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A B S T R A C T   

Background: The bone morphogenetic protein 6 (BMP6) is a crucial inducer of hepcidin, the peptide hormone that 
regulates the iron availability in our body. Hepcidin expression is influenced by hepatic heparan sulfate (HS) and 
by heparin administration, suggesting BMP6 interaction with heparin/HS. The BMP2/4 subfamily has been 
deeply characterized to have a N-terminal heparin/HS binding domain (HBD), whose basic residues contact the 
sulfate groups on heparin and HS. Such detailed characterization is still required for other, structurally different 
BMPs, including BMP6. 
Methods: BMP6 peptides encompassing potential HBDs were analysed on heparin-functionalized plates and 
microcantilevers, and on membrane HS expressing CHO-K1 cells. Monomeric wild-type BMP6 and mutants were 
produced, substituting the basic residues with non-charged ones, and their affinity to the heparin-column was 
measured. The BMP6-heparin interaction was also predicted at atomic level by in silico molecular dynamics. 
Results: N-terminal and C-terminal BMP6 peptides showed high heparin affinity in solid-phase assays. The mu
tation of the two sites (R5L, R6S, R7L and K126N, K127N, R129S) abolished the heparin-binding activity of the 
recombinant monomeric BMP6. Monomeric BMP6 and peptides specifically bound to membrane HS of CHO-K1 
cells through the same domains. Molecular dynamic studies supported the role of the two HBDs, suggesting a 
cooperative behaviour. 
Conclusions: In BMP6, N-terminal (R5, R6, R7) and C-terminal (K126, K127, R129) domains mediate the inter
action with heparin and HS. 
General significance: This study provides the molecular mechanism supporting the use of heparin to sequester 
BMP6 and inhibit hepcidin expression, a novel clinical approach for high-hepcidin iron disorders.   

1. Introduction 

The bone morphogenetic proteins (BMPs) represent the largest sub
group of the transforming growth factor-β superfamily, that includes 
over 20 members in human [8]. They are all synthesized as pro-protein 
precursors undergoing proteolytic cleavage to generate the mature 
chains that then assemble into dimers, functional in binding the BMP 

receptors to elicit cellular signalling. After binding the ligand, the re
ceptors complex phosphorylates the downstream effectors SMAD1/5/8, 
which then associate with SMAD4 and translocate into the nucleus to 
induce the expression of several genes [25,26,58]. Despite the common 
mechanism of signalling, BMPs are involved in different biological 
processes of development and homeostasis, beyond the osteogenic 
function that was firstly described [56]. BMPs activities can be 

Abbreviations: BMP6, Bone morphogenetic protein 6; GAG, Glycosaminoglycans; HS, Heparan sulfate; CS, Chondroitin sulfate; DS, Dermatan sulfate; HSPG, 
heparan sulfate proteoglycans; HBD, Heparin/HS-binding domain; MD, Molecular Dynamic; SEC-TDA, Size exclusion chromatography followed by a triple detector 
array. 
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modulated by other molecules, among which the heparan sulfate (HS) 
glycans, that were shown to influence the spatial control and protein- 
protein interactions of some BMPs [51]. 

All the animal cells express heparan sulfate proteoglycans (HSPGs), 
glycoproteins that contain one or more HS polysaccharide chains linked 
to the proteoglycan protein core [7,38]. The HS chain is made of 
repeated disaccharidic units of N-acetyl-glucosamine (GlcNAc) and 
glucuronic acid (GlcA), linked by a 1–4 glycosidic bond. During their 
assembly, the HS chains undergo a series of processing reactions 
involving GlcNAc N-deacetylation and N-sulfation, epimerization of 
GlcA to iduronic acid (IdoA), and O-sulfation that generate relatively 
short segments of modified sugars interspersed by variable tracts of 
unmodified sugars [15]. Heparin is considered part of this group of 
glycans, although it is an unusually short and highly sulfated HS chain 
[37]. 

BMPs were initially purified on heparin columns, but the interaction 
with heparin/HS has been well-characterized mainly for BMP2 and 
BMP4: the heparin/HS-binding domains (HBDs) were identified as N- 
terminal cores rich in basic residues, that contact the negatively charged 
sulfate groups displayed by heparin/HS [42,52]. This interaction is 
biologically relevant, since heparin prevents BMP2 binding to BMP re
ceptors inhibiting the osteogenic activity [33], while membrane-bound 
HS facilitates the BMP2-induced BMP receptor complex formation in 
vitro [35] and regulates BMP4 action range in Xenopus embryo [42]. 

BMP6 belongs to a BMP subfamily different from that of BMP2/4 and 
its HBDs are yet to be established [51]. BMP6 plays a major role in bone 
formation [56] but it is also a key player in systemic iron homeostasis, 
since it is the major inducer of the hepatic expression of the peptide 
hormone hepcidin that regulates systemic iron availability [1,10]. 
Interestingly, exogenous heparin administration inhibits BMP6 biolog
ical activities both as osteogenic factor [9] and as hepcidin inducer 
[3,45–48], while the alteration of endogenous hepatic HS specifically 
downregulates the BMP/SMAD signalling and hepcidin expression 
[4,49]. Altogether these observations showed that a glycan-protein 
interaction influences BMP6 function. The difficulties to produce the 
full-length BMP6 as soluble recombinant folded protein [54] likely 
dampened detailed studies of its interaction with heparin/HS. Conse
quently only a recent report by Billings et al. investigated this aspect 
using BMP6 peptides that led to the identification of a novel HBD located 
near the C-terminus [6]. 

