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BMP curHaniHr i piBeHb remy 3agisiHi y perynsuii metaboniamy 3anisa, po3BUTKY OKCUAATMBHOMO CTPECy i
3ananeHHs. HakonmyeHHs BiNbHOro remy BHACNiOOK AECTPYKUii remMonpoTeiHiB Bege OO0 MOLIKOAXKEHb KNiTUH
Ta/abo wmoaynsauii curHaniHry. [epegbayveHHs MOTEHUIMHUMX remM-3B's3yBanbHUX CaWTiB Yy MPOTEIHOBUX
KOMMmnekcax, Wwo Mictatb repulsive guidance molecule BMP co-receptor B (RGMB), 6yno npoBefeHo 3a
gonomoroo oHnavH nporpam PatchDock i HemeBIND 3 BMKOPUCT@HHAM AdaHuX wWodo cTpyktypu RGMB
Komnnekcie 3 HeoreHiHom (PDB ID 4bq6) Ta/abo BMP2 (PDB ID 4uhz i 4ui2). MonekynsipHWin AOKIHI BUSIBUB, LLIO
NpUPOOHUIA TeTpaMepHUA KOMMIEKC HeoreHiHy Ta mnoro kopeuentopy RGMB Hapae Aekinbka canTiB Ans
3B'A3yBaHHA remy Mnopyy 3 AiNsHKaMW KOHTaKTy FfaHUloriB, B TOW Yac SK B3aEMOAIA remMy 3 MOHOMEPHWMU
KOMMOHEHTaMy MeHLU BiporigHa. Tinbkn okpemi nepeabadveHi canTy MICTANKM amiHOKMCNOTK, 3aaTHi hopmyBaTn
cTabinbHi 38’33kn 3 remom (His, Cys abo Tyr), ane HecneuudiyHe NpUEAHAHHS remMy [0 OEKiNbKOX NaHLoris
KOMMIEKCY OAHOYAaCHO MOrNo 6 CNpUYMHUTM KOPOTKOYacHWM KoHdpopmauiviHni edekt. Bepyun po ysarm
nposananeHy fgito BMP curHaniHry Ha eHpoTenii, 3B’sid3yBaHHA remy 3 BMP peLenTopHUM KOMMIIEKCOM MOXe
06roBoptoBaTUCh SK HeCneLndiYHNIA MeXaHi3M CyMHHOTO NaToreHe3y Npy HakoMWYeHHI remMy BHacnigoK CTpecy.

Knio4oBi cnoBa: 38’43ysaHHs1 eemy, memaboniam 3aniza, RGMB, HeozeHiH, BMP2, monekynspHuli doKiHe.

In silico analysis of the potential heme binding sites in the protein complexes

containing human repulsive guidance molecule BMP co-receptor B (RGMB)
T.V.Barannik, V.V.Shuba

Both BMP signalling and heme level are involved in the regulation of iron metabolism, development of
oxidative stress and inflammation. Free heme accumulation due to hemoproteins destruction results in cells
damage and/or signalling modulation. Prediction of potential heme-binding sites in protein receptor complexes
containing repulsive guidance molecule BMP co-receptor B (RGMB) was performed by online tools PatchDock
and HemeBIND using structural data on RGMB complexes with neogenin (PDB ID 4bg6) and/or BMP2 (PDB
ID 4uhz and 4ui2). Molecular docking revealed that natural tetrameric complex of neogenin and its co-receptor
RGMB provided several sites for heme binding near interchain contacting areas while heme interaction with
monomeric components was less probable. Only few predicted sites contained amino acids capable to form
stable bonds with heme (His, Cys or Tyr) but non-specific heme attachment to several chains of the protein
complex simultaneously could have short-term conformational effect. Taking into account the proinflammatory
action of BMP signalling on endothelium, heme binding to BMP receptor complex can be discussed as non-
specific mechanism of vascular pathogenesis under stress-derived heme accumulation.
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In silico aHanu3 noTeHUManbHbIX reM-CBA3bIBalOLWUX CAUTOB B 0eNKOBbIX
KOoMnneKkcax, cogepxawmx repulsive guidance molecule BMP co-receptor B

