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Pepnokc-romeoctas rnyTaTioHy (y-rmyTaminuucTeiHinmmiuuHy) B eputpoumnTax MogvHN 3anexiTb Bif akTUBHOCTI
rnytatioHnepokcugasm (GPX1, K® 1.11.1.9), rnyTtatioHpeaykrasm (GSR, K® 1.8.1.7), rnytrapegokcuHy 1 (GRX1)
i NADPH-reHepytounx chepMeHTiB neHTo3ococdaTHOro Lwnsaxy, rnoko3o-6-pocdargerigporeHasm (G6PD, K
1.1.1.49) i 6-dbocdornokoHaTaerigporeHasn (PGD, K& 1.1.1.44). Hakonu4eHHs BiNbHOrO remy npv remonisi
MOXEe BMMUHYTW Ha aKTUBHICTb MpOTEiHiB, y 3B'A3ky 3 umm OyB npoBeaeHwun in silico aHania CcTpykTypwu
EepMEHTIB peOoKC-LMKIY FNyTaTioHy 3 METOK BUSIBMEHHS MOXIMBUX FemM-3B'A3y04MX CaWTiB Ta 3arnuLikiB
LMUCTEIHY, 3OaTHUX A0 OKMCNeHHs. AHoTauii npoTeiHiB Oynu B3aTi 3 UniProt. [JokiHr remy nposegeHun y
PatchDock 3 RMSD knacTtepysaHHa 1,5 A i 3 BukopuctanHam PDB cTpykTyp npoTeinis Ta remy. lNoTeHujian
OKUCNEeHHs uucTeiHiB ouiHioBaBcs 3a gonomorot Cy-Preds. [na moHomepis GSR (1DNC, 3DJJ, 3DKO9,
2GRT) Ta gumepis (3SQP, 2GH5) nepenbaveHo 3B’A3yBaHHA remy Yepe3 His81 6insa gucynbdigHoro 3s’a3ky
MiX naHutoramu Ta Yyepe3 Cys59 6ins cawTie 38'a3yBaHHA FAD i GSSG. N'em-3B'A3ytoui canntn y GPX1 (2F8A) i
GPX3 (2R37) Takox BuABMeEHi Y AiNSHUi MK NaHuoramu Ta y aktusHoMy LeHTpi (His80). 3B’a3yBaHHs remy 3
GLRX1 (4RQR) nepepbayeHo maixe BUKMIOYHO No6nM3y N-KiHUSA, HesBaxaroum Ha [AOCTYMHICTb BCiX
uucreiHisa pazom 3 CPYC MoTUBOM Yy akTuBHOMY LeHTpi. B moHomepi G6PD (2BH9, S5UKW) rem-3g'sasytoui
AiNsHKM BUsiBNeHi y canTi 38’a3yBaHHsa NADP+ Ta B a-cnupani 437—447, po3sTawoBaHin y aumepi 2BHL Ha
noBepxHi Mk naHutoramu. Nem ctukyBaecsa go PGD (4GWG, 4GWK) y ginsHui 38’si3yBaHHA cybeTpaTty 6ins
His187. Takum 4YMHOM, aKTUBHI LleHTpK bepMeHTIB Ta AiNAHKW B3aeMoaii naHutoriB Oynun BusBneHi B 6inbLLOCTI
BapiaHTIB AOKIHrY remy. Y KoXXHOMYy npoTeiHi BusBneHo Big ogHoro (y PGD) go tpbox (y GSR) cxunbHux go
OKUCIEHHSA UUCTEIHIB, B TOMY YUCHi cepe NOTeHUiNHUX canTiB 3B’A3yBaHHA remy. OnocepeakoBaHUn reMom
oKucnoBanbHUN edpekT Ha (bepMeHTU peaoKC-UuKNy rnyTaTioHy Y eputpoumTax i nnas3mi KpoBi Moxe SBUTUCH
BaXXNTMBMM MEXaHi3MOM MOCUIEHHSI reMori3y nNpu CTpeci Ta NaTonorii.

KnrouoBi cnoBa: pedokc-uyukn anymamioHy, NADPH, 368’s13yeaHHs 2eMmy, 2eMoni3, MONeKynsapHUl OoKiHe.

