). It can be concluded that
the interaction of DNA with atranorin stabilises the structure of the
nucleic acid, causing conformational changes that lead to an increase in
the Ty, value.

3.5. Cytotoxicity

Fig. 12 shows the effect of atranorin on the viability of the ECV340
and HEK293 cell lines, which implies that atranorin does not exhibit a
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cytotoxic effect. It should be noted that atranorin exhibits a cytotoxic
effect against tumour cell lines of acute monocytic leukaemia (THP-1),
acute myeloid leukaemia (KG-1), and acute monocytic leukaemia Mono-
Mac-1. Data from studies of the cytotoxicity of atranorin are consistent
with data obtained by flow cytometry (see section 3.7).

3.6. Genotoxicity

Depending on the conformation, plasmid DNA molecules move
differently during agarose gel electrophoresis. The molecules that are in
the supercoiled state go farthest. Molecules containing a single-strand
gap, which are in a relaxed state, pass the least. In the middle, linear
molecules move between them, resulting from a double-strand break.
The results of electrophoresis of ‘native’ plasmid DNA isolated from
bacteria, as well as treated with enzymes that introduce single-strand or
double-strand breaks into the molecules are presented in Fig. 13 (full gel
in Fig. S6). At the concentrations used, atranorin do not cause a signif-
icant number of breaks in DNA, which could be determined using this
method.

The mean values of % tail DNA, tail length, and comet tail mo-
mentum observed from human PBMCs incubated in the presence of
H20; (positive control), PBS (negative control) and atranorin (C=1-100
uM) are presented in Table 6. It can be seen that the amount of DNA
damage in the presence of HyO3 is significantly higher than in control
cells. Thus, atranorin in the studied concentration range did not cause
DNA damage and, therefore, did not have a genotoxic effect. As an
example, Fig. 14 presents photographs of DNA comets in the presence of
H,02 (C=100 uM), PBS and atranorin (1, 5, 10, 25, 50, 75, 100 pM).

Previously, the genotoxic effect of atranorin has not been studied,
but there is some information in the literature on the assessment of the
genotoxic effect of another widespread lichen metabolite — usnic acid
(UA). Using the DNA comet assay, it was found that treatment of V79
cells (cells exhibiting morphology of fibroblasts isolated from the lung of
a male Chinese hamster) with UA caused a significant increase in the
degree of DNA damage at concentrations of 60 — 120 pg-ml~! compared
to the control [62]. The same method was used to study the genotoxicity
of the (+) and (-) enantiomers of UA in human lymphocytes, revealing
that the enantiomers exhibited a genotoxic effect at concentrations of
12.5 - 100 pg-ml~?, while the genotoxicity of (-) UA at concentrations
exceeding 50 pg-ml’1 was 2.0 times higher than that of the (+) UA [63].
The genotoxic effect of UA in doses of 50 and 100 mg / kg in the liver and
kidney cells of mice was observed 1 h after oral administration The
genotoxic effect of UA is mainly associated with oxidative stress in cells
[64].

3.7. Flow cytometry

The effect of atranorin on the expression of TIM-3 and PD-L1 was
studied on cell lines KG-1, THP-1, Mono-Mac-01. The following pa-
rameters of reduction in cell viability were revealed (Fig. 15a): for KG-1,
viability decreased from (90.92+2.85) % to (64.60+16.15) %, for THP-1
from (88.6+5.30) % to (20.45+6.43) %, for Mono-Mac-1 from (81.73
+2.40) % to (22.10+£2.76) %. For KG-1, the PD-L1 level decreased from
(77.97+5.45) % to (53.67+27.38) %, for THP-1 from (92.2+6.04) % to
(4.954+5.16) %, for Mono-Mac-1 from (97.87+0.25) % to (26.87+4.87)
%. For KG-1, the level of TIM-3 decreased from (77.2 4 0.7) % to (75.67
+1.06) %, for Mono-Mac-1 from (43.77+1.01) % to (4.7740.85) %, on
THP-1 TIM-3 is underrepresented. After a series of experiments, only
Mono-Mac-01 showed statistical significance for TIM-3 and PD-L1 (p-
value = 0.0495). The remaining crops did not show statistical signifi-
cance. Similar results were obtained on human bone marrow cells under
the influence of atranorin. The expression of TIM-3 and PD-L1 was
reduced by 6.1- and 3.4-fold, respectively (Fig. 15b).