(RGMB) yenoBeka
T.B.bapaHHuk, B.B.lLly6a

BMP curHanvHr »n ypoBeHb rema 3afeiicTBOBaHbl B perynsuum meTtabonuama xernesa, pasBuUTUs
OKCMAaTMBHOIO CcTpecca W BocnanexHus. HakonneHne cBoGoAHOrO rema BCMEACTBME AECTPYKLUK
remMonpoTeMHOB BedEeT K MOBPEXOEHWsAM KNeTtok u/wnv  mogynsaumm  curHanudra.  [lNpepckasaHue
noTeHUMnanbHbIX reM-CBA3bIBAKLIMX CaNTOB B OENKOBbIX KOMMJEKcax, cogepXawwux repulsive guidance
molecule BMP co-receptor B (RGMB), 6bino npoBeAeHO C MOMOLLbO OHMNawH nporpamm PatchDock wu
HemeBIND c ncnonb3oBaHveM AaHHbIX 0 cTpykType RGMB komnnekcoB ¢ HeoreHuHoM (PDB ID 4bq6) n/unu
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BMP2 (PDB ID 4uhz un 4ui2). MonekynsipHbIi OOKVHI BbISIBUI, YTO MPUPOOHbIA TETPAMEPHLIN KOMIIEKC
HeoreHWHa u ero kopeuentopa RGMB npefocTaBnseT HECKONbKO CaWTOB AN CBS3bIBAHWSI rema BO3ne
y4acTKOB KOHTakTa Lenewn, B TO BPEMS Kak B3aUMOAENCTBUE remMa C MOHOMEPHbIMU KOMMOHEHTaMU MeHee
BEPOSATHO. TONbKO OTAErNbHbIE NPeACKas3aHHble CanTbl COAepPXXann aMMHOKUCIOTLI, CMOCOBHbIe hopMmnpoBaTh
cTtabunbHble cBa3n ¢ remom (His, Cys unu Tyr), HO Hecrneunduyeckoe NPUKPenneHne rema K HeCKONbKUM
LensiM KoMnnekca OOHOBPEMEHHO MOrMo Obl Oka3aTb KPaTKOBPEMEHHbIA KOH(OPMAaLMOHHbIA 3dekT.
MpuHMMas Bo BHMMaHWe npoBocnanutensHoe gencrsne BMP curHanuHra Ha aHgoTenun, CBs3biBaHne rema ¢
BMP peLenTopHbIM KOMMIIEKCOM MOXET OOCyxaaTbCA Kak Hecneuuduyeckuin MexaHusm CoCyancToro
naToreHesa npu HaKoMNMneHn rema BCNeacTeMe cTpecca.

KnroueBble cnoBa: cesisbigaHue eema, memabonusm xene3a, RGMB, HeozeHuH, BMP2, monekynspHbil
OOKUHa.

Introduction

Iron balance maintains the normal rate of hemoproteins and iron-sulfur complexes biosynthesis
essential for many vitally important functions. The main role in the regulation of iron metabolism in mammals
belongs to the BMP/SMAD signalling pathway that adopts gene expression in response to iron levels
(Frazer et al., 2012; Siebold et al., 2017). BMP signalling plays important role in regulating vascular
oxidative stress and inflammation (Derwall et al., 2012) and is linked to the cardiovascular and muscles
pathologies (Cai et al., 2012). So the correction of BMP signalling axis is one of prospective strategies for
vascular diseases therapy (Liu et al., 2016). Membrane anchored members of the repulsive guidance
molecule (RGM) family interact with neogenin (NEO1) as co-receptors potentiating the BMP pathway
(Siebold et al., 2017). Repulsive guidance molecule BMP co-receptor B (RGMB) expression in various
tissues suggests its wide functionality as the regulator with undetermined functions (Corradini et al., 2009).

