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The interaction of some secondary metabolites of the medicinal plant Artemisia annua
with the amyloidogenic peptide 5Af1,.4, was studied in silico. Docking analysis of artemisinin,
dihydroartemisinin and dimer of dihydroartemisinin with 5AS;7.4, was performed. The results
were compared with curcumin, which is at stage Il of clinical trials, and with the nonsteroidal anti-
inflammatory drug ibuprofen. It is shown that all five ligands have a fairly high binding energy,
with a maximum for dimer of dihydroartemisinin. All studied ligands interact directly with the
most important sites of 5Af;.4, peptide. Artemisinins as well as curcumin and ibuprofen, can
suspend the formation and growth of 5Ap,4, fibril, while dihydroartemisinin and dimer of
dihydroartemisinin can destabilize already formed amyloid.

S-amyloid peptide — curcumin — ibuprofen — artemisinin — dihydroartemisinin — dimer of
dihydroartemisinin

In silico htwnwagnunyty £ Artemisia annua ntnwpnyuh npn2 Gpypnpnuwihl JGwnwpnihnutph
thnluwgnbgnientll wdhinhnwdhl 5AS7.4, wewwnhnh hwn: bpwywuwgyt) £ wpnGdhghupuh, Gny-
hhnpnwnntuhahUhth, GpyhhnpnwpnGdhghplh nhutinh 5AB174. $hpphth htn nnphlgh  Ytpint-
oncejnil: WU hwdbdwundty £ Ynipynwdhuh nnphugh htwn, npp gunudnud £ Yyihupuywu thnpéwp-
ynwdutph 2-pn thnened, huswbu Lbwle ng unBpnhnwihu hwywpenppnpwht ntnwdhgng hpniwnpndtuh
hGw: 8nyg £ wpdbl, np pninp thqwunubpp nluBU pwdwywbwswith pwpan Ywwdwu EuGpghw, npu
wnwyblwagnuu  wndbpu nuh  Bpyhpnpnwpuntdhghuhuh nhdGph  nGwenwd: Rninp  |hquunubnp
wudhpwywunptl  thnpuwgnnd  BU  5AB17.42,  wbwwhnh  Ywplnpwgnuyu  uwietbph  hGwn:  Upunt-
uhghuhluGpp Ynipynedhup W hpniwpndtUh bdwl Jupnn B uuqubguty 5AB17.42 Shpphih winw-
gwgnwdp, huy GpyhhnpnwpnGdhghthup W GpyhhnpnwnuntuhghUph nhutpp Ywpnn G bwl
wwwywniuwgut] wpntl wnwowgwéd wdhnhnp:

B-wdhnhnuyhl wbupnpn — Gnipynidpl — ppniwnndtl — wpinbuhghUpl — GpuhhnpnuwipintdpghUpl —
plhhnpnwpuinGdhghUhUp nhuep

In silico nccnenoBano B3auMOAEHCTBHE HEKOTOPHIX BTOPHYHBIX METaOOIHMTOB JEKapCT-
BEHHOT0 pacteHusi Artemisia annua ¢ aMHJIOWAOTEHHBIM MEeNTUIOM S5SAfS)7.47. TIpOBeNeH JTOKHHT
aHaJIN3 apTEeMU3HHIHA, TUTHIPOAPTEMI3HHIHA U IMepa TUTHIPOAPTEMU3HHIHA C SAS)7.4, pe-
3yJIbTaThl KOTOPOr'o CPaBHUBAJIM C JIOKMHIOM KypKyMHHa, KOTOpbI Haxoaurcs Ha Il stane kiuHU-
YECKHX MCIIBITAHUI{, U HECTEPOUIHOTO IIPOTHBOBOCIIAIMTENBLHOTO NIpenapaTa HoynpodeHa.
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Iloka3zaHo, 4TO BCE MATH JHUTAHIOB UMEIOT JOBOJBHO BBICOKYIO DHEPTHIO CBS3BIBAHHSA, C
MaKCUMaJbHOM JUIsI TUMepa AWrHApoapTeMU3uHuHa. Bce ucciieqyemble JHMranjasl HeEmocpen-
CTBCHHO B3aMMOJICHCTBYIOT ¢ BaXXHEHIIUMH callTaMu SAf17.4, eNTHIA. APTEMH3HHUHBI aHAJO-
THYHO KYpPKYMHHY M HOymnpogeHy MOTrYT MPHUOCTaHABIMBaTh OO0pPa30BaHUE M POCT (GUOPHILIBI
5Af17.4p, @ TUTHAPOAPTEMHU3UHMH U JUMEP AUTHAPOAPTEMH3MHHHA MOTYT NECTaOMIM3UPOBATH
y>ke 00pa30BaBIINICS aMHIIOUI.

