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Myxuna K.*, Anamkuna A., Keako O., MutbkeBud B.
Hncemumym monexynsiproi 6uonoeuu um. B.A. Dneenveapoma PAH, Mockea, Poccus
* k.a.mukhina@mail.ru

Kiuwuesbie caoa: NOX2; Bonesnb Ausbureiimepa; mukpormms; GSK2795039; wmonexynspHoe
MO/IeJIMPOBAHHUE; JOKHHT; MOJICKYJISIpHAsT THHAMHKA

Momueayus u yenv: bonesnp Ambpnreiimepa (bA) — Hambosee pacmpocTpaHeHHAs
HelpoaereHepatuBHas matojorusa. HenaBHue uCclIenoBaHUSI TOKa3bIBalOT, YTO
aKTHUBallMs MUKPOTJIMU, BbI3BaHHas Oera-amuiousoM (AP), UrpacT BakKHYIO POJib B
Pa3BUTUH OKHUCIUTENIBHOrO crpecca npu mnatoreHe3e BA. OCHOBHBIM HCTOYHHKOM
aktuBHBIX (hopm kuciopoaa (ADK) B mosre sBnsercs NADPH-okenaaza 2 (NOX2),
KOTOpasi pacrojioXKeHa Ha MeMOpaHe MUKPOTJIHAIBHBIX KIETOK. MBI IpeinonaraeM, 4To
ee MHruOMpOBaHME, BCIEICTBUE CHIDKEHHS OKHCIUTEIBHOTO CTPECCa, MOXKET CTaTh
s dextuBHON Tepammelr BA. CymectByer cenektuBHbI wuHrHOHTOp NOX2 —
GSK2795039 (GSK) u ero ananoru [1, 2]. Llenbto nanHO# paboThl OBLIO ONpEIeICHUE
caiiTa CBS3bIBAaHHA OJTUX HMHICHOMTOPOB U OICHKA aQ@QUHHOCTH CBS3BIBAHUS U
CENIEKTUBHOCTHU 10 oTHOIIeHHI0 K cemeiictBy NAD(P)H okcuas, a Takke ux crocoo-
HOCTH MHTUOMPOBATH OKUCIUTEIBHBIN CTPECC B KIIETKAX MUKPOTIIMU YEJIOBEKA.
Memoowr u ancopummor. Ctpykrypbl uHruOuTopoB NOX2 B3ATHI M3 cTaThu [2]
(tabum. 1). B kauectBe KoHTposs B3sita ctpykrypa NADPH. HMcxomHbie CTPYKTYpBI
cnenyronmx u3opopm NADPH-okcumas B3satel u3 PDB: NOX2 (8wej), NOX5 (500x),
DUOX1 (6wxv). Ctpykrypst okcuaaz NOX1, NOX3, NOX4, DUOX2 0Obuu cMonenu-
posanbl nporpammoii AlphaFold (mokasatesns gocroBepruoctu (pLDDT) miss NADPH
CBSI3BIBAIONIETO yuacTka > 95) u BepruUIMPOBAHBI METOOM MOJICKYIISIPHOM THHAMHUKH.
MouekyiisipHast AMHaMuKa npopoauiack nmporpammoit GROMACS B teuenue 10 He mis
OoJiee TOYHOTO OMpeieTIeHNs] KOOPAWHAT aTOMOB MozieTH. MOJIeKyIIsIpHOE MOJIETUPOBa-
Hue koMruiekcoB NOX2 u apyrux uzopopM ¢ HHTUOUTOPAMH U TIOKUHT BBITTOJTHSIIN C
nomoripio nporpammel MOE. Jjis kaxaoro jiurania ¢ Kaxkaou u3 u3odopm ObLIO
nony4eHo mo 10 koHpopMaIuii B3aMMOJIEHCTBUSI C COOTBETCTBYIOIUMH 3HAYCHUSIMH
addurnocTH. Jlanee cpaBHIIN ad(HUHHOCTH CBSA3BIBAHHS HHTMOUTOPOB B KAXKIIOW U30-
¢dopme u onpenenuian ahPUHHOCTD CBA3BIBAHUS MHTHOUTOPOB B Pa3HBIX M30(opMax,
T. €. CelleKTUBHOCTh. Kinerku mukpornum uenoBeka HMC3 wuukyOupoBamu 24 9 c
nobasnenneM narnouTopoB GSK, GSK18, GSK28 B xonnenTpanuu 25 MKkM u AB1.42
10 mxM (Peptide Specialty Laboratories GmbH, T'eiinens6epr, I'epmanws). MHruGupo-
BaHHE OKUCIUTEIHHOTO CTpecca, BBHI3BAHHOTO Af, OIEHUBAIU TIO MPOTOYHOW IUTO-
METPHH, UCTIONB3Ys Kpacuteas Ha ADK murnapopomamun-123 (EX/Em = 507/525 um,
ThermoFisher Scientific, Yonrem, Maccauycerc, CIITA). KosnuecTBO MEPTBBIX KIIETOK
B TIOMYJSIMK OICHUBAJIM C TOMOIIbIO Kpacutens uoauaa nponuaus (EX/Em =
535/617 um; Sigma, Cent-Jlyuc, Muccypu, CIIA).