Free heme accumulation under hemoproteins destruction can raise heme concentration in several
orders (Chiabrando et al., 2014). Circulating erythrocytes are the main reservoir of heme in mammals so
hemolysis-derived heme at intoxications or trauma may be indirectly involved in pathogenesis including
cardiovascular disorders (Immenschuh et al., 2017). Non-specific heme binding can lead to damage of
cell structures because of heme prooxidant and detergent-like properties (Rother et al., 2005) while heme
attachment to sensor proteins is one of the signalling event and heme regulatory motifs (HRM), such as
Cys-Pro, have been described in transcription factors, ion channels and enzymes (Mense, Zhang, 2006).

The sequences of RGMB protein and its partner NEO1 also have Cys-Pro motifs, but their heme-
binding capacity has not been described yet, so the investigation of heme binding to BMP receptor
complex acquires particular relevance. The objective of this study was in silico analysis of potential heme-
binding sites in the complexes of RGMB with BMP2 protein and/or with neogenin.

Materials and methods

The amino acid (AA) sequences and protein annotations (Table 1) were downloaded from UniProt
knowledgebase (http://www.uniprot.org/). GPI-anchored glycoprotein RGMB has two binary extracellular
interactions: with BMP2 protein that is secreted homodimeric disulfide-linked glycoprotein and neogenin
(NEOL1) that is transmembrane 1-pass receptor for BMP2.

RGMB is active as homooligomer or as heterotetramer with NEOL1 in 2:2 stoichiometry. The data on
protein structures of RGMB complexes (Table 2) was downloaded from Protein Data Bank (PDB)
knowledgebase (http://www.rcsb.org/pdb/home/home.do). All PDB structures used in this study contained
the proteins fragments with extracellular location, NEO1 fragments had no cysteines (Tablel). Free online
tool HemeBIND (http://mleg.cse.sc.edu/hemeBIND/; Liu, Hu, 2011) was used for RGMB sequence and
PDB-coordinates analysis for heme-binding propensity of potential HRM (Cys-Pro/ Pro-Cys motifs).

Docking of heme as a ligand to the protein fragments in PDB-structures was carried out by on-line
tool PatchDock, Beta 1.3 Version (Schneidman-Duhovny, 2005; http://bioinfo3d.cs.tau.ac.il/PatchDock/)
with clustering RMSD 1,5 A as it was recommended for protein-ligand docking. First 20 docking solutions
with the highest scores for each target PDB-structure were analyzed for amino acids arranged in close
proximity to heme ring. The variants with highest scores and highest number of RGMB residues close to
heme but not crossing the heme ring were selected. Among variants with close scores the solutions with
heme bound to two or three chains simultaneously were preferred. Selected solution of the previous
round was used for the next round of docking. Scoring was based on both geometric fit and atomic
desolvation energy (Schneidman-Duhovny et al., 2005).
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For analysis of single protein chain the PDB-file was edited for removal of the other components of
the complex: RGMB (C/D chains) or NEO1 (A chain) were extracted from 4bq6.pdb; BMP2 (A chain) was
taken from 4uhz.pdb. Structure PDB-file for heme molecule was downloaded from PubeChem
(http://www.ebi.ac.uk/pdbe-srv/pdbechem/chemicalCompound/show/HEM).

Table 1.
Selected UniProt data for the proteins analyzed in the study
Protein name UniProt Length Number of Cys, CP/PC motifs, disulfide bonds, topolo
(gene symbol) ID 9 ys: ' » topology
RGM domain Total — 17 cysteines; CP motifs: C26 in signal peptide and
family member B Q6NW40 | 437 AA | C316 in CPL motif; 2 disulfides: C139-C226 (PC139) and
(RGMB) C163-C312. GPI-linked through asparagine 413.

Total — 13 cysteines: C20 in signal peptide, 4 disulfides in
extracellular domain 34-1105: C74-C129, C173-C221,

Neogenin (NEO1) | Q92859 | “+ol A | C270-C320 (motif PC with C270), C362-C410. Sequence
region 411-1126 has no cysteines. Region 1106-1126 has
transmembrane and 1127-1451 — cytosolic location.