[-amunouonvlii nenmud — KypKyMuH — ubynpoghen — apmemusuHux —
Ou2UOpoapmeMu3uHUH — ouMep OUeUOPOAPMEMUIUHUHA

Alzheimer's disease (AD) is the most common cognitive disorder among elderly
population. It is characterized by deposition of g-amyloid (Ag) peptides, neurofibrillary
tangles, astrogliosis and microgliosis, which lead to neuronal dysfunction and
neurodegeneration [1]. Numerous epidemiological studies confirm that long-term use of
nonsteroidal anti-inflammatory drugs prevents AD, but does not affect the progression of
the disease in already diagnosed patients [2]. It has been shown that some secondary
metabolites of plants, including artemisinins, demonstrate antioxidant, anti-inflammatory,
anti-amyloidogenic, neuroprotective and cognitive-stimulating features [14].

One of the main hallmarks of Alzheimer's disease is the formation of protein
plaques, which consist of amyloid peptides of various lengths in the brain. Accumulation
of aggregated S-amyloid peptides in the brain plays a key role in the neuropathology of
Alzheimer's disease and in the neurotoxicity associated with it. The mechanism of
peptide aggregation is an object of interest, which is intensely debated nowadays. There
are several strategies used for AD treatment. One of them is based on prevention of
peptide generation by suppressing the activity of S- and y-secretases that promote the
formation of Af peptides. Another strategy is based on the suppression of misfolding
and on reversible aggregation [15]. A large number of different origin inhibitors of
amyloidogenic peptide aggregation was found. Nevertheless, there is no effective
treatment for AD, which makes the development of new inhibitors based on the amyloid
cascade hypothesis very relevant [8]. One of the modern approaches dedicated to the
search of potential drugs is the investigation of the interactions of metabolites mentioned
above with g-amyloid using molecular modeling [13].

One of the main problems in the development of drugs for the AD treatment is
that the sites of small molecules in 5Af17.4, are not known a priori. Therefore, molecular
docking is used to determine the possible binding sites location.

In the present study we investigated the nature of the interaction of artemisinin
(ART), dihydroartemisinin (DHA) and dimer of dihydroartemisinin (DDHA) with
5Af17.4, peptide using docking analysis and compared with curcumin (CUR), which is at
stage 11 of clinical trials and nonsteroidal anti-inflammatory drug ibuprofen (IBU).

Materials and methods. 3D structures of CUR [CID: 969516], IBU [CID: 3672], ART
[CID: 68827], DHA [CID: 456410] and DDHA [CID: 44564070] were obtained from PubChem
database [4]. Ligand topologies were generated using acpype [6]. The 3D structure of 5Af17.42
fibril in PDB format was taken from the RCSB Protein Data Bank database (PDB ID: 2BEG) [3].
Docking analysis was performed using Autodock Tools and Autodock Vina [16] at the
exhaustiveness equal to 512 with the grid box values describing the entire surface of the fibril. The
Ligplot* program was used to analyze hydrophobic interactions and hydrogen bonds [17]. The data
visualization was performed by PyMOL [7]. Permeability across the blood-brain barrier (BBB)
and human intestinal absorption (HIA) was calculated using the PreADME software [5]. The
ability to intersect via BBB is measured [12].
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Results and Discussion. The 3D structure of 5Af;.4, fibril contains ten models
obtained by NMR [11]. We carried out a docking analysis for five ligands with 10 given
models. The 8" model of 5Af,;.4, demonstrated the highest average binding energy for
all five ligands (tab. 1). Further studies were performed on this model.

Table 1. The average values of binding energies from the results of the docking  analysis for
ligands with ten models of the peptide 5A817.42

Models] 1 [ 2 [ 3 [ 4 [ 5 [ 6 [ 7 [ 8 ] 9 [ 10
AG; (kcal/mol)
CUR 6,4 5,1 6,1 5,9 5,5 6,9 5,5 7,6 5,7 6,5
+0.3 0,18 | +0,18 | 0,18 | 0,14 | 203 | +031 | +044 | +0,19 | 039
IBU 5,3 -4,9 497 | -498 | -496 | -64 -4,9 6,7 | -508 5,4
+0,5 0,3 0,26 | +035 | £047 | 0,55 | 20,26 | +0,52 | £038 | =032
ART 5,5 5,5 5,8 5,5 56 | 604 | 54 6,3 5,5 5,8
+0,3 £0,15 03 | 0,18 | 02 | 04 | +025 | +041 | 0,15 | 0,29
DHA | 54 54 5,7 53 54 5,9 54 6,1 5,4 5,8
0,28 | +025 02 | 2021 | £022 | 038 | 20,32 | +043 | 0,17 | =+024
DDHA | -65 -7,05 6,9 72 | 700 | -709 | -6,6 79 | 7,07 7.2
+0,5 0,52 | +0,66 | 033 | 044 | %029 | 024 | +0,45 | +026 | 029

According to our results CUR and 1BU have the same binding site between the f;
and f, turns of the 5Ap17.4> peptide, which is consistent with literature data (fig. 1) [10, 2].

Fig. 1. Docking and analysis of hydrophobic interactions and hydrogen bonds of 1% site of DDHA
(magenta), IBU (orange) and CUR (cyan) with 5AB17.4, fibril.