In our present work, we investigated the BMP6 activity in binding 
heparin and HS using different approaches. We identified clusters of 
basic residues as putative interaction sites and the corresponding syn
thetic peptides were studied for heparin and HS binding in solid-phase 
assays to identify two major domains. Then, the full-length human 
monomeric BMP6 was expressed in E. coli and assessed to interact with 
heparin and HS. The substitution of basic residues with neutral ones in 
two putative HBDs, located near the C-terminus and the N-terminus, 
strongly reduced the heparin interaction. In addition, in silico study of 
BMP6-heparin interaction confirmed the in vitro observation and pro
posed the atomic details of possible molecular recognition and contact 
sites among BMP6 and a representative heparin chain. The results 
confirm and extend the recent findings by Billings and colleagues [6]. 

2. Methods 

2.1. BMP6 peptides 

Linear peptides, corresponding to BMP6 arginine and lysine rich 
domains, were synthesized by Thermo Fisher Scientific custom peptide 
service (Table 1). A N-terminal biotin tag was linked to each peptide, 
allowing the detection during the binding in vitro assays. 

2.2. Heparin-coated plate assay 

Immunosorbent 96-well plate (immunoGRADE, BRANDplates®) was 

coated with 10 μg/mL protamine salt from salmon (no. P4020, Sigma) in 
50 mM carbonate buffer pH 9.6, overnight at 4 ◦C, generating a first 
cationic-polypeptide coating layer for the subsequent heparin func
tionalization. Unfractioned high molecular weight heparin from porcine 
mucosal heparin (17.6 kDa, degree of sulfation 2.4 SO3/COO-,14.3% 
NAc) was resuspended in phosphate buffer saline +0.1% tween20 
(PBST) + 1% bovine serum albumin (BSA) at concentration of 20 μg/mL, 
spotted onto the plate and incubated overnight at 4 ◦C. The non-specific 
binding sites were saturated with PBST +3% BSA and the plate was 
incubated with different concentrations of synthetic BMP6 peptides (5, 
25, 50, 250,2500 nM, in PBST +1% BSA), overnight at 4 ◦C. Unbound 
molecules were removed rinsing three times the plate with PBST. The 
presence of biotinylated BMP6 peptides was detected incubating with 
streptavidin-horseradish peroxidase (HRP) conjugated (220 ng/mL in 
PBST +1% BSA, no. S2438, Sigma). Finally, the signal was developed by 
chromogenic HRP-substrate TMB incubation (prepared according to the 
manufacturer’s instruction, no. T2885, Sigma-Aldrich), stopped by 1 N 
H2SO4 and detected at 405 nm emission wavelengths using a Multi
skan©EX plate reader (Thermo Scientific). The resulting values were 
analysed with Sigma plot (v 11.0) by non-linear regression, ligand 
binding, one-site saturation, curve fitting. 

2.3. Microcantilever heparin-binding assay 

Arrays of eight Silica Microcantilevers (MCs), 500 × 100 × 1 μm3 

were coated with a 20 nm thin gold film on their top faces (Concentris 
GmbH, Basel, Switzerland) that allows a selective use of thiol chemistry. 
Cystamine (thiol) reducing end derivatization of heparin was per
formed. Briefly, heparin (75 mg/mL in 15 mM phosphate buffer pH 8.1) 
was mixed to Cystamine (12 mg/mL), heated up to 40 ◦C and stirred for 
1 h. NaBH3CN (9.8 mg/mL) was added to the mixture and stirred at 
40 ◦C for 24 h. An additional amount of NaBH3CN (9.8 mg/mL) was 
added heating the mixture for a further 24 h. The reaction mixture was 
diluted with H2O and dialyzed for 48 h. The sample was concentrated 
and purified by size exclusion chromatography on G-10 Sephadex using 
H2O/ethanol (9:1 vol:vol ratio). The cystamine derivative of heparin 
was obtained with 85% (w/w) yield. The percentage of amino group 
attached to the reducing end was confirmed by 1H NMR and molecular 
weight evaluated by SEC-TDA (MW = 20,700 Da) analysis. Prior to 
heparin functionalization, the MCs were washed 30 min with acetone 
and then 30 min with ozone-UV. Next, each MC was immersed in a 
capillary tube delivering 1 mg/mL thiolated heparin in 0.1 M HEPES 
pH 6.5 buffer, for 4 h. Four out of eight MCs were functionalized with 
thiolated heparin, while the remaining four were not functionalized, as 
negative controls. BMP6 peptides loading experiments were performed 
by the Cantisens Research MC platform (Concentris GmbH, Basel, 
Switzerland), which is equipped with a microfluidic system to handle 

Table 1 
BMP6 peptides representing potential heparin/HS-binding domains (HBDs). 
Sequence and numbers of amino acids, molecular weight and isoelectric point 
(pI) of the N-terminal biotin-tagged synthetic peptides, analysed during in vitro 
heparin-binding assays.  

