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Various regulatory effects of heme (Fe-protoporphyrin IX) revealed in mammals
under stress and trauma conditions could be mediated by direct heme binding to signal-
ling cascade members. Transcription factor Nrf2 regulating antioxidant response elements
(ARE?S) is controlled primarily by protein Keap1 and further proteolysis through interaction
with Cul3 and Rbx1. Nothing is known today about heme effects on these signaling com-
ponents so their ability to bind heme as potential regulatory agent was analyzed in silico.
The most number of heme-binding amino acid residues were predicted in the redox-active
protein Keapl and included Cys77, His96, His225 and Metl156 in BTB-dimerization do-
main; Cys319 and Cys489 in Kelch repeats domain involved in Nrf2 binding and Cys226 in
intervening linker region. Docking to Nrf2 regions revealed heme in proximity to Cys514
and ETGE motif (79-82) necessary for Nrf2 ubiquitination. The highest docking scores were
found for metalloenzyme Rbx1. So signalling cascade members Keap1 and Rbx1 could bind
heme more tightly through aromatic and sulfur-containing amino acid side chains that could
prevent Nrf2 degradation and therefore activate ARE-regulated transcription.
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Heme (Fe-protoporphyrin IX) is the universal molecule working as a prosthetic group in
the enzymatic redox reactions, electron transport chains and oxygen carriers. Under normal con-
ditions heme is bound to proteins while free heme is lipophilic pro-oxidant [5]. The significant
rise of free heme level usually is the result of hemoproteins degradation by stress factors [5]. In
mammals it is caused mostly by hemolytic states with consequent hemoglobin breakdown and the
incoming of heme from blood into different tissues. Experimental data indicate that heme molecule
has diverse regulatory effects and can mediate oxidative stress response through heme binding to
signalling cascade members [5]. Transcription factor Nrf2 is specific to antioxidant response ele-
ments (AREs) thus launching dozens of target genes [9]. The regulation of its activity is provided
by two mechanisms: the phosphorylation and ubiquitin-dependent proteolysis [2]. Cytosolic pro-
tein Keap1 acts as Nrf2 inhibitor: being modified through conservative cysteines it targets Nrf2 to
proteosome making the complex with another cytosolic proteins Cul3 and Rbx1 [6]. Nothing is
known about affinity of these signalling components to heme so in this study they were analyzed
in silico for the ability to bind heme as potential regulatory agent under oxidative stress in humans.

Materials and methods
The protein annotations (Table 1) were loaded from UniProt knowledgebase (http://www.
uniprot.org/). Known protein structures were loaded from Protein Data Bank knowledgebase
(http://www.rcsb.org/pdb/home/home.do).
The prediction of protein Keap! structure with template (4CXI or 4IFJ) was performed us-
ing I-TASSER server [10] (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). Structural align-
ment was carried out by TM-align server (http://zhanglab.ccmb.med.umich.edu/TM-align).
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Table 1

UniProt data for the selected human Nrf2/Keap1 signalling components
used in the study (AA — amino acids)

. . Gene | UniProt Number of
Protein name (abbreviation) Symbol D Sequence data PDB structures
Nuclear factor erythroid 2-related factor 2 (Nrf2) NFE2L2 Q16236 605 AA (Isoform 1) 4
Kelch-like ECH-associated protein 1 (Keapl) KEAP1 Q14145 624 AA 20
Cullin-3 (Cul3) CUL3 Q13618 768 AA (Isoform 1) 10
E3 ubiquitin-protein ligase RBX1 (Rbx1) RBX1 P62877 108 AA 6

Docking analysis performed by the help of PatchDock, Beta 1.3 Version (http://bioinfo3d.
cs.tau.ac.il/PatchDock/) [7]. Structure file for heme was loaded from PubeChem (http://www.
ebi.ac.uk/pdbe-srv/pdbechem/chemical Compound/show/HEM). Visualization and analysis of
structures were carried out by the help of The PyMOL Molecular Graphics System (Version 1.3,
Schrédinger, LLC) and SwissProt viewer 4.1.0 (http://spdbv.vital-it.ch).

Results and discussion

Sequence motifs known to bind heme specifically consist of histidine (His), cysteine (Cys),
tyrosine (Tyr), phenylalanine (Phe), tryptophan (Trp) and methionine (Met) [4]. Heme regulatory
motifs containing cysteine and proline are usually surrounded by hydrophobic residues [3]. So the
main attention in the analysis of the docking variants was paid to the character of amino acids in
the close proximity to heme iron. The most number of potential heme-binding amino acid residues
were revealed in Keapl (Table 2): Cys77, His96 and Phelll (in 4CXI; Table 2) located in BTB-
dimerization domain necessary for Cul3 binding [1]; Cys489, Tyr490 and Tyr491 (in 2FLU:X and
41FJ) in Kelch repeats domain involved in Nrf2 binding [1]. Cys77 and Cys489 were shown to be
modified by several electrophilic agents that caused activation of Nrf2-dependent transcription [2].
Docking of heme to the Keapl model structures predicted by I-Tasser (with 4CXI or 4IFJ as tem-
plates) revealed additional potential heme binding sites: Phe139 or Phe221, His225, Met156 (in
BTB-dimerization domain), Cys226 (in Intervening linker region) and Cys319 (in Kelch repeats
region, data not shown in the table 2). It’s remarkable that docking scores for these solutions are
much higher (6076-6376) than those for known structures of Keap1 (Table 2).