The known low molecular weight AKT inhibitor MK-2206 dihydro-
chloride (30 pM) was also tested and had a similar effect (Fig. 15a). In
the KG-1 cell line addition of MK-2206 resulted in reduced expression of
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PD-L1 from (81.3+5.3) % to (4.3 + 4.2) %, TIM-3 from (82.9+4.6) % to
(21.94+7.6) % (p = 0.006). In THP-1 cell line downregulation of PD-L1
was observed after exposure to 30 pM of MK-2206 from (87.4+20.04)
% to (12.5£12.1) % (p = 0.002). In Mono-Mac-1 cell line was a signif-
icant downregulation of PD-L1 after exposure with MK-2206 from
(97.26£1.14) % to (12.9+£8.0) % (p = 0.006), TIM-3 expression in
Mono-Mac-1 cell lines decreased from (53.25415.25) % to (3.6+£3.4) %
(p = 0.006).

3.8. Computer modelling of the interaction of atranorin with AKT kinase

AKT is the key protein in the PI3-kinase pathway involved in cellular
metabolism, growth, proliferation, differentiation, and survival of cells.
It was shown that AKT is overexpressed constitutively due to its own
mutation of upstream proteins in the cancers [65,66]. Hence, inhibiting
the AKT has been reported to adjuvant cancer therapy to increase pa-
tient survival. There have been extensive efforts to develop AKT in-
hibitors as therapeutics due to the involvement of oncogenic activating
mutations in PI3K and AKT in cancer and overgrowth disorders [67-69].
Thus, the AKT protein was chosen as a potential target for atranorin
binding. There are two binding sites known where the AKT-inhibition
mechanism can be realised via conformational changes of the protein:
ATP-competing site and allosteric inhibition [38]. Therefore, it was
decided to study both binding sites for binding with atranorin. The
protein model of AKT1 with selective ATP-competitive inhibitor
AZD5363 (PDB ID 4GV1) was chosen; the model PDB ID 3096 repre-
sented the crystal structure of AKT1 bound with selective allosteric in-
hibitor. Comparison details of both inhibition sites between AKT
homologs (in supplementary information) revealed that all AKT proteins
are similar at the binding ATP-competing site, therefore, one AKT ho-
molog (e.g., AKT1) would be a representative structure for interaction
studies of atranorin binding via ATP-competing site. However, analysis
of allosteric-inhibition site sequences revealed significant differences in
amino acid composition of AKT1, AKT2 and AKT3 proteins. Therefore,
three homologous models of AKT1,2,3 should be generated for docking
studies as the sequence differences might influence interaction interface
and subsequent structural changes during allosteric inhibition of the
protein.

Total 6 atranorin hits were prepared for further docking studies with
AKT proteins. The preparation included converting the 2D-structure to
energy-minimised 3D-structure and generating all possible ionisation
and tautomeric states using Schrodinger’s LigPrep tools. Moreover,
ADME properties were predicted for all generated atranorin hits using
QikProp [70] (Table S2). ADMET results and description is into sup-
plementary information.