Glutathione redox cycle enzymes as potential targets for heme-mediated
oxidation under hemolysis: in silico analysis
T.V.Barannik, Yu.M.Ruzin

Glutathione (y-glutamylcysteinylglycine) redox homeostasis in human erythrocytes is dependent on the activities
of glutathione peroxidase (GPX1, EC 1.11.1.9), glutathione reductase (GSR, EC 1.8.1.7), glutaredoxin 1 (GRX1)
and NADPH-generating enzymes of pentose phosphate pathway, glucose-6-phosphate dehydrogenase (G6PD,
EC 1.1.1.49) and 6-phosphogluconate dehydrogenase (PGD, EC 1.1.1.44). Free heme accumulation under
hemolysis can affect proteins activity thereby in silico analysis of glutathione redox cycle enzymes structure
was performed in order to reveal putative heme-binding sites and oxidizable cysteine residues. Protein
annotations were taken from UniProt. Heme docking was performed by PatchDock with clustering RMSD
1,5 A using PDB structures of proteins and heme. Cysteines oxidation potential was estimated by Cy-Preds.
Heme binding GSR monomers (1DNC, 3DJJ, 3DK9, 2GRT) and dimers (3SQP, 2GH5) was predicted through
His81 close to interchain disulfide bond and through Cys59 near FAD and GSSG binding sites. Heme-binding
areas in GPX1 (2F8A) and GPX3 (2R37) also were revealed in the interchain region and in active centre
(His80). GLRX1 (4RQR) was predicted to bind heme almost exclusively near the N-end in spite of accessibility
of all cysteines including CPYC motif in active centre. G6PD monomer (2BH9, 5UKW) revealed heme-docking
areas in NADP+ binding region and a-helix 437-447 located in dimer 2BHL at the interchain surface. Heme
docking to PGD (4GWG, 4GWK) was in substrate binding region near His187. So enzymes active centres and
chain interaction regions were revealed in the most of heme docking variants. From one (in PGD) to three
(GSR) cysteines susceptible to oxidation were found in each protein including cysteines that were predicted to
bind heme. Heme-mediated oxidative effect on glutathione redox cycle enzymes in erythrocytes and blood
plasma could be an important mechanism of hemolysis progression under stress and pathologies.
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‘DepMeHTbI peaAoKC-UuuKna rnytTatTuoHa Kak noteHunarnbHblie MULLEHN

reM-ornocpenoBaHHOIO OKMCNEeHUs Npu remonuse: aHanus in silico
T.B.BapaHHuk, KO.M.Py3uH

Pepnokc-romeoctas rnytatMoHa (y-rmyTaMUNUUCTEMHUNIMLMHA) B 3puUTPOLMTaxX 4eroBeka 3aBUMCUT OT
aKTMBHOCTM rnyTatuoHnepokenagasel (GPX1, Ko 1.11.1.9), rnyratmoHpeayktasbl (GSR, Ko 1.8.1.7),
rnytapegokcuHa 1 (GRX1) u NADPH-reHepupytowimx cepMeHToB neHTo3odocthaTtHoro nyTtu, rroKo30-6-
docdataerngporeHassl (G6PD, K& 1.1.1.49) u 6-docdorniokoHataervaporeHassl (PGD, K& 1.1.1.44).
HakonneHne cBobGogHOro rema npy reMonn3e MoXeT NOBMNMsATbL Ha GEnKoBYK aKTUBHOCTb, B CBSA3U C YeM Obin
npoBefeH in silico aHanu3 CTpyKTypbl (DEpPMEHTOB pedOKC-LUKMa [ryTaTuoHa C Uenbilo  BbISBNEHUS
BO3MOXHbIX FeM-CBA3bIBAIOLLUX CaNTOB U OCTATKOB LMCTEUHA, CMOCOOHbLIX K OKUCNeHMo. AHoTauun G6enkos
6binu B3aTbl ¢ UniProt. [JokuHr rema npoBeaeH ¢ nomotubto PatchDock ¢ RMSD knactepuposanus 1,5 A n ¢
ucnonb3oBaHvem PDB cTpykTyp 6enkoB u rema. [oTeHuman okMCNeHMs LMCTEUMHOB OLIEHMBANCS C MOMOLLbIO
Cy-Preds. Onsa moHomepoe GSR (1DNC, 3DJJ, 3DK9, 2GRT) u pumepHbix copm (3SQP, 2GH5)
npeackasaHo cBsa3biBaHME rema yepes His81 Boane aucynbduagHon ceatn mexay uensamu u vyepes Cys59 B
aKTMBHOM LiEHTpe Bo3ne cantoB cBsAsbiBaHuA FAD n GSSG. GPX1 (2F8A) n GPX3 (2R37) Takke BbIABUIM
reM-cBa3blBaloLLMe CanTbl MPEUMYLLECTBEHHO B Yy4acTKe Mexgy uensMu u B akTuBHOM LeHTpe (His80).
CesasbiBaHve rema ¢ GLRX1 npeackasaHo npakTuyecku ncknoumrtensHo B6nnsm N-koHua (4RQR), HecmoTps
Ha OOCTYMHOCTb BCEX LMCTenHoB, Bkntoyas CPYC moTMB B akTMBHOM LeHTpe. B moHomepe G6PD (2BH9,
5UKW) rem-cBsi3biBaloLLiMe y4acTKU BbISiBMEHbl MpenMyLlecTBeHHO B caunTe cesAsbiBaHus NADP+ n B a-
cnupani 437—447, pacnonoxeHHon B agumepe 2BHL Ha noBepxHOCTU Mexay uenamu. Mem cTeikoBancs kK PGD
(4GWG, 4GWK) B yyacTke cBs3biBaHus cybcTpata Bo3ne His187. Takum ob6pa3oM, akTMBHbIE LIEHTPbI
hepMEeHTOB M y4acTKM B3aUMOLENCTBUs Lenei Obinn BbisiBMeHbl B GOMNbLUIMHCTBE BapuaHTOB [OKUHra rema.
Ot ogHoro (y PGD) oo Tpex (y GSR) CKMOHHbIX K OKMCNEHUIO LUCTEVHOB BbISIBIIEHO B KaXkaoM Gernke, B TOM
ynucrne UMCTEWHbI, ANst KOTOPbIX MpeAcka3aHo CBs3blBaHMe remMa. OnocpenoBaHHbIA FEMOM OKUCIUTENbHbI
achbhekT Ha hepMeHTbl pefoKe-LMKna rnyTaTmoHa B 3puUTpoumTax U nnasMe KpoBU MOXET SIBUTbCS BaXKHbLIM
MEeXaHU3MOM YCUIEHMS reMonn3a Npu CTpecce 1 NaTonorunu.