Pesynemamul: Bbin TOCTpOGHBI MOJIENIBHBIE CTPYKTYphl KomiuiekcoB NAD(P)H
OKCHJIa3 C WHruOMTOpaMu. MBI ONpeneNuii, 4TO MCCIEIOBAaHHbIE MHTHOUTOPHI C
HanOonbineidl apdunHOCTRIO cBs3bIBatOTCT ¢ NOX2 (Ta0n. 2). CalT cBs3bIBaHHS
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WHTUOUTOPOB coBmaaaeT ¢ caiitoM cBsizpiBaHusl NADPH u BkiIroduaeT aMUHOKHCIOTHI
Arg73, Leu76, Asp95, Asn97, Leu98, Phe202, Tyr324, Phe326, Trp337, Pro339,
Thr341, Gly392, Thr393, Asn569, Phe570 (puc.1). Beuin oOHapyxeHbl Hambosee
ad¢unnapie uaruOuTopel: GSK1, 14, 15, 26, ogHako OHHM TIOKA3ald HAWMEHBIIYIO
CEeNEeKTUBHOCTh (cM. TaOu. 2). Ilpu stomM 3a yBenmueHue ad(HUHHOCTH OTBEYAIOT
B3aMMOJIEMCTBUSA ¢ aMUHOKHCIOTHBIMI octaTtkamu Asp95, Pro339, Phe340, Asn569,
Phe570. Haunyuiiee neficTBrE 10 CHIYKEHHIO OKHCIIUTEIBHOTO CTPECCa KJIETOK IMOKa3a
narnoutop GSK18, mocroBeprno cumsu konmdectBo ADK Ha 150 % oTHOCHTENBEHO
KJ1eToK ¢ AP 1 Ha 60 % OTHOCHTEITLHO KOHTPOJIS (pHUC. 2).

Ta6muua 1. Crpykrypst uaruouropa NADPH-okcnmassr 2 (NOX2) GSK2795039 (GSK)

U €T0 aHAJIOTOB U3 PaboTHI [2]
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Puc. 1. Caiit cBsa3siBanust nHrnOMTOpoB NADPH-0KCH 2361 2 BKITIOUaeT aMUHOKUCIOTH Arg73,
Leu76, Asp95, Asn97, Leu98, Phe202, Tyr324, Phe326, Trp337, Pro339, Thr341, Gly392,

Thr393, Asn569, Phe570
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Tadauua 2. AQPUHHOCTH CBSI3BIBAHUS

unruouropos ¢ NAD(P)H-okcuiazamu

NOX2 | NOX4 | DUOXI | NOXI | NOX3 | DUOX2

GsK 86 7,7 7 6,6 6,4 55
Gsk1 9,2 7,6 8,2 7 6,6 6,9
Gsk2 5,0 7,6 7,8 6,5 7 6,2
GSk3 83 6,7 7,4 6,8 6,9 5,9
GSK4 9,0 -7,5 -7,5 -6,8 -7,4 -5,7
GSKs 8,5 7,8 7,2 6,3 6,8 5,5
GSke 9,0 7,9 7,5 6,2 7,0 6,1
Gsk7 8,4 7,3 6,9 64 6,3 64
Gsk8 8,8 7,7 7,5 6,6 6,2 5,9
Gsk9 9,0 7,9 7,5 6,2 7,0 6,1
GSk10 8,5 7,8 7,2 6,3 6,8 56
GSK11 -8,6 -7,6 -7,6 -6,7 -6,7 -5,4
Gsk12 83 7,2 7,5 0,0 7,0 6,4
GSk13 83 0,0 8,2 6,8 6,7 6,4
| Gski4 [0 95| 00 -85 -6,1 6,3 5,9
GSK15 9,2 8,0 7,9 7,0 7,0 6,3
GSK16 8,5 6,8 7, 6,4 6,1 6,4
GSk17 87 7,8 7,3 6,5 6,1 5,9
GSK18 83 6,8 7,4 6,3 6,2 5,7
GSk19 85 6,7 7,0 6,3 6,8 55
Gsk20 86 7,3 7,5 6,2 6,7 5,6
Gska1 9,0 81 8,2 7,0 0,0 6,4
Gsk22 8,6 7,5 7,7 5,4 6,6 5,9
Gsk23 85 85 7,6 6,6 6,3 6,8
GSK24 -8,4 -7,7 -7,4 -6,8 -6,9 -7,1
GSk25 83 7,2 7, 5,9 7,0 6,6
GSk26 9,2 0,0 81 6,7 6,4 7
Gska7 87 7,6 7,3 6,2 6,1 5,7
GSK28 8,3 7,2 7,4 6,3 6,3 5,6
| naorH [EEEN 90 9,5 7,5 -8,0 7,8
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@AP+GSK  [GSK18 O AB+GSK1
O GSK28 O AB+GSK28