Curcumin forms 2 hydrogen bonds with the Gly38 of chain B, Gly37 of chain C
and many hydrophobic interactions with a binding energy of 8.4 kcal/mol. Ibuprofen
forms a hydrogen bond with the Phel9 of chain A and many hydrophobic interactions
with a binding energy of -7.7 kcal/mol. The dimer of dihydroartemisinin has 2 binding
sites, the first one coinciding with the CUR’s binding site (fig. 1). The binding energy of
DDHA (-8.3 kcal/mol) practically equals with binding energy of CUR. The dimer of
DHA forms hydrogen bonds and hydrophobically interacts with almost the same amino
acids as CUR. However, DDHA positioning is different from IBU and CUR, which
interact with the amino acid residues of chains A, B, C and D at the same time DDHA
interacts with the amino acids of chains A and B.
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In the second site, DDHA forms a hydrogen bond with Asn27 (C) (fig. 2). The
binding energy is -8.0 kcal/mol. In this site the DDHA hydrophobically interacts with
amino acid residues of the B, C, D, E chains, such as Asp27 (B), Lys28 (C), Gly29 (C),
Asp27 (D), Lys28 (D), Ala30 (D), Asp27 (E), Gly29 (E). It should be noted that Lys28
of C and D chains are involved in stabilization of the 5ApS;7.4, fibril [10].

Fig. 2. Docking and analysis of hydrophobic interactions and hydrogen bonds
of 2" site of DDHA (magenta) with 5A8,7.4, fibril

Artemisinin interacts with the site of 5Af17.4, formed by the N- and C-terminal of
chains C, D and E with a binding energy of -7.2 kcal/mol without forming hydrogen
bonds (fig. 3). It shows hydrophobic interactions with Leul7 (C), Phel9 (C), Val18 (D),
Phel9 (D), Leul? (E), Val18 (E), Phel9 (E), Val39 (E) and Val40 (E).

Fig. 3. Docking and analysis of hydrophobic interactions and hydrogen bonds of
DHA (red) and ART (yellow) with 5Ap17.4, fibril.

Dihydroartemisinin shows two binding sites with 5AS17.4,. The first coincides with
the ART’s binding site with a binding energy of - 6.9 kcal/mol. At this site, DHA forms 2
hydrogen bonds with the Val18 of chain D and the Leul7 of chain E with many
hydrophobic interactions. In the second site, DHA forms a hydrogen bond with the Asp23
(E), which is involved in stabilization of 5ApB17.4, fibril (AG, = -6.8 kcal/mol) (fig. 3).

The analysis shows that in some cases, for example, the binding of CUR, IBU,
DHA with 5Ap;7.4, the hydrogen bond plays an important role. However, for ART and
DDHA the hydrogen bonds do not play a role depending on the binding site of 5AS;7.4,.
At the same time, DDHA forms one hydrogen bond in the 2™ site. This situation occurs
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when the number of HB donors and ligand acceptors is small (ART has only one HB
donor and one HB acceptor). In this case, the electrostatic and van der Waals interactions
become dominant.

Pharmacological characteristics, such as HIA and BBB were analyzed for the
studied compounds (tab. 2). It is known that compounds with log(BB) > 0.3 can cross
the BBB easily, unlike ones with log(BB) < -1.0 [5]. It can be concluded that all ligands
are able to overcome the BBB to one degree or another. At the same time they have a
very high absorbability.

Table 2. Physico-chemical properties and binding energies for
CUR, IBU, ART, DHA and DDHA

CID Compound AG, (kcal/mol) Log(BB) HIA (%)
969516 CUR -8.4 -1.039 94.40
3672 1BU -1.7 0.103 98.38
68827 ART -7.2 0.116 96.31
456410 DHA *-6.9
**.6.8 -0.003 93.58
44564070 DDHA *-8.3
**.8.0 -0.648 99.06
*.1% site
*%_M sjte

Tab. 2 shows that the studied artemisinins have high BBB permeability values,
which indicates their high bioavailability. They can be used as therapeutic agents for the
treatment of CNS diseases as reported in the literature [14]. It has been noted that there
is no information regarding to the dimer of dihydroartemisinin.

It is known that CUR, IBU and ART indirectly interfere with the aggregation of Ag
[18, 14]. According to our results they also directly bind to 5Af:;.4, fibril. Hence, we can
conclude that inhibition of the formation of fibrils is mediated by a direct binding
mechanism that modulates the ability to aggregate. It is known that the formation and
further growth of fibrils occur due to amino acid residues Leul7-Ala2l and Gly37-
Ala42, located in B, and S, respectively [9]. Thus, for the first time it has been shown
that ART, DHA and DDHA can suspend the formation and growth of 5Ap;7.4, fibril
similarly to CUR and IBU. The already formed fibril is stabilized at the expense of
Lys28 and Asp23 in the turn region between f; and fS,. These amino acids form a salt
bridge with a bound layer of water [10]. This means that DHA and DDHA can
destabilize the already formed Af4,.
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