Table 2
The selected results of heme binding sites prediction in PDB structures (by PatchDock)
PDB Chain: protein Contact| Total [ Amino acids number predicted to be within 6,5 A to heme
ID (sequence range) area | Score | iron/Amino acids with potential heme-binding activity
4CXI A: KEAPI (48-180)  742.6 5558 8 C77; H96; VI98; F111
. 703.8 5310 8 V561; H562; V608

AT A:KEAPL(321-609) 6674 5266 8 L471; Y473; C489; Y490; Y491
1U6D X:KEAPI (321-609)  806.8 5416 11 Y525, Y572; F577; V604

P: NFE2L2 (69-84) Chain P: 6 . . )
4IFL X: KEAPI (321-609) 724.0 5332 Chain X: 1 Chain P (NFE2L2): L76; L84

P: NFE2L2 (69-84) Chain P: 0 Chain X (KEAP1): C489; Y490, Y491,
2FLU X: KEAPI1 (321-609) 701.2- 5380 Chain X: 9 'W497; M499; 1500

. 761.1 5870 10 C514; 1519

2LZ1 A:NFE2L2(345-523) 719 5628 7 H443: M444; H446

B:CUL3 (1-388) Chain B: 11 . ) ] ] )
4AP2 (A: KLHL11) 804.9 5930 Chain A 0 Chain B (CUL3): L97; F101; L102; H160

B:CUL3 (23-388) Chain B: 1 Chain B (CUL3): Q133
4APE (A:KLHLI11) 7663 5786 Chain A: 11 Chain A: H209; H213; L217; L220; L.222
2LGV A:RBXI1 (12-108) 717.1 6146 9 C53; C56 (near-Zn10); C68; F81; H82; C83

R:RBX1 (5-108) Chain R: 7 R: L32; W33; W35; V39; W72
3DPL (C:CUL5) 8487 6218 Chain C: 5 C: H572
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Docking to C-end region of Nrf2 (2LZ1) revealed heme in proximity to either Cys514 or
His443; Met444 and His446 (Table 2). In 4IFL:P heme was posed close to ETGE motif (79-82)
known as one of two necessary regions interacting with Keapl for consequent Nrf2 ubiquitina-
tion [2]. Complex of Cul3 with KLHL11 of Kelch-like family docked heme either to N-end part
of Cul3 through Phel01 and His160 (in 4AP2:B) or to the contacting site of KLHL11 with Cul3
through His209 and His213 in BACK-domain (positions 163-265) of KLHL11 (4APF:A; Table
2). Highly conservative BACK domain is suggested to take part in the substrate orientation in
Cul3-based E3 ligase complexes [8]. Heme docking to metalloenzyme Rbx1 (2LGV) revealed
most probable heme binding in 53-86 region through Cys53 and Cys56 (Zn ligands). In Rbx1
complex with Cul5 of cullin family (3DPL) these residues become involved in cullin binding so
heme contacted with Trp33, Trp35 and Trp72 of Rbx1 and His572 of Cul5. In the complexes of
another composition (data not shown) heme preferred KLHL3 in Cul3-KLHL3 dimer (4HX1) or
Cull in Rbx1-Cull dimer (1LDJ). The most high scores (>6000) of heme docking were found
for Rbx1 complexes.