KntoueBble cnoBa: pedokc-uukn eriymamuora, NADPH, cesidbieaHue eema, 2eMOsIu3, MOEKYspHbIU OOKUHE.

Introduction

Glutathione is tripeptide (y-glutamylcysteinylglycine) involved in the oxidative stress response and
adaptation as water-soluble antioxidant and co-substrate of glutathione-dependent enzymes. Imbalances of
glutathione redox homeostasis followed by the accumulation of glutathione disulfide (GSSG) are observed
under cardiovascular and neurological diseases, diabetes and other pathologies (Luschak, 2012).

Defense function of glutathione in blood is mostly linked to reduced glutathione (GSH) oxidation
under direct interaction with oxidants or in glutathione peroxidase reaction with consequent reduction by
NADPH-dependent glutathione reductase (Andersen et al., 1997). The only source of NADPH in
erythrocytes is pentose-phosphate pathway (PPP) thereby the deficiency of PPP key enzyme glucose-6-
phosphate dehydrogenase causes hemolytic anemia (OMIM #300908). GSH also may be attached to
proteins cysteine residues and be removed by glutaredoxin having a glutathione-disulfide oxidoreductase
activity in the presence of NADPH and glutathione reductase. Glutathionylation contributes to thiol groups
defense from oxidation and provides the important reserve of red blood cell glutathione under the oxidative
stress (Hanschmann et al., 2013). Glutathione redox cycling in human erythrocytes is, therefore, dependent
on the activities of glutathione peroxidase (GPX, EC 1.11.1.9), glutathione reductase (GSR, EC 1.8.1.7),
glutaredoxin 1 (GRX1) and NADPH-generating enzymes of PPP: glucose-6-phosphate dehydrogenase
(G6PD, EC 1.1.1.49) and 6-phosphogluconate dehydrogenase (PGD, EC 1.1.1.44).

Hemolysis occurring under various stresses and pathological conditions in mammals leads to
hemoglobin release with its further degradation and free heme accumulation in blood plasma (Chiabrando
et al., 2014; Immenschuh et al., 2017). Heme can directly damage cell structures through its prooxidant
and detergent action (Chiabrando et al., 2014), furthermore, its attachment to heme regulatory motifs
(HRM), such as Cys-Pro, described in various proteins, is considered to be a signaling event (Mense,
Zhang, 2006). Short-term heme binding to proteins is performed mostly through lipophilic amino acids
while stable attachment of heme is provided by its covalent binding predominantly to histidine or cysteine
residues (Smith et al., 2010). Under significant free heme accumulation the glutathione redox cycle
enzymes could become the targets for heme-mediated modification but their affinity to heme molecule as
well as susceptibility of their cysteine residues to oxidation have not been investigated yet.

Taking into account direct and indirect prooxidant effects of heme on protein conformation and
activity, in silico study of putative heme-binding sites and oxidizable cysteine residues in human proteins
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involved in glutathione redox cycling was performed as a part of analysis of the mechanisms of heme
action on the redox homeostasis under hemolysis.