BMP6 
peptide 

Sequence Amino acid 
number 

Molecular 
weight (Da) 

pI 

HBD1 [Btn] SRRRQQSRNRSTQS 
[COOH] 

14 1973 12.6 

HBD1 
mutant 

[Btn] SLSLQQSRNRSTQS 
[COOH] 

14 1818 12.0 

HBD2 [Btn] LKTACRKHELY 
[COOH] 

11 1588 9.2 

HBD3 [Btn] 
LKKYRNMVVRACGCH 
[COOH] 

15 2005 9.9 

HBD3 
mutant 

[Btn] 
LNNYSNMVVRACGCH 
[COOH] 

15 1907 8.1  
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liquid delivery of the BMP6 peptides to the MCs at a flux rate of 0.42 μL/ 
s, a multiple lasers for simultaneous measurement of the individual MC 
deflection and an integrated temperature controller to allow measure
ments at the stable temperature of 25 ◦C. MC arrays were equilibrated 
under 0.1 M HEPES pH 6.5 buffer at 25 ◦C for about 3 h before the in
jection of the BMP6 peptide sample. HBD1 and HBD3 peptides (Table 1) 
were injected at different concentrations (0.5, 5, 10,25, 50 μM) in milli- 
Q water. 

2.4. Glycosaminoglycans competition with BMP6-heparin binding 

Heparin-coated plates were prepared as reported above. BMP6 
biotinylated peptides (50 nM in PBST +1% BSA) were incubated for 2 h 
at RT, with varying concentrations (0.4, 1.2, 3.6, 11 μg/mL) of different 
glycosaminoglycans (GAGs), whose sulfation degree was estimated by 
integration of the NMR spectra [40]: porcine mucosa derived unfrac
tioned heparin (2.4 sulfates per disaccharide), partially desulfated 
heparins Hep 2-O DeS (1.82 sulfates per disaccharide, 20.0% residual 2- 
O sulfation) and Hep 6-O DeS (1.67 sulfates per disaccharide, 7.4% 
residual 2-O sulfation), chondroitin sulfate (CS) (0.9 sulfates per 
disaccharide) and dermatan sulfate (DS) (1.1 sulfate per disaccharide) 
as described by Poli et al. [46]. All were resuspended in PBST +1% BSA. 
After pre-incubation, the mixtures of biotinylated peptides-GAGs were 
analysed on heparin-coated plate for binding, as previously described. 

2.5. Cloning of human mature BMP6 cDNA into pASK-IBA43plus vector 

The human mature BMP6 coding sequence was PCR amplified from 
the cDNA of HepG2 hepatoma cell line, using a 5′ overhanging primer 
pair to introduce NheI and HindIII restriction sites and an in-frame 
histidine (6xHis) tag coding sequence. The amplification product was 
cloned into a pASK-IBA43plus plasmid vector (IBA-lifesciences) under 
the control of inducible “tet” promoter, using the mentioned restriction 
enzymes (Promega, cod. R6501 and cod. R6041). The so-obtained 
plasmid construct (pASK h-BMP6) was transformed into E. coli BL21 
(DE3) host strain. (Cloning Primer Forward TAGACGCTAGCCATCAT
CACCATCACCACTCAGCCTCCAGCCGG; Cloning Primer Reverse 
GTTACCGTAAGCTTTTAGTGGCATCCACAAGCTC). 

2.6. Site-directed mutagenesis 

Human mature BMP6 sequence in pASK h-BMP6 plasmid underwent 
site-directed mutagenesis of the putative heparin/HS-binding domains 
(HBDs) of interest, aiming to substitute their clustered arginine and 
lysine residues with non-basic amino acids: R5L R6S R7L (HBD1), R39S 
K40N (HBD2) and K126N K127N R129S (HBD3). The substitutions 
were generated separately on different template pASK h-BMP6 plas
mids, by Pfu polymerase PCR reaction (no. M7741, Promega) with the 
respective mutagenesis oligonucleotide primer pair, containing the 
desired mutations (Table 2). DpnI (Promega, cod. R6231) endonuclease 
selectively digested the methylated parental DNA template, allowing 
for mutated plasmids selection. The pASK h-BMP6 plasmids carrying 
concomitantly mutations on more than one HBD were generated by 
sequential mutagenesis reactions. The so obtained mutant plasmid 
constructs were verified by sequencing using Sanger method (Eurofins 
Genomics) and were used to transform E. coli BL21 (DE3) host strain for 
recombinant expression and solubilization of BMP6 mutants. 

2.7. Expression of recombinant BMP6 wild-type and mutants in E. coli 
host strain 

A suspension in Luria-Bertani (LB) broth (10 g/L Peptone, 5 g/L 
Yeast extract, 0.1 M NaCl, pH 7.4) of the pASK h-BMP6 transformed 
bacteria cells, was incubated overnight at 37 ◦C. Recombinant human 
BMP6 expression was induced by addition of 200 ng/mL of anhy
drotetracycline (no. 2–0401-001, IBA) at 37 ◦C, under vigorous Ta
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agitation. After 4 h of induction bacteria cells were harvested by 
centrifugation, their pellet was resuspended in cold lysis buffer (0.1 M 
Tris-HCl pH 7.5, 1 mM EDTA, 1 mM PMSF) and then cell lysis was per
formed by sonication (Bandelin Ultrasonic Homogenizers HD 2070). 
The insoluble fraction was separated by centrifugation as a pellet. 
Insoluble bacteria inclusion bodies were washed with detergent- 
containing buffer (0.1 M Tris-HCl pH 7.5, 3% Triton-X 100) to remove 
bacteria cell debris. The inclusion bodies were solubilized by resus
pension in 6 M Urea, 0.1 M DTT, 0.1 M Tris-HCl pH 7.5, 1 mM EDTA, 
followed by centrifugation to remove the still insoluble debris. The re
combinant expression and solubilization of BMP6 mutants were per
formed using the same protocol. 