Bone Total — 7 cysteines; 6 in intrachain disulfide bonds: C296—

morphogenetic P12643 396 AA C361; C325-C393; C329-C395; (CP matif with C329);

. C360 in the interchain disulfide. No cysteines in propeptide
protein 2 (BMP2) (24-282), C7 in signal peptide (1-23).

Table 2.
PDB data for the crystal structures of RGMB complexes analyzed in the study: 4bq6 (Bell et
al., 2013); 4uhz and 4ui2 (Healey et al., 2015). Method for all three structures: X-ray diffraction

(rePs?)II?Jtlign) (Pcr gﬁ?n) Sequence region Mutations/ ligands
883-1101 (fibronectin-type Il domains 5 | Ligand: N-acetyl-D-glucose-
4BQ6 A, B (NEOT) and 6) amine
(2,34 C, E (RGMB) | 50-168 ectodomain
D, F (RGMB) | 169-410 ectodomain Mutation: E225G
4UHZ A (BMP2) 283-396 (C-terminal signaling domain) Ligand: sulfate ion
(2,85 A) B (RGMB) 52-137 (N-terminal domain)
A 883-1101 (fibronectin-type Il domains 5 | Ligands: N-acetyl-D-glucose-
(NEO1) o
and 6) amine; B-D-mannose
?3U125 A) B (BMP2) 283-396 (C-terminal signaling domain) ;gg?gié; :[Iz-irgr?sotartarlc
C (RGMB) 50-168 ectodomain
D (RGMB) 169-240 ectodomain Mutation: E225G

Visualization of PDB-structures was carried out by the help of PyMOL (The PyMOL Molecular
Graphics System, Version 1.3, Schrédinger, LLC); analysis of structures (including the selection of
residues within certain distance to ligand or other protein chain) was carried out by SwissProtViewer 4.1.0
(http://spdbv.vital-it.ch).

Results and discussion

It was revealed that complex of RGMB and NEO1 fragments (4bg6.pdb) bound heme mostly in the
cavities made by partner proteins so that heme contacted with at least two chains simultaneously (Table
3, Fig. 1B). In most variants heme tended to bind RGMB chain near glutamine Q284 in the region with
hydrophobic (Val, Leu, Pro) and charged amino acids (Asp, Arg) (Table 3). Only when this site was
occupied by other heme molecule the next one bound to NEO1 in polar region with serine S1012 in
proximity to heme iron (chain B) or other RGMB chain (docking rounds 2 and 3, Table 3).
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Polar AA prevailed in heme-binding sites predicted in RGMB-NEO1 complex (4bg6), but no
cysteines were revealed among them (Table 3). More stable heme binding through iron ion is known to
be provided by heterocyclic His or aromatic Tyr as well as by Cys residues in certain motifs (Li et al.,
2011). But also hydrophobic interactions with porphyrin ring or electrostatic binding through propionate
residues with positively charged AA groups are possible. Type of interaction revealed in our study could
not provide stable bonds, but might be enough for short-term regulatory effect.

Table 3.
Representative results of heme docking to the fragments of RGMB complex with NEO1
(PDB ID 4bg6, PatchDock). Amino acids most close to heme iron are marked by bold font

Dr%(iﬁgg Total Contact Efu';n:?r: Chain Amino acids in heme neighborhood
. Score area (protein) (predicted to be within 6 A to heme iron)
(solution) contact
A (NEO1) P931, T934, K935, K937
1%t round B (NEO1) N933
(solution 4) 6614 767 14 AA F (RGMB) V235, T236, D237, D238, L239, Q284, V285,
G286, R287
ond round B (NEO1) K952; S987; K990; P1011; S1012; E1013
(solution 5) 6532 836 14 AA | D (RGMB) | N214;V235; T236; D237; R287
F (RGMB) | N233
31 round B (NEO1) T934, K935; Y936; K937
X 7314 847 12 AA D237; D238; L239; R283; Q284; V285;
(solution 1) D (RGMB) G286 R287
A