Materials and methods
The amino acid (AA) sequences and annotations of the proteins selected for study (Table 1) were
downloaded from UniProt knowledgebase (http://www.uniprot.org/).

Table 1.
Selected UniProt annotations data on the proteins analyzed in the study

Official protein name Lenath. isoform Oligomerization Tissue/organelle
(gene symbol; UniProt ID) gth, 9 specificity
Glutathione reductase, mitochondrial | 479 AA, Isoform Homodimer disulfide Cvtosol
(GSR; P00390) cytoplasmic linked (C134) y
Glutathione peroxidase 1
(GPX1; P07203) 203 AA, Isoform 1 Homotetramer Erythrocytes
Glutathione peroxidase 3 Secreted in
(GPX3; P22352) 226 AA Homotetramer olasma
Glutaredoxin-1 (GLRX1; P35754) 106 AA, Isoform 1 Monomer Cytosol
Glucose-6-phosphate 1-dehydro- 515 AA, Homotetramer (dimer Cviosol
genase (G6PD; P11413) Isoform short of dimers) Y
6-phosphogluconate dehydrogenase, .
decarboxylating (PGD; P52209) 483 AA, Isoform 1 Homodimer Cytoplasm

Free online tool HemeBIND (http://mleg.cse.sc.edu/hemeBIND/) was used to predict amino acids
heme-binding propensity by analysis of protein sequences in *.fasta format. HemeBind performs
predictions through comparison with sequences of the known heme-binding complexes (Liu, Hu, 2011).

The experimental data on protein structures (Table 2) was downloaded from Protein Data Bank
(PDB) knowledgebase (http://www.rcsb.org/pdb/home/home.do).

Table 2.
PDB data on the protein structures analyzed in the study (method for all: X-ray diffraction)

PDB Reso- Chains Sequence . .

ID lution (Protein) region Ligands and Mutations
3DK9 0.95A A (GSR) 44-522 Ligands: FAD, sulphate
3DJJ 1.10 A A (GSR) 45-522 Ligands: phosphate, sulphate; FAD, glycerol, NADP
1DNC 1.70 A A (GSR) 45-522 Ligands: FAD, reduced GSH, phosphate
2GRT | 2.70 A A (GSR) 62-522 Ligands: FAD, oxidized glutathione disulfide.

Mutations: E17A, W20R
Ligands (A,B): FAD, 6-(3-methyl-1,4-dioxo-1,4-dihydro-
naphthalen-2-yl)hexanoic acid; phosphate, glycerol

2GH5 1.70 A | A/B (GSR) 62-522

3SQP 221 A | AIB(GSR) 45-522 Ligands (A,B): FAD, sulphate, pyocyanin, glycerol
2F8A 1.50 A | A/B (GPX1) 14-198 Ligands: Malonic acid. Mutation: G47C
2R37 1.85A | AIB(GPX3) | 25-223 Ligands: Na, CI. Mutation: G50C
4RQR 1.08 A | A(GLRX1) 2-106 Ligand: 1-thioethanesulfonic acid
2BH9 250 A A (G6PD) 27-515 Ligands: NADP, glycerol. Mutation: V1H

. Ligands: B-D-glucose-6-phosphate; glycerol
5UKW | 2.65A A (G6PD) 29-511 Mutation: G254A
2BHL 290A | A/B(G6PD) | 28-515 Ligands (A,B): B-D-glucose-6-phosphate, glycerol
4AGWG | 1.39A A (PGD) 2-483 Ligand: 2-(N-morpholino)-ethanesulfonic acid
4GWK | 153 A A (PGD) 0_483 Ligands: 3-phosphoglyceric acid; 2-(N-morpholino)-

ethanesulfonic acid
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Among structures known for this moment for human GSR six ones with highest resolution having
coenzymes and substrate (GSSG) or product (GSH) as ligands were selected for analysis. PDB-files with
dimeric structures of GPX1 and GPX3 were edited in text redactor for analysis of single protein chains.
Structure of tetrameric forms of glutathione peroxidase hasn’t been yet experimentally investigated.

Free online tool TM-Align (http://zhanglab.ccmb.med.umich.edu/TM-align/) was used for structural
alignment which was estimated in A as RMSD (root mean squire deviation) of the distances between a-
carbons of the aligned protein chains (Zang, Scholnik, 2005).