So Keapl and Rbx1 could bind heme more tightly providing aromatic and sulfur-contain-
ing amino acid side chains. Heme binding to these Nrf2-Keap1 signalling cascade members could
prevent ubiquitin-dependent proteolysis of Nrf2 and therefore activate ARE-regulated transcrip-
tion.
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PizHomaHiTHI peryssaTopHi epextu remy (Fe-npotonopdipun [X) y ccaBuis B ymoBax
CTpecy 1 TpaBMH MOXKYTh OyTH OIIOCEPEAKOBaHI MPSMOIO B3a€MOIIEI0 T'eMy 3 KOMITOHEHTaMHU
CUTHAJIBHUX KackanmiB. TpaHckpunmiiHui ¢aktop Nrf2, sxuil peryitoe aHTHOKCHAAHTHI
BignoBiaHi enementr (AREs), koHTpomoeTbest Hacammepen Oinkom Keapl i momamsmmm
nporeontizoM depe3 B3aemozito 3 Cul3 i Rbx1. Ockinbku Ha 11eld MOMEHT eeKTH reMy Ha
JIaHI CHTHAJbHI KOMIIOHCHTU HEBIZIOMi, IXHS 3[aTHICTh 3B’S3yBaTH T'eM SK MOTCHIIHHUI
peryiaTOpHU areHT Oyiia mpoaHaiizoBaHa in silico. Haitbinba KibKiCTh aMiHOKHCIIOTHUX
3aJIMIIKIB, SIKi 3B’ I3yI0Th TeM, Oyiia mepedaueHa y pefokc-aktuBHoMy Oiiky Keapl, B Tomy
gucni Cys77, His96, His225 i Met156 y BTB-nmumepusaniiinomy nomeni; Cys319 it Cys489
y nomeni Kelch moBropis, skiii 6epe ydacts y 3B’ s3yBanHi Nrf2 i Cys226 y npomixHii
niHKepHiH gisHi. JJokinr go nuisHok Nrf2 BusiBuB rem no6musy Cys514 i motuBy ETGE
(79-82), meodxinnoro s Nrf2 y6ikBituHyBaHHsS. HaifBuii ouky 1OKiHTY Oyiu BHSBIIEHI
i Metanopepmerty Rbx1. Takum 4rHOM, WwieHH cHrHajdbHOrO Kackamy Keapl i Rbx1
MOXXYTb 3B’SI3yBaTH IreM OUTBII MIITHO Yepe3 apoMaTH4Hi Ta CIpKOBMICHI OOKOBI JIAHITIOTH
aMIHOKHUCIIOT, 1[0 MOXe 3amo0irtu aerpazgamii Nrf2 i takum uuHoM aktuByBaTH ARE-
PperyiIboBaHy TPAHCKPHIIIIIO.

Knrouosi crosa: curnaminr, Nrf2, Keap 1, rem, aHTHOKCHIAHTHI BiJIIIOBIIHI €JICMEHTH.
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Paznmunbie  perynsaropHeie  ddekrsr  Trema  (Fe-mporomopdupun IX) y
MJICKOTIUTAIOINX B YCIOBHSAX CTpecca M TPAaBMBI MOTYT OBITh OIOCPEIOBAHBI IPSIMBIM
B3aUMOJICHCTBHEM TI'éMa C KOMIIOHEHTAMH CHTHAIBHBIX KacKamoB. TpaHCKPUIIIMOHHBII
¢axrop Nrf2 perynupyer aHTHOKCHIaHTHEIE OTBeTHBIC AeMeHTH (ARESs) n konTponmupyercs
npexkae Becero Oenkom Keapl m mociemyrommM MPOTEONH30M 4Yepe3 B3aMMOCHCTBHE
¢ Cul3 u Rbx1. ITockonpKy Ha HaHHBIII MOMEHT d(PEKTHl reMa Ha JaHHbIE CUTHAIIbHBIC
KOMITOHCHTBI HEU3BECTHBI, HX CIIOCOOHOCTH CBS3BIBATh TeM KaK IOTEHIHAJBHBII
PETYISATOPHBIN areHT OblIa TNpoaHamu3upoBaHa in silico. Hambombimee dnciao rem-
CBSI3BIBAIOIINX AMHHOKHCIIOTHBIX OCTaTkoB ObUIM mpesacka3aHsl B Keapl: Bkirodas
Cys77, His96, His225 u Met156 B BTB-gumepuzanmonaom gomene; Cys319 u Cys489 B
nomere Kelch moBropoB, yuactByromieM B cBsi3biBaHuU Nrf2, n Cys226 B IpOMEKYyTOUHOM
JIUHKEPHOM yuacTke. JlokuHT K yyactkam Nrf2 BeisiBui rem Bommsu Cys514 u motuBa ETGE
(79-82), HeoOxommmoro urst Nrf2 yOUKBUTHHUpOBaHWS. HauBbICIINEe OYKH JOKUHTA OBLTH
BBISIBIICHBI 1715t MeTaiutopepmenTa Rbx 1. Takum o6pazom, Keapl u Rbx1 mMoryT cBs3pIBaTh
reM Oojee MPOYHO, MPEJOCTABISAS APOMATHIECKHE M CEPOCOJeprKalne OOKOBBIE IENH
aMHHOKHCIIOT, YTO MOXKET IPEeIOTBPAaTHTh Aerpafanuio Nrf2 u NpuBeCTH K aKTHBAIUU
ARE-perynupyemoii TpaHCKPHIILIHN.

Knrouesvie cnoea: curnamuar, Nrf2, Keapl, reM, aHTHOKCHIAHTHBIC OTBETHBIE
JJIEMEHTBI.