Docking of atranorin with AKT proteins were performed using extra
precision XP-Glide. Top-complexes with the highest XP GScore obtained
after docking into each inhibition site of AKT (ATP-competitive (AKT1-
model) and allosteric (AKT1,2,3-models)) further were subjected to
molecular dynamics (MD) run for 300 ns. MD simulates the dynamic
behaviour of the molecular system under computer-generated physio-
logical conditions to assess the protein-ligand complex stability over the
time and binding affinity [71]. The protein-ligand complex stability is
assessed by the RMSD plot, which measures the deviation of the protein
and ligand atoms positions inside the binding pocket at the end of the
simulation period (300 ns) compared to their initial positions before the
simulation at 0 ns. RMSD analysis demonstrated more stability of atra-
norin molecule within the AKT2 and AKT3 complexes docked into
allosteric sites (Fig. S4) where less sharp fluctuations of the ligand were
observed during 300 ns MD run. However, RMSD plots of all AKT-
atranorin complexes showed the atom fluctuations were within the
acceptable range of 1-3 A, and atranorin RMSD values do not signifi-
cantly exceed the RMSD values of the protein, indicating quite stable
behaviour of atranorin at both binding pockets throughout the simula-
tion period (Fig. S4).

The major interactions and bond dynamics of atranorin within the
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both binding sites were demonstrated via 300 ns MD simulation
(Figs. 16-19, Fig. S5). The main binding pattern of AKT1 ATP-competing
site consists Lys158, Lys179, Ala211, Thr230 forming H-bonds along
with Glu234, Thr291 and Asp292 through water bridges and ionic bonds
with the hydroxyl and carbonyl groups of atranorin. Additional hydro-
phobic interactions were formed by Phel61, Vall64, Met227 and
Phe438, Phe442 which additionally stabilised the benzene rings of
atranorin. The key binding residues in the allosteric site of AKT were
GIn79, Trp80 in all AKT proteins. Other interactions, their dynamics and
impact varied depending on the AKT homolog, but the common inter-
acting interface can be revealed within the allosteric site mainly via
cumulative hydrophobic interactions, H-bonds and water-bridges
(Figs. 16-19, Fig. S5). The main binding pattern of AKT1 within the
allosteric sites was Asn53, Ser56, Glu79, Thr80, Thr211, Leu264,
Val270, Tyr272, Asp292. The key binding residues of AKT2 in the
allosteric site were Asn54, GIn79, Trp80, Leu266, Arg269, Val272,
Tyr273, Asp275, Asp293, Tyr327. The essential binding pattern within
the AKT3 binding site consisted of Asn53, GIn78, Trp79, Serl23,
GIn124, Leu208, Tyr261, Leu262, 1le267, Tyr269. Additionally, the
strength of ATR interaction was calculated within both binding sites of
AKT homologs. The binding AG was calculated via MM-GBSA method on
the representative structure with minimal total energy (Table 7). The
resulting AG-bind corresponds to the initial XP-docking score, and it can
be concluded that the preferred binding of ATR occurs in the allosteric
site with the maximum binding strength within the complex of AKT3
protein.

4. Conclusion

In this work, a comprehensive study of the biocompatibility, cyto-
toxicity and genotoxicity of atranorin, a secondary aromatic metabolite
of a number of lichens, was carried out. The compound was charac-
terised using a complex of physicochemical methods of analysis: UV, IR,
NMR spectroscopy, mass spectroscopy, elemental analysis. The
biocompatibility study included the study of haemocompatibility, anti-
radical activity, cytotoxicity against the ECV340 and HEK293 cell lines,
as well as genotoxicity using the pBR322 plasmid and the DNA comet
method. It has been shown that atranorin does not cause haemolysis,
exhibits weak pro-aggregant activity, forms a stable complex with HSA
(Kp, = 7.6-10* M~ 1) and DNA (Kp = 2.88-10* M%), and has pronounced
antiradical properties in model reactions with radicals DPPH and ABTS,
and is also non-cytotoxic (to non-tumour cell lines ECV340 and HEK293)
and does not exhibit genotoxicity. Atranorin has previously been shown
to be an AKT kinase inhibitor. The present study found that the conse-
quence of this is a decrease in AKT-dependent expression of PD-L1 and
TIM-3. In addition, molecular modelling of atranorin-AKT complexes
showed stable interaction of the atranorin molecule with proteins, with
the greatest binding strength at the allosteric site of AKT3 inhibition.
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