Docking of heme as a ligand to PDB-structures was carried out by free on-line tool PatchDock,
Beta 1.3 Version (http://bioinfo3d.cs.tau.ac.il/lPatchDock/) with clustering RMSD 1.5A as it was
recommended for protein-ligand docking. First 20 docking solutions with the highest scores for each
target PDB-structure were analyzed. Scoring was based on both geometric fit and atomic desolvation
energy calculation mostly oriented on molecular shape complementarity (Schneidman-Duhovny et al.,
2005). PDB-file for heme molecule was downloaded from PubeChem (http://www.ebi.ac.uk/pdbe-
srv/pdbechem/chemicalCompound/show/HEM). Visualization of PDB-structures in cartoon view with
amino acid side chains was performed by the help of PyMOL (The PyMOL Molecular Graphics System,
Version 1.3, Schrodinger, LLC, downloaded from https://sourceforge.net/projects/pymol/); analysis of
amino acid residues arranged in close proximity to heme iron as well as distances to heme iron was
carried out by SwissProtViewer 4.1.0 (SPDBV; http://spdbv.vital-it.ch).

Cysteines oxidation prediction was performed by free online tool Cy-Preds (Soylu, Marino, 2016)
that provided energy and similarity evaluations and functional characterization of the cysteine reactivity
based on the experimental data collected in RedoxDB. Results of both HAL_C and COPA schemes of
Cy-preds algorithm were used for calculations according to the tool documentation.

Results and discussion

Protein sequence analysis by HemeBind predicted predominantly hydrophobic amino acid residues
as potential heme-binding sites: 10 hydrophobic amino acids (AA) of totally 14 AA predicted for GSR
sequence; 18 AA of 21 AA for GPX1; 21 of 26 AA for GPX3; all 6 AA for GLRX1; 13 AA of 24 AA for
G6PD and 44 AA of 57 AA predicted for PGD. Cys235 of GSR and Cys289 of PGD predicted to bind
heme are not located in CP/PC or CXXC motives while Cys170 belongs to PC motif and is neighbor to
Cys171 (169PCC) in PGD. Moreover only in this sequence histidines (H453, H466) were scored as
putative targets for heme binding. Abovementioned histidines and Cys289 are more accessible than
Cys170 or Cys171 according to PDB-files. Proline but not cysteine of PC motif (CP77) was predicted to
bind heme in GPX1. Percentage of predicted heme-binding sites (as a ratio to the total number of amino
acids in the chain) was the biggest in PGD — 12% against 3% in GSR, 5% in G6PD; 6% in GLRX1 and
10% in GPX1. Summarizing the results of HemeBind analysis it can be concluded that specific heme-
binding sites able to covalent heme attachment were predicted only for GSR and PGD sequences.

Structural alignment of PDB structures known for one protein revealed very close conformations.
Thus for GSR variants used in the study (including 2GRT with mutation) RMSD range varied from 0.20 A
(3DK9 aligned to 3DJJ) to 0.45 A (3SQP aligned to 2GH5); for glucose-6-P dehydrogenase RMSD was
close to 1.00 A; for glutathione peroxidase isoforms RMSD=1.10 A (alignment of 2F8A and 2R37). Two
structures known for human 6-P-gluconate dehydrogenase were found almost identical (RMSD=0.1 A).

Molecular docking of heme molecule to monomeric GSR (1DNC, 3DJJ, 3DK9 and 2GRT) revealed
putative heme-binding sites located predominantly in four areas (Fig. 1A): the loop region 80-96 with
Cys90 and His80 neighbor to a-helix (a), the cavity in the centre of the molecule near FAD and
glutathione disulfide binding sites close to Cys58 and Cys63 (b), near the hydrophobic regions 45-50
(Arg-Ala-Ala-Val-Val) and 123-127 (His-lle-Glu-lle-lle) organized into two adjacent beta-strands (c¢) and
the region with the loop 354—-360 and part of a-helix with His351 (d).

Chains in the dimers (3SQP and 2GHS5, analyzed in SPDBV) revealed rather big contacting areas
formed by more than 140 amino acids with about 70 ones from each chain. Some of them were predicted
(Table 3) as heme-binding sites in monomeric models, including redox-active Cys58 and Cys63 as well
as regions near His80, Thr339, Phe372 and Glu442. Thus heme might interfere dimerization and thereby
disturb the formation of the active form of glutathione reductase. In the enzyme dimers (3SQP and 2GH5)
the cavity formed by two chains was predicted to become more preferable site for heme binding than
other areas (Fig. 1, boxes a—c). Significant portion of these amino acids was also involved in binding of
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coenzymes (FAD and NADP) and substrate (GSSG). Among amino acids found in these sites only
His351 arranged near the surface could provide long-term specific heme binding.