Puc. 2. BinusHue uHruOMTOpOB
NOX2 na yposenp ADK B
KOHTPOJIBHBIX U AB-
AKTHBUPOBAHHBIX KJIeTKaX
HMC3. Knerku oOpabarbiBanu
25 uM GSK, GSK18, GSK28 n
10 uM AP B Teuenue 24 u.
3HaYCHUS TIPEICTABIIIOT COOOM
cpefHee YeThIPEX HE3aBUCHMBIX
usMepennii+SD. (** p<0,01)

Buisoowi: BriepBbie onpe/eneHbl aMUHOKUCIIOTHBIE OCTATKU, YIaCTBYIOIIAE BO B3aHMO-
nevictBum ¢ uHrHONTOpOoM GSK2795039 M ero anamoramu, JIOKaIH30BaHHBIE B CaliTe
cszbiBanust NADPH. Paccuntana apguHHOCTD CBSI3bIBaHHS OMOIMOTEKH HHTHOUTOPOB
¢ m3odopmamu NAD(P)H oxcunas. Hammyummii Ouonoruueckuii 3G QekT mokaszan
uarnourop GSK18. YcraHoBieHO, 4TO CHOCOOHOCTh MHIMOMTOPOB IPEINSTCTBOBATH
OKHCIIUTEIBHOMY CTpeccy B OONbLICH Mepe OIpenensieTcs CEIeKTHBHOCTBIO, 4eM

adGUHHOCTEIO.

Qunancuposanue: ViccnenoBanue noaaepskano rpaarom PHO (Ne 19-74-30007).
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Motivation and Aim: Alzheimer's disease (AD) is the most common neurodegenerative
disease. Recent studies suggest that amyloid beta (AP)-induced microglial activation
plays an important role in the development of oxidative stress in AD pathogenesis. The
major source of reactive oxygen species (ROS) in the brain is NADPH oxidase 2
(NOX2), which is located on the membrane of microglial cells. We hypothesise that its
inhibition, by reducing oxidative stress, may become an effective therapy for
Alzheimer's disease. There is a selective inhibitor of NOX2 — GSK2795039 (GSK) and
its analogues [1, 2]. The aim of this work was to determine the binding site of these
inhibitors and to evaluate their binding affinity and selectivity towards the NAD(P)H
oxidase family, as well as their ability to inhibit oxidative stress in human microglial
cells.

Methods and Algorithms: The structures of NOX2 inhibitors were taken from the article
[2] (Table 1). The structure of NADPH was used as a control. The original structures of
the following isoforms of NADPH oxidases were taken from the PDB: NOX2 (8wej),
NOX5 (500x), DUOX1 (6wxv). The structures of the oxidases NOX1, NOX3, NOX4,
DUOX2 were modelled with the program AlphaFold (confidence score (pLDDT) for the
NADPH-binding site > 95) and verified by molecular dynamics. Molecular dynamics
was performed using the GROMACS program for 10 nanoseconds to more accurately
determine the coordinates of the model atoms. Molecular modelling of complexes of
NOX2 and other isoforms with inhibitors and docking were performed using the MOE
program. For each ligand with each isoform, 10 interaction conformations with
corresponding affinity values were obtained. The binding affinity of the inhibitors in
each isoform was then compared and the binding affinity of the inhibitors in different
isoforms, i.e. selectivity, was determined. Human microglial cells HMC3 were incubated
for 24 hours with the addition of GSK, GSK18, GSK28 inhibitors at a concentration of
10 uM. Inhibition of oxidative stress induced by AB1-42 10 uM (Peptide Specialty
Laboratories GmbH, Heidelberg, Germany) was assessed by flow cytometry using the
ROS dye dihydrorhodamine-123 (Ex/Em = 507/525 nm, ThermoFisher Scientific,
Waltham, MA, USA). The number of dead cells in the population was assessed using
propidium iodide dye (EX/Em = 535/617 nm; Sigma, St. Louis, MO, USA).