2.8. Heparin-affinity chromatography 

Solubilized inclusion bodies, containing BMP6 (wild-type and mu
tants), were analysed on HiTrap Heparin HP column (GE-Healthcare), 
connected to the Akta® prime FPLC system. The column was firstly 
equilibrated with the loading buffer (6 M urea, 5 mM DTT, 0.1 M Tris- 
HCl pH 7.5, 1 mM EDTA), then the solubilized inclusion bodies were 
loaded onto the column at a flow rate of 1 mL/min, while fractions were 
collected. An extensive washing step was performed with 20 column 
volumes of loading buffer, removing weakly heparin-bound proteins. 
Instead, the elution of heparin-binding proteins was achieved with NaCl 
gradient (Loading buffer +1 M NaCl). Absorbance at 280 nm and con
ductivity were recorded at column outlet and reported in a real-time 
chromatogram. 

2.9. SDS-PAGE and immunoblotting 

The proteins of chromatography fractions corresponding to column 
flow-through (washing step) and elution (NaCl gradient) were analysed 
by 15% SDS-PAGE in reducing conditions, staining with Coomassie 
Brilliant Blue R-250. For immunoblotting, after the electrophoresis the 
proteins were transferred to Hybond-P membrane (GE Healthcare 
Amersham). The saturation was performed in 2% defatted milk prepared 
in Tris-buffered saline buffer +0.05% tween20 (TBST). Incubation with 
primary antibody (α-6xHis mouse monoclonal antibody, Origene, cod. 
TA150088) and HRP-conjugated secondary antibody (HRP α-mouse 
antibody, BioFX Laboratories, cod. 11,012,102). The chemiluminescent 
signal was developed using SuperSignal West Femto Maximum Sub
strate (Thermo Scientific-Pierce) and acquired with LI-COR Odyssey® Fc 
imaging system. 

2.10. Molecular mechanic and molecular dynamic simulation 
characterization 

The heparin chain for the simulations (HEP) was modelled by an un- 
decasaccharide GlcNS6S-(1–4)-IdoA2S-(1–4)-[GlcNS6S-(1–4)-IdoA2S]4- 
GlcNS6S, were the monosaccharides GlcNS6S (N-sulfated-6-O-sulfated- 
α-D-glucosamine) and IdoA2S (2-O-sulfated-α-L-iduronic acid), repre
senting an average heparin chain [14]. The conformations of the 
GlcNS6S and IdoA2S residues were set as 4C1 and 1C4 chair respectively, 
as already established from heparin like oligosaccharides [19,20,24,41]. 
The IdoA2S conformation depend from the sulfation degree of the 
neighbouring residues. When IdoA2S is surrounded by two GlcNS6S its 
conformation appeared mixed by a nearly balanced contribution of two 
limit forms: the chair 1C4 and the skew boat 2S0 [20]. Considering the 
experimental uncertainty in the fitting procedure of the NMR three 
bonds j-coupling constants (JHH), in pure D2O some authors observed 
that 1C4 weakly dominate the IdoA2S conformational equilibrium 
[19,20,27], while other researchers observed a weak prevalence of the 
2S0 [29]. In ionic strength condition nearer to physiological values, 
particularly in presence of Ca+2 ions, the IdoA2S conformation further 
moves toward 1C4 until the percentage of these two 1C4/2S0 reach values 
around 53/47% in a pentasaccharide, or 79/21% in heparin [20,31]. In 

our classical Force Field model of heparin, the IdoA2S in a ‘level zero’ 
approximation was initially set to be purely 1C4, that even if it corre
sponds to the most populated limit conformation, is not unique, and for 
that reason it cannot fully describe the peculiar conformational features 
of this residue. The glycosidic dihedral angles (H1-C1-O4-C4/C1-O4-C4- 
H4) of the HEP were set at the beginning as: ϕi/ψI -39/− 33 and 41/14 
degrees for the sequences: GlcNS6S-IdoA2S and IdoA2S-GlcNS6S 
respectively [24,41]. To describe the interaction between the BMP6 
and heparin, models of the complex HEP-BMP6 were built manually 
approaching the HEP chain on the predicted heparin-binding domains 
(HDBs) on the 3D structure of the BMP6 monomer, obtained following 
the procedure in Fig. S1. The HEP-BMP6 complexes: HEP-BMP6 (HBD1), 
HEP-BMP6 (HBD2), HEP-BMP6 (HBD3) were built moving close the 
HEP (ligand) to each selected HBD until the shortest distances between 
the contacting surfaces reached values between 2.0 and 2.5 Å, and 
taking care to orient the approaching NS, 2O–S, 6O–S, sulfate clusters, 
that periodically decorate the external part of the heparin helix [22], 
toward the nearest HBD; this will allow the long-range electrostatic 
forces to drag the rest of the chain toward the HDB. A fourth complex 
HEP-BMP6 (HBD1/HBD3) was built adjusting the long enough HEP to 
contact both HBD1 and HBD3. The GLYCAM06 [34] and Amber [13] 
force fields were applied as HEP and BMP6 molecular mechanic pa
rameters. MD simulation of approximate length of 320 ns in explicit 
solvent were run to optimize the geometry and the set of contacts of the 
HEP-BMP6 complexes (bound state), and that of HEP and BMP6 in un- 
bound state as a comparison. All the MD simulation trajectories were 
sampled every 10 ps. The MD simulation cells were built surrounding 
each system by a 15 Å wide layer of water molecules (TIP3P) [32], 
generating a orthogonal box of hedge approximately 100 Å, where pe
riodic boundary conditions were applied. The software Ambertools 1.4 
[12] and NAMD 12.2 [44] were used, the former to prepare the topology 
and geometry files, the latter to run the MD simulations. The equili
bration period of the simulated HEP and HEP-BMP6 complexes were 
defined following two type of variables: the glycosidic dihedrals ϕi/ψi 
and the Root Mean Square Distance (RMSD) between the initial and the 
instantly evolving position of the HEP. The estimated binding energies, 
and their decomposition were calculated using the MMPBSA and 
MMGBSA methods (Molecular Mechanic Poisson Boltzmann Surface 
Area, and Molecular Mechanic Generalized Born Surface Area, Amber
tool 1.4). The three trajectories approach was applied, comparing the 
MD simulation trajectory of each of the tested complex HEP-BMP6 (230 
to 310 ns, sample frequency of 80 ps) with the corresponding of HEP and 
BMP6 in un-bound state. The ion concentration was set to 0.1 M, while 
no entropy contribution was included. In fact, the entropic term is 
considered comparable in each binding mode, where the same ligand 
HEP interact with different HBDs, the result is a ‘consistent’ scale of free 
energy of binding. Finally, this approach was also used to decompose the 
estimated energy of binding of each HEP-BMP6 complex, in the contri
bution that each residue of BMP6 apply. 