-------------------------

B-strand
FAD f., 45-50
and GSSG  ; CH
binding site : ‘ :
: L B-strand
1234127
........... N-end

Fig. 1. Human glutathione reductase (cartoon view in PyMol) with predicted heme-binding
areas shown as the boxes with dotted borders. A: Monomeric GSR (1DNC is taken as an example),
box a — the loop region 80-96; box b — the cavity in the centre of the molecule; box ¢ — two beta-strands
45-50 and 123-127; box d — area near the loop 354-360 and o-helix with His351. B: Dimeric GSR
docked with heme (3SQP, solution 3), Cys90 form interchain disulfide bridge. Here and hereafter

numbers that indicate amino acid residues are taken from pdb-files, A and B parts have different scale

Table 3.

Representative results of heme docking to glutathione reductase (GSR). Here and hereafter
the amino acids (AA) arranged mostly close to heme iron are marked by bold font, distances to Fe are
given in brackets (as calculated in SPDBV), amino acids numbers are taken from pdb-files

(Zc?ciilr?g Total Contact Amino acids of GSR predicted to be at 6 A or less Location of binding
h Score area from the heme ring region
solution)
3DK9 5910 696.0 A: Ser76, Glu77, Phe78, Met79, His80 (1,35 A), The loop region 80—
(solution 2) ) Asp81, Ala208, Arg413 96
3DJJ 5566 654.6 A: Ser30, Cys58 (4,83 A), Val59, Cys63, Val64, NADP and GSSG
(solution 10) ) Tyr106, Leu110, Tyr114, Thr339, 11343 binding sites
2GRT 5816 | 781.8 | A:Lys67, Val370, Phe372 (3.91 A), Aspd41, Gluad2 | CSSGand FAD
(solution 4) binding sites
1DNC 5744 671.8 A: Tyr21, Arg45, Val48, lle123, Glu124, lle125 (4,40 B-strands 45-50
(solution 13) ’ A), le126, Arg127 and 123-127
3SQP (dimer A: Ala458, Asp461(4.69 A), Asn462, Thr464 Chain A: N-end,
solution 3) ’ 6500 857.5 B: Ala344, Arg347, Lys348 (3,00 A), His351, Chain B: loop near
Ser360, Lys361, Leu362 K348
2GHS5 (dimer A: Arg461, Thr463, Ala465, Glu472, Glu473, Chain A: N-end,
solution 8) " | 6342 845.5 Vald75, Thrd76 (3,24 A), Leu477, Arg478 Chain B: loop near
B: lle343, Ala344, Arg347(3.47 A) K348

Molecular docking of heme to glutathione peroxidase isozymes revealed different heme-binding

areas for dimeric and monomeric forms (Fig. 2, Table 4). In both dimers heme was predicted to bind
predominantly in the interchain region (boxes a and c) thereby interacting with amino acids of both
chains. Heme ring was attached to the GPX1 dimer surface just in the region of active centre near Gly47.
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Chain B

- ‘é Chain B

Fig. 2. Human glutathione peroxidase isoforms GPX1 and GPX3 (cartoon view in PyMol)
with predicted heme-binding areas shown as the boxes with dotted borders. A: GPX1 dimer (2F8A),
box a — heme-binding region predicted for dimeric form, box b — heme-binding region predicted for 2F8A
monomer. B: enlarged view of docking site a in 2F8A (solution 1) with Gly47 inserted by mutation instead
of selenocysteine shown in the active site of GPX1. C: GPX3 dimer (2R37) with predicted heme-binding
area in the cavity between chains (box ¢, solution 1) and in monomeric model (box d). Gly73 inserted by
mutation instead of selenocysteine shown in the active site of GPX3.

Table 4.
Representative results of heme docking to human glutathione peroxidase isozymes (GPX1,
GPX3) and glutaredoxin 1

PDB ID (protein, Total Contact | Amino acids predicted to be at 6 A or less from the Location of
docking solution) Score area heme ring binding region
o A: Asn77 (3,38 A), GIn78, His81 (4,20 A), Glu83, .
ZFSAS éﬁiﬁ 1")'"‘6” 6078 | 751.1 Asn84, Lys112, Glu144 a?;:egccﬁc\’l"eti?tte
B: Gly80, GIn82 ’
2F8A, chain A A: Val115, Gly117, Ala118, Gly119, Ala120, Central part of
(GPX1 monomer; 5454 709.6 His121, Pro122, Leu123, Phe124, Ala125 (2,51 the molzcule
solution 1) A), Phe126, Arg128, Glu129
. A: GIn86, Glu87, Pro130, Asn131 (3,39 A), In the cleft
2R37Séﬁ';§: g)'mer' 5092 | 707.5 Phe132 between two
B: Ala45, Leu46 (3,81 A), Tyr53, Glu136 chains
2R37, chain A . .
’ ) A: Leu162, Leu163, Gly164, Thr165, Arg168, Active site of
(Gps)é?u?g:?r)ner’ 5660 765.40 Arg180, Trp181 (5,44 A), His199, His200 enzyme
4RQR (GLRX1; 5376 660.2 A: Glu3, Phe4 (4,42 A), Val5 (4,71 A), Asn6, In the N-end
solution 1) ) Cys7, Lys8, Thr50 region
4RQR (GLRX1; 5316 7957 A: Pro23, Tyr24 (1,62 A), Cys25, Val59, Thr68, Near redox-
solution 7) ) Pro70, Gly81, Cys82 (4.46 A), Ser83 active disulfide