Fig. 1. Surface view (PyMol) of monomeric RGMB fragment (A) and the complex of RGMB
with NEO1 (B) with predicted heme binding sites (PatchDock). Arrows show the location of heme
docking variants. Chains C/D in the left and right parts of the figure are in the same projection but
different scale. Protein chains are shown in parenthesis

The search of heme-binding sites in RGMB protein monomer was performed using the chains C
and D (sequence regions 138-168 and 169-321) extracted from 4bg6.pdb (Fig. 1A). Two protein regions
were predicted as putative heme-binding sites (Table 4): the first one was near to Tyr268 and disulfide
bond between Cys163 and Cys312 with Thr290 or Leu291 most close to Fe ion (solutions N6, N15 and
N18) and the second site was arranged near disulfide bond Cys226—Cys139 with Ser257 in the close
proximity to Fe (solution N16).

To analyze heme-binding propensity of RGMB Cys-Pro motif HemeBind tool was also applied for
protein sequence and structures of C and D chains. HemeBIND uses structural and sequence information
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about binding interfaces based on the analysis of heme-protein complexes (Liu, Hu, 2011) while
PatchDock algorithm is oriented on molecular shape complementarity (Schneidman-Duhovny et al.,
2005). HemeBind predicted mostly hydrophobic (12 of 21 AA) residues as potential heme-binding sites.
Chain C fragment with C163 was predicted as heme-binding region by both programs (Table 4). Binding
sites predicted by two program tools in the chain D differed and didn’t contain free cysteines.

Table 4.

Prediction of potential heme binding sites in RGMB fragment by two program tools.

PatchDock data on two representative sites of heme docking to C/D chains of 4bg6. Amino acids
predicted by PatchDock as most close to heme iron are marked by bold font

Program Amino acids in close proximity to heme
PatchDock (chain C): P138; C139; N140; C163; L165; F166; (chain D): G225; C226; D254; A255;
K256; S257; L258; Y268; F281; V282; R283; V285; T290, L291; A292; 1293
HemeBind (chain C): Y160; F162; C163; L165; F166; G167; (chain D): H170; L171; F174; F178;

C181,; G185; W187; Q198; V199; V204, A210; T211; M295; L311,; C312

In silico analysis of RGMB in the complexes with BMP2 protein (4uhz and 4uk?2) revealed neogenin
and BMP2 as probable heme targets in the first docking rounds (Table 5). BMP2 was predicted to
surround heme molecule by polar environment with glutamic acid in close proximity to iron ion, several
cysteines were at short distance of heme but all of them are inside disulfide bonds (Table 1). In dimeric
complex (4uhz) RGMB protein was predicted to bind heme only if BMP2 sites were occupied.

Table 5.
Representative results of heme docking to the fragments of RGMB complexes with BMP2
and/or NEO1 (PatchDock)

Docking Number

round Total Contact of AA in Chain Amino acids in heme neighborhood
, Score area (protein) (predicted to be within 6 A to heme iron)
(solution) contact
PDB ID 4uhz (BMP2 and RGMB)

15 round K293, 5294, S295, C296, H326, G327, E328,
(solution4) | 2690 | 776 | 11AA |A(BMP2) | o359 kasg A359, C361

nd . . . . . .
2 round 6094 810 an | B (ROMB) | ABY T92; Q93; S96: Y105; H106; V109
(solution 2)
39 round R55, K58; C59, C91; T92; Q93; R94; T95;
(solution 1) | 2°4% | 808 11AA | B(RGMB) | g96' k97, A98

PDB ID 4ui2 (BMP2, NEO1 and RGMB)
P931; 1930; K952; P953; T955; P1011;

st l ) ) 1] 1] 3

(150{8#82 p | 5740 | 727 12aa | ANEOD) | 51515 01013; A1014; N1015
D (RGMB) | Q233; V244
W905; A906; D907, N908; L910, P911

nd ’ L] L] ] ] L]