2.11. CHO-K1 wild type and CHO mutant 745 cell monolayer binding 
assay 

Wild-type Chinese Hamster Ovary (CHO-K1 ATCC® CCL-61) and 
mutant CHO-745 (pgsA-745 ATCC® CRL-2242 [16,17]) cells were 
maintained at 37 ◦C and 5% CO2, in F12 medium (Euroclone) supple
mented with 10% Fetal Bovine Serum (FBS, Euroclone), 40 μg/mL 
gentamicin sulfate (Euroclone), 2 mM L-glutamine (Euroclone) and 
1 mM sodium pyruvate (Euroclone). Wild type and mutant CHO cells 
were seeded in a TC 96-well plate (Sarstedt) with a cellular density of 
80.000 cells/well. Once the monolayers formed, the medium was 
removed, and cells were washed gently with PBS, fixed with 3% 
glutaraldehyde, incubating for 2 h at 4 ◦C, while the reaction was 
stopped adding glycine at a final concentration of 0.1 M. After PBS 
washing, the non-specific binding sites were saturated with PBS + 3% 
BSA. Synthetic BMP6 peptides (5, 25, 50, 250 μM in PBS + 3% BSA) 
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were spotted onto cell monolayers and incubated 3 h at 37 ◦C. Unbound 
peptides were removed by washing with PBS, while cell-bound peptides 
were detected as previously described, taking advantage of their biotin 
tag. 

2.12. Statistics 

Data are shown as mean ± SD. Statistical analysis was performed via 
ordinary One-way Anova or 2-way Anova (GraphPad Prism Software). 
Differences were considered as significant for p values <0.05 and rep
resented as indicated in the figure’s captions. 

3. Results 

3.1. Identification of heparin/HS-binding domains in the BMP6 sequence 

The interaction of proteins with heparin/HS is mainly mediated by 
clusters of positive charged arginine and lysine residues that attract the 
negatively charged sulfate groups of heparin/HS [57]. In order to 
identify conserved basic residues cores, we aligned the mature BMP6 
sequence from different animal species. Three conserved domains were 
identified, representing putative BMP6 heparin/HS-binding domains 
(HBDs) (Fig. 1). 

These domains were localized near the N-terminus (HBD1), in cen
tral region (HBD2) and near the C-terminus (HBD3) (Fig. 1). The 3D 
structure of BMP6 (PDB ID: 2r52 [54]) showed that arginine and lysine 
residues of HBD2 and HBD3 were exposed and together generated a 
positively charged patch (Fig. 2). Since in the crystallographic structure 
of BMP6 the 1–34 N-terminal residues are unresolved, thus the confor
mation of HBD1 is unknown. 

3.2. BMP6 synthetic peptides binding to solid-phase heparin 

To validate if the identified domains (HBDs) bind heparin/HS, we 
firstly produced the corresponding synthetic peptides, covalently linked 
at N-terminal to a biotin tag, for detection in in vitro binding assays 
(Table 1). Their interaction with heparin was tested in a solid-phase 
system in which the binding occurs at solid-solution interface. Under 
these conditions, the Gibbs free energy of the interaction is composed by 
contributions of molecular recognition and of a surface work energy. 

Theinteractions between heparin and the different BMP6 peptides 
were evaluated by in-plate colorimetric mass-based assay. In this assay 
we used heparin-coated plates, that were first validated with Fibroblast 
growth factor-2 (FGF-2), revealing a strong and saturable interaction, in 
good agreement with reported data [36] (Fig. S2). Then we analysed the 

BMP6 peptides HBD1, HBD2 and HBD3 by spotting various concentra
tions of them (5, 25, 50, 250, 2500 nM) on the heparin-plates and 
incubating 18 h at 4 ◦C. Next, we added streptavidin-HRP conjugated 
and we developed the HRP activity. The N-terminal peptide (HBD1) and 
the C-terminal peptide (HBD3) exhibited saturable interaction that fitted 
the Langmuir model of adsorption for monovalent binding, allowing the 
calculation of their heparin-affinities, expressed as apparent dissociation 
constant (Kd’) (Fig. 3A). HBD3 showed the highest affinity, 
(Kd’HBD3 = 43.6 ± 5.2 nM), followed by HBD1 (Kd’HBD1 = 216.4 ± 3 
8.7 nM). HBD2 interaction was weaker and its Kd’ could not be calcu
lated. Next, we produced peptides in which the basic residues were 
substituted by non-charged ones in HBD1 (R5L, R6S, R7L) and in HBD3 
(K126N, K127N, R129S) (Table 1). They were analysed in the solid- 
phase heparin assay, showing no detectable signal at any of the tested 
concentrations (Fig. 3A). 