GPX1 monomer (2F8A:A) was predicted to bind heme predominantly near Phe124 (box b) that
didn’t participate in dimerization. Thus erythrocyte-specific GPX1 in dimer form could be directly inhibited
by heme. Lack of information about GPX tetramer structure didn’t allow to predict heme action on the
assembly of glutathione peroxidase isomers.

GPX3 dimer (2R37) is not symmetrical thereby protein chains interact by different residues: Lys62
and region 87-93 from the side of chain A and lle36 together with regions 41—-44 and 53-57 from chain B.
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Heme could be fitted into the cleft between chains in dimer while GPX3 monomer (2R37:A) more
probably could bind heme in the region of active site (Fig. 2, box d).

Glutaredoxin 1 is the smallest protein among ones investigated in this study. Heme was predicted
to bind almost exclusively (19 of 20 best solutions) to short a-helix at the N-end (Table 4). Only one
solution predicted heme interaction with Tyr24 just near redox-active disulfide Cys22-Cys25 that is close
to the surface. No cavities were found in GLRX1 PDB-structure thereby all cysteines are rather
accessible to heme binding including CPYC maotif in active site.

Molecular docking of heme molecule to glucose-6-phosphate dehydrogenase revealed two main
heme-binding areas (Fig. 3A) for monomer (2BH9): NADP+ binding region in the active site (box a) and
a-helix 437—447 (box b) found in the dimer 2BHL at the interchain surface. G6PD chains in the dimer are
bound symmetrically by the interaction of more than 130 amino acids (equally about 65 from each chain)
mostly (more than 50%) hydrophobic. Thus heme binding could more probably directly inhibit activity of
G6PD at the active centre than disturb tetramer assembly.

A

Fig. 3. Human glucose-6-phosphate = dehydrogenase and 6-phosphogluconate
dehydrogenase (cartoon view in PyMol) with predicted heme-binding areas shown as the boxes
with dotted borders. A: G6PD monomer (2BH9) docked with heme (solution 4), box a — the cavity with
NADP+ binding site at Lys171; box b — region 440-446 in a-helix near the loop with His451. B: PGD
monomer (4GWK) docked with heme (solution 1), box ¢ — substrate binding region containing Gly131 and
His 187 with docked heme

Heme binding to 6-phosphogluconate dehydrogenase monomer (4GWK) was predicted at only one
area (Fig. 3B, box c¢) known as substrate binding region. This region contains two groups of amino acid
residues: S129-G130-G131 and His187-Asn188 (Table 5). No data is available about residues involved in
dimerization so only direct inhibition of PGD activity might be suggested as the mechanism of heme
action. Almost total identity of two PDB structures available for human PDG (RMSD=0.1 A) explains
coinciding docking results for 4GWK and 4GWG.

Summarizing the results of docking studies performed for human enzymes of glutathione redox
cycle it should be concluded that direct heme binding in the active sites areas is highly probable. Regions
involved in substrates or/and coenzymes attachment were revealed in the majority of heme docking
variants. Heme binding probability was affected by dimerization. Analysis of the first 20 solutions for all
variants of PDB structures used in the study revealed approximately 10% higher scores (p<0,001) in the
case of dimers compared to monomer forms. GSR dimers 2GH5 and 3SQP had the highest scores
(6381+229 and 6330+137) and the largest contact areas (840+33 and 847+26, correspondently) as well
as G6PD dimer 2BHL (6226+171 score with contact area 819+38). The lowest scores with small contact
areas were found for monomeric variants of GPX1 and GPX3 (5281+89 and 5338+108, areas 686+33
and 686+53) as well as for GLRX1 (5276+124, areas 712+34).
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Table 5.
Representative results of heme docking to human glucose-6-phosphate dehydrogenase and
6-phosphogluconate dehydrogenase