Results: Model structures of complexes of NAD(P)H oxidases with inhibitors were
constructed. We found that the inhibitors tested bind to NOX2 with the highest affinity
(Table 2). The inhibitor binding site coincides with the NADPH binding site and
includes the amino acids Arg73, Leu76, Asp95, Asn97, Leu98, Phe202, Tyr324, Phe326,
Trp337, Pro339, Thr341, Gly392, Thr393, Asn569, Phe570 (Fig. 1). The highest affinity
inhibitors were found to be: GSK1, 14, 15, 26, but they showed the lowest selectivity
(Table 2). In this case, interactions with amino acid residues Asp95, Pro339, Phe340,
Asn569, Phe570 are responsible for the increase in affinity. The GSK18 inhibitor
showed the best effect in reducing oxidative stress in the cells, significantly reducing the
amount of ROS by 150 % compared to cells with Ap and by 60 % compared to the
control (Fig. 2).
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Table 1. Structures of the NADPH oxidase 2 (NOX2) inhibitor GSK2795039 (GSK) and its
analogues from [2]

NAME STRUCTURE NAME STRUCTURE NAME STRUCTURE NAME STRUCTURE NAME STRUCTURE
i & 53 T ) o]
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Fig. 1. The binding site for NADPH oxidase 2 inhibitors includes the amino acids Arg73, Leu76,
Asp95, Asn97, Leu98, Phe202, Tyr324, Phe326, Trp337, Pro339, Thr34l, Gly392, Thr393,
Asn569, Phe570
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Table 2. Binding affinity of inhibitors with NAD(P)H o 31 T
. (=

oxidases 8

—
NOX2 NOX4 DUOX1 NOX1 NOX3 DUOX2 > ‘}

GSK -8,6 7,7 7,1 6,6 6,4 5,5 5
GSK1 9,2 7,6 -8,2 B 6,6 6,9
GSK2 9,0 7,6 7,8 6,5 7,1 6,2 wn
GSK3 8,3 6,7 7,4 6,8 6,9 5,9 Qe
GSK4 -9,0 -7,5 -7,5 -6,8 7,4 -5,7
GSK5 8,5 7,8 7,2 6,3 6,8 5,5 1 - ¥ 3
GSK6 9,0 7,9 7,5 6,2 7,0 6,1 +
GSK7 8,4 75 6,9 6,4 6,3 6,4 -
GSK8 8,8 B 7,5 6,6 6,2 5,9
GSK9 9,0 7,9 7,5 6,2 7,0 6,1 0
GSK10 8,5 7,8 7,2 6,3 6,38 5,6
GSK11 8,6 7,6 7,6 6,7 6,7 5,4 Qc DAB OGsK
GSK12 8.8 72 75 0,0 2.0 6.4 B AB+GSK [ GSK18 0 AB+GSK18
GSK13 8,8 0,0 -8,2 6,38 6,7 6,4 OGSK28  EAB+GSK28
gzﬁg > gg 3: j; jg 22 Fig. 2. Effect of NOX2 inhibitors
GSK16 85 5.8 71 54 o1 o4 on ROS levels in control and AB-
GSK17 8,7 7,8 7,3 6,5 6,1 5,9 activated HMC3 cells. Cells were
Gsk18 -83 6,8 74 6,3 -6,2 -5,7 treated with 25 uM GSK, GSK18,
GSK19 8,5 6,7 7,0 6,3 6,8 5,5
0 T >3 =5 = ] =% GSK28 and 10 uM AP for 24 h.
GSK21 5,0 8.1 82 =0 0,0 5.4 Values are the mean of four
GSk22 8,6 7,5 7,7 5,4 6,6 -5,9 independent measurements+SD.
GSK23 8,5 8,5 7,6 6,6 6,3 6,38 ** n<0.01
GSK24 8,4 7 7,4 6,38 6,9 i
GSK25 8,3 7,2 71 5,9 7,0 6,6
GSK26 9,2 0,0 8,1 6,7 6,4 B
GSK27 -8,7 5 T2 6,2 6,1 5,7
GSk28 8,3 7,2 7,4 6,3 6,3 5,6
NADPH 9,0 9,5 95 8,0 7,8

Conclusion: For the first time, the amino acid residues involved in the interaction with
the inhibitor GSK2795039 and its analogues located in the NADPH binding site have
been identified. The binding affinity of the inhibitor library to NAD(P)H oxidase
isoforms was calculated. The GSK18 inhibitor showed the best biological activity. It was
found that the ability of inhibitors to prevent oxidative stress is determined by selectivity
rather than affinity.

Funding: The study is supported by the Russian Science Foundation (Grant No. 19-74-
30007).
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