éolﬁii‘g’;‘d@ 5796 748 10aa | A(NEOD) | 915 'Ho13, Q914
B (BMP2) | D307

39 round A(NEO1) | Q914;1916
(solution5) | °/1? 790 9AA g (BMP2) | Y302, V303, D304; P318, G319; Y320, H321

Analysis of docking to the tertiary complex (4ui2) revealed BMP2 and neogenin but not RGMB
residues in heme iron proximity. Taking into account heme affinity to certain amino acids (Li et al., 2011),
His913 of NEO1 or Tyr302 of BMP2 protein (Fig. 2) could provide more prolonged heme binding under
accumulation of free heme. These residues are arranged near the contact area of protein chains (Fig. 3)
so the oligomeric complex of studied proteins is more preferable heme target than monomeric RGMB. It
is worth mentioning that RGMB fragment used for analysis had no big cavities and most AA predicted to
contact with heme were not at the protein surface and were not involved in oligomerization.
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Comparison of the scoring results for different structures used as heme targets in PatchDock
revealed similar scores in the case of monomeric chains and RGMB complexes with BMP and NEO1
containing only one copy of RGMB fragment (Table 6). But RGMB-NEO1 complex with dimeric
fragments revealed much higher scores in all three rounds of docking (p<0,05).

Chain A

Y5952

Chain A

Tyr302, Chain B

His913, Chain A

Fig. 2. Amino acids side chains arranged in proximity to heme iron according to 15t (A), 2"
(B) and 3™ (C) rounds of heme docking to 4ui2 (by PatchDock). Chain A — NEO1, chain B — BMP2.
Visualization and analysis — SwissPDBViewer. Dots visualize distance between Fe and AA side chain

'RGMB (B)

Fig. 3. Surface view in PyMol of (A) RGMB complex with BMP2 (4uhz) and (B) the complex
of BMP2, RGMB and NEO1 (4ui2) with predicted heme binding sites (PatchDock). Arrows show the
variants of heme docking. Protein chains are shown in parenthesis

Table 6.

Scoring results of heme docking to different target proteins. Mean and standard deviation
were calculated by the data for the best 20 solutions for each docking round (PatchDock)

Target Scores Scores Scores Predi_cted _heme targets (chqins) With Cys, CP
(1%tround) | (2" round) | (3 round) motifs, His or Tyr residues in docking areas

4bq6 6641+138 | 6534+112 6514+297 | NEOL1 (B): Y936
auhz 56684179 | 5568+193 | 5368+108 E";"ZFEZ; |(:{A%.N?I|331(ng)<:jecg92’9c6;)C1,3$11,0§3a91c()gP),
4ui2 5650+72 5636+68 5615486 NEO1 (A): H913; BMP2 (B): Y302, Y320, H321
4bg6-CD | 5092+124 | 4762+103 - RGMB (C, D): C139-C226 (PC139), C163, Y268
4bg6-A 5281+126 - - NEO1 (A): Y957
4uhz-A 5274+156 - - BMP2 (A): C296-C361, C329 (CP); H326
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So molecular docking revealed higher scores for heme binding to the tetrameric complex of
neogenin and its co-receptor RGMB near interchain contact areas while heme interaction with monomeric
components was less probable. Only few predicted sites contained amino acids capable to form stable
bonds with heme (cysteine, histidine or tyrosine), major sites could provide only short-term interaction.
Part of AA residues predicted to interact with heme in neogenin and RGMB monomers was found at the
surfaces involved in oligomerization so complex formation might be affected under heme accumulation.
Non-specific heme attachment simultaneously to several chains of the signalling protein complex also
could have short-term conformational effect. Taking into account the proinflammatory action of BMP
signalling on endothelial cells (Cai et al., 2012), heme binding to BMP receptor complex can be discussed
as non-specific mechanism of vascular pathogenesis under stress-derived heme accumulation.
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