PDB ID (protein, Total Contact | Amino acids predicted to be at 6 A or less from Binding area
docking solution) Score area the heme ring 9
2BH9 (G6PD 5918 680 2 A: Leu142, Pro143, Pro144, Lys171, Pro172, NADP+
monomer; solution 4) ) Arg246, Tyr249 (5,33 A), Phe253 binding site
2BHL (G6PD dimer; 6490 736.2 A: Lys47, Lys171, Arg246, Asp258 (5,82 A), NADP+
solution 3) ) Glu239, Lys360 (5,65 A) binding site
4GWG (PGD 6464 794.0 A: Val13, Met14, Asn103, Gly130, Gly131 (4,49 Active site
monomer; solution 1) ) A), Glu132, Glu133, Ala135 area

It should be mentioned that PatchDock algorithm didn’t take into account the types of interactions
but scored mostly geometrical fitting of ligand therefore only the presence of certain amino acid in docking
area could be used for type of bond predictions.

Cysteines oxidation potential was estimated by the Cy-Preds online tool (Table 6).

Table 6.
Potentially oxidized cysteines in human proteins of the glutathione redox cycle predicted by

Cy-Preds. Predictions with total score > 50 (max 100) are presented for corresponding PDB structure.
Numbers for amino acids are given according to sequence data

Protein Number of Cys in mature sequence, CP/PC motifs, PDB (chains) Potentially oxidized
isoform disulfide bonds Cys
. 3DJJ (A) C64(75), C91(50)
Totally 10 cysteines
GSR, Isoform | (C3, C59, C64, C91, C235, C285, C334, C418, C424, [—2RC Eﬁ; CHUT) (gg; (50)
cytoplasmic C441); no CP/PC; intrachain disulfide C102—-C107, 5GH5 (A B C59(50
C134 in the interchain disulfide (A, B) (50)
3SQP (A, B) C91(50)
GPX1 Totally 5 cysteines (C2, C78, C115, C156, C202) and
’ U49 selenocysteine; C78 in PC motif; no information 2F8A (A, B) C78(50), C156(50)
Isoform 1 D
on disulfides
Totally 3 cysteines (C32, C101, C156) and U73 —
GPX3 selenocysteine; C156 in CP motif; no information on 2R37 (A,B) C101(50), C156(75)
disulfides
Totally 5 cysteines (C8, C23, C26, C79, C83); C23 .
SLRXT, inside of CPYC motif; disulfides C23-C26 (redox- 4RQR (A) 023(108}3'3[‘(586)8 bond,
active) and C79-C83.
G6PD, Totally 8 cysteines (C13, C158, C232, C269, C294, gEKH\?V(@) 833‘7‘2283 8‘2‘32228;
Isoform short | C358, C385, C446), no CP/PC, no data on disulfides. 2BHL (A, B) 0294(50)’ C385(50)
PGD Totally 9 cysteines (C30, C113, C170, C171, C199, 4GWG (A) C288(50)
’ C289, C366, C402, C422), 2 PC (C170, C422); no
Isoform 1 data on disulfides 4GWK (A) C288(50)

The covalent heme binding to proteins is known to be realized predominantly through cysteine,

histidine or tyrosine (Smith et al., 2010). These three types of amino acids were predicted at the distances
close enough for iron coordination in several solutions for GSR (His81, Cys59, Table 3), G6PD (Tyr249,
Table 5), GPX1 (His80) and GLRX1 (Cys83, Table 4). Moreover, Cy-Preds found at least one cysteine
susceptible to oxidation in each protein studied (Table 6). Three oxidizable cysteines were predicted in
GSR (Cys59, Cys64, Cys91).

So analysis carried out in this study testifies that glutathione reduction is more likely to be inhibited
under hemolysis by heme binding and oxidation of cysteines in glutathione reductase and glucose-6-
phosphate dehydrogenase. These results are in agreement with the experimental data on the increase of
GSSG/GSH ratio in the cells and blood plasma under action of agents causing oxidative stress in
mammals (Pandey, Rizvi, 2011). Inhibition of glutathione peroxidases by heme might temporally redirect
GSH to non-enzymatic reactions including Fe®* reduction that might have pro-oxidant effect through
acceleration of Fenton reaction. On the other hand, inhibition of glucose-6-phosphate dehydrogenase in
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erythrocytes could result in glucose utilization predominantly in glycolysis for energy production that is
critical for red blood cell survival under stress (Handala et al., 2017).

Taking into account the hemolytic action of various xenobiotics, the heme-mediated oxidation of
glutathione redox cycling enzymes in erythrocytes and blood plasma could be considered to be important
mechanism of hemolysis progression under stress and pathologies.
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