The HBD1 and HBD3 peptides were also tested by microcantilever 
(MC) biosensors operating in static mode, i.e. energy-based sensors [5]. 
The static mode operation of MCs exploits the fact that the biomolecular 
transformations occurring on one MC surface can cumulate and perform 
an overall surface work in the order of mJ m− 2 [18]. An asymmetry 
between the upper and lower face of MC is needed in order to achieve a 
difference in the induced surface work on the two faces and generate 
deflection. The differential deflection is calculated subtracting the signal 
arising from the reference MCs (un-functionalized) from the signal of the 
functionalized MCs, preventing artifact deflections [2]. The Au face of 
the MCs was functionalized by selective adsorption of thiolated heparin, 
which was validated by antithrombin (AT) analysis. After injection of 
1.5 μM AT, the heparin-functionalized MCs generated a differential 
deflection respect to the reference MCs of – 26.0 ± 4.4 nm, thus 
reflecting a specific surface work driven by the interaction between AT 
and heparin molecules. Differential deflection of the MCs was also 
detected after injection of 25 μM of HBD1 or HBD3 peptides on the 
heparin-coating, while the respective mutants showed null or unspecific 
interaction (Fig. S3) at increasing concentrations (0.5, 5, 10, 25, 50 μM) 
for dose-response experiments. Data points were normalized and fitted 
with a Langmuir equation for monovalent binding, allowing to calculate 
an apparent equilibrium constant referred as nanomechanical surface 
equilibrium constant (Kdσ) [39]. HBD1 and HBD3 peptides bound 
heparin with Kdσ values of (6.0 ± 2.0) μM and (8.5 ± 1.0) μM, respec
tively (Fig. 3B), while the HBD2, HBD1 mutant and HBD3 mutant 
peptides showed no detectable interaction (not shown). The similarity of 
the two Kdσ values (6.0 μM and 8.5 μM) indicates that the nano
mechanical effect of the two peptides (such as conformational changes) 
on heparin is comparable. Moreover, the Kdσ values fall in the range of 
μM, about two orders of magnitude higher than the apparent binding 

Fig. 1. Evolutionary amino acid sequence alignment of BMP6 mature fragment in different animal species. The protein alignment was performed with Clustal Omega 
software. Key symbols in protein alignment: (*) positions with a single fully conserved residue, (:) positions with conservation between amino acid groups of similar 
properties, (.) positions with conservation between amino acid groups of weakly similar properties. The lysine and arginine basic residues are in bold. Conserved basic 
residues clusters, representing potential heparin/HS-binding domains (HBDs), are framed in boxes. 
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affinity constants (Kd’), reflecting that in the studied interactions the 
surface work contribution is negligible with respect to the molecular 
recognition one. Altogether, the two assays indicated HBD1 and HBD3 
to be the contact sites to heparin. 

3.3. Glycosaminoglycans competition with BMP6-heparin binding 

Basing on the knowledge that heparin/HS-binding proteins may be 
promiscuous for other GAGs, we designed a competition assay to study 
the BMP6 peptides specificity to heparin, compared to other GAGs. 
HBD1 or HBD3 peptides (50 nM) were pre-incubated with increasing 
concentrations of unfractionated heparin, chondroitin sulfate (CS) and 
dermatan sulfate (DS), prior to assay the binding on heparin-coated 
plates. HBD1 binding was competed off by unfractionated heparin in a 
dose-dependent manner, with a 20% decrease with 0.4 μg/mL and 
50–60% decrease with higher doses (1.2–3.6-11 μg/mL), while CS and 
DS had only a minor effect, with a maximum reduction of 20% at the 
highest doses (Fig. 4A). 

The HBD3 binding was competed off by heparin but also by DS (dose- 
dependent manner) and in a minor extent by CS, with a mean of 20% 
decrease of the signal (Fig. 4B). DS has a lower sulfation degree than 
heparin (average number of sulfates for disaccharide 1.1 versus 2.4) and 
the finding that DS competes with HBD3 but not with HBD1 suggests 
that in the second the electrostatic interactions are dominant, while in 
the former an additional contribution is possibly mediated by the hy
drophobic amino acids M131; V132; V133. Basing on the finding that 
heparin sulfation degree influences its activity as hepcidin suppressor 
[46,47], we studied the competition also with partially desulfated 
heparins, expecting a diminished competition than unmodified heparin: 
Hep 2-O DeS and Hep 6-O DeS have lower sulfation degree in 2-O and 6- 
O positions, resulting in an average number of sulfates per disaccharide, 
respectively of 1.82 and 1.67, compared to 2.4 of unmodified heparin 

(see methods section for details). Despite these partially desulfated 
heparins competed similarly to unmodified heparin (no significant dif
ference), Fig. 4 qualitatively shows that the saturation behaviour of the 
competition grows with the degree of sulfation of the heparins. How
ever, it is important to consider that these heparin preparations are only 
partially desulfated, thus residual sulfation on the heparin chain may 
still contribute to the peptides binding. The Fig. 4 provided only a 
qualitative picture of the sulfates role in BMP6-heparin interaction, 
while a description at molecular level remains to be determined. 

3.4. Heparin-affinity chromatography of recombinant BMP6 

We expressed the mature full-length recombinant human BMP6 in 
E. coli with a histidine (6xHis) tag linked at the N-terminus by cloning its 
cDNA into the anhydrotetracycline-inducible pASK-IBA43plus vector. 
The system produced large amounts of BMP6, which accumulated all in 
the insoluble fraction of the E. coli homogenates, and none in the soluble 
fraction. The BMP6 was solubilized in 6 M urea and reducing agents to 
study the heparin binding of the full-length protein using a heparin- 
affinity chromatography assay. The heparin column was equilibrated 
in 6 M urea, 5 mM DTT at pH 7.5, then the solubilized BMP6 was loaded 
and the eluted fractions collected. Most proteins were eluted in the flow- 
through and the heparin-bound proteins were eluted with a 0 - 1 M NaCl 
gradient, monitored by electric conductivity (Fig. 5A). SDS-PAGE 
analysis identified the BMP6 monomer of 15 kDa in the elution frac
tions (Fig. 5B), confirmed by immunoblotting with anti-6xHis antibody 
(Fig. 5C). BMP6 eluted from the heparin column at a conductivity of 
19.82 mS cm− 1, corresponding to 0.35 M NaCl (dashed line in Fig. 5A). 

3.5. Heparin-binding of recombinant BMP6 mutants 

We produced various BMP6 mutants in which the basic residues of 

Fig. 2. BMP6 domains rich in basic residues. (A) Top 
and (B) front views of BMP6 dimer crystal structure (PDB 
ID: 2r52 [36]), lacking the highly unstructured N-termi
nus region [1,3,4,6–10,14,15,19,20,24–27,29,33,35,37, 
38,40–42,45–49,51,52,54,56,58], encompassing the 
HBD1 of interest. A BMP6 monomer was represented as 
cartoon, colouring basic residues in HBD2 (magenta) and 
HBD3 (green). The other monomer was coloured by 
electrostatic potential on the solvent accessible surface 
on a scale of − 10 to +10 Kcal mol-1 e-1 (red to blue). The 
basic residues in putative HBDs were one-letter code 
labelled. This representation was generated using 
Chimera UCSF software.   
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the three HBDs were substituted with neutral ones. They consisted in 
HBD1 mutant (R5L, R6S, R7L), HBD2 mutant (R39S K40N), HBD3 
mutant (K126N, K127N, R129S) and the combined mutants HBD1 + 2 
mutant, HBD1 + 3 mutant, HBD2 + 3 mutant, HBD1 + 2 + 3 mutant 
(listed in Tables 2 and 3). 

They were all efficiently expressed in E. coli, solubilized as above and 
then loaded on the heparin column. The single mutants of HBD1 and 
HBD3 were retained by the heparin but eluted at a salt concentration 
lower than that of wild type BMP6 (elution peaks with conductivity of 
9.88 mS cm− 1 and 17.12 mS cm− 1, respectively versus 19.82 mS cm− 1 of 
BMP6-wt). In turn, the HBD2 mutant eluted as BMP6 wt, and the 
addition of this mutation on the HBD1 and HBD3 mutants did not affect 
their elution points: the HBD2 mutant eluted at 19.60 mS cm− 1, the 
HBD1 + 2 mutant at 10.40 mS cm− 1 and the HBD2 + 3 mutant at 18.67 
mS cm− 1 (Table 3). 

More important, the combination of HBD1 and HBD3 mutations, in 
the HBD1 + 3 and HBD1 + 2 + 3 mutants, abolished BMP6 interaction 
with heparin, as they were found only in the flow through fractions by 
the SDS-PAGE analysis (Fig. 5D). We concluded that both N-terminal 
(HBD1) and C-terminal (HBD3) sites are involved in heparin binding, 
and they might co-operate in the binding long heparin chains. 

3.6. Molecular modelling of the heparin-BMP6 interaction complex 

Since the 3D structure of BMP6 (PDB ID: 2R52) [54] misses the N- 
terminal residues 1–34, a molecular dynamic (MD) approach was 
applied to predict its conformation (see procedure in Fig. S1). A frame 
after 39.07 ns of MD simulation in water solution was randomly 
extracted from a set of four, previously verified to have comparable 
random coil conformations (See Fig. S1). A secondary structure pre
diction method (GOR method [23]) was also applied confirming a 
prevalent random-coil conformation (Fig. S1). Its flexibility may facili
tate protein adaptation to ligands, such as heparin. The BMP6-heparin 
interaction was then studied by MD simulations, useful to improve the 
“GAG-protein” docking, that involves electrostatic forces between long 
and flexible ligand-receptor [53]. This approach was firstly validated by 
simulating the well-characterized interaction between the penta
saccharide: GlcNS,6S-GlcA-GlcNS,3S,6S-IdoA2S-GlcNS,6S (AGA*IA) 
and the protein AT in explicit solvent condition until about 420 ns 

(Fig. S4). The estimated Free Energy of binding was calculated with the 
“three trajectories” approach, that include the conformational changes 
upon binding of ligand and receptor, expressed as MMPBSA and 
MMGBSA [21]. Their respective values were − 59 [58] and − 50 [58] 
Kcal mol− 1 in the AGA*IA-AT system, indicating a significant binding 
interaction [5]. Moreover, the binding energy per residue decomposi
tion (Fig. S4 right) showed the favourable contribution of known key 
residues of AT in heparin binding (K11, R46, R47, K114, K125, R129) 
[30]. 

We then generated full-length BMP6 monomer to create binding 
models with a representative heparin chain (HEP) of 11 residues. The 
initial conditions were based on the identified BMP6 contact sites: HEP- 
BMP6 (HBD1), HEP-BMP6 (HBD2), HEP-BMP6 (HBD3), and HEP-BMP6 
(HBD1/HBD3) (building details in material and method section). During 
the MD simulation the HEP chain is expected to be dragged by the long- 
range electrostatic forces between the positive patches on BMP6 and the 
negative sulfate clusters of heparin (GlcNS6S-IdoA2S-GlcNS6S) (Fig. S5) 
[22]. A manual docking followed by MD simulation in explicit solvent, 
was chosen instead of the automatic docking, that does not work 
properly with long oligosaccharide chain and with flexible active sites 
[11,43]. 

Therefore, the HEP-BMP6 complexes, and in parallel the HEP and 
BMP6 in unbound state, were submitted to MD simulation in explicit 
solvent for about 320 ns. RMSD function quantified the “distance” of the 
HEP chain position compared to the initial one: in HEP-BMP6 (HBD1), 
HEP-BMP6 (HBD2) and HEP-BMP6 (HBD3) the HEP position required at 
least 230 ns to equilibrate, while HEP-BMP6 (HBD1/HBD3) relaxed in 
80–100 ns (Fig. S6). The conformational and contact analyses were 
performed comparing the equilibrated MD simulation trajectories of the 
HEP-BMP6 complexes to the HEP and BMP6 in unbound state (used as 
references). In Fig. 6 (upper section of each panel) the poses of each 
HEP-BMP6 complex, extracted from the equilibrated MD simulations, 
were reported as a qualitative molecular description of possible heparin- 
BMP6 arrangement into an interacting complex. 

3.7. HEP-BMP6 binding energy estimation and contact analysis 

We then estimated the free energy of binding (MMGBSA, MMPBSA) 
of each generated HEP-BMP6 complex (Fig. 6) paying attention to the 

Fig. 3. BMP6 peptides binding to solid-phase heparin. (A) Heparin-coated plate were incubated with progressive concentrations (5, 25, 50, 250, 2500 nM) of HBD1 
(blue circle), HBD3 (red square) HBD2 (black triangle), HBD1 mutant (empty blue circle) and HBD3 mutant (empty red square) biotinylated peptides. Binding was 
measured using streptavidin-HRP conjugated and TMB reactive, reading colorimetric signal at 405 nm. Binding isotherm of HBD1 and HBD3 (solid blue and red lines) 
was fitted to Langmuir equation. The HBD2 and mutant peptides did not fit the isotherm model (dashed black, blue and red lines). (B) Nanomechanical binding 
isotherm of HBD1 (blue circle) and HBD3 (red square) peptides tested at increasing concentrations (0.5, 5, 10, 25,50 μM) on Microcantilevers functionalized with 
thiolated heparin. Kd’, Kdσ and the respective errors were calculated by the Langmuir fitting algorithm with 95% of confidence. Each marker represents mean value 
of at least three independent experiments and error bars indicates the standard deviation of the mean. 
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ranking of the HBDs. The heparin complex with HBD3 and the HBD1/ 
HBD3 sites were the most stable ones (Fig. 6C and D), in fact these sites 
are characterized by the lowest, and comparable binding energy values, 
followed by that of HBD1 (Fig. 6A). Differently, the HBD2 presents the 
weakest binding interaction (Fig. 6B). Interestingly, in this modelling 
description the heparin-BMP6 binding energy is comparable with that of 
heparin-AT (reference complex), while the ranking of the HBD sites in 
BMP6 is consistent with the in vitro results. 

The binding energy decomposition shows the residues that 
contribute positively or negatively to the energy of binding and it was 
reported for each HEP-BMP6 complex (Fig. 6, lower section). The most 

positively contributing amino acids were selected by - 4.0 Kcal mol− 1 

threshold, they were labelled in red on the histograms and drawn by 
yellow tubes. Notably, most of BMP6 residues with the strongest binding 
energy contribution, were comprised or adjacent to the HBDs of interest. 

The HEP-BMP6 (HBD1) arrangement (Fig. 6A) showed that the res
idues R5, R7, V20 and V23 were those with the strongest energy 
contribution and closer contacts with HEP. A significant energy contri
bution was given by R13, D19, E33, R39 and V99, that were not in 
contact with the HEP. This correlates with the formation of two cluster 
of ion pairs R5, R13 vs D19, E33 and R39 vs D68, located in HDB1 and 
nearby to HBD2 respectively, whose flexible conformation would be in- 

Fig. 4. BMP6 peptides heparin-binding competition assay with different glycans. A single dose (50 nM) of (A) HBD1 or (B) HBD3 biotinylated peptides was pre- 
incubated with different concentrations (0.4–1.2-3.6-11 μg/mL) of heparin (Hep), heparin 2-O desulfated (Hep 2-O DeS), heparin 6-O desulfated (Hep 6-O DeS), 
chondroitin sulfate (CS) or dermatan sulfate (DS). Binding was measured using streptavidin-HRP conjugated and TMB reactive, reading colorimetric signal at 405 nm. 
The values were normalized to the respective untreated peptide (0) and hence expressed as fold change. The graphs are means of three independent experiments. 
Differences among each experimental point and the respective untreated control were analysed by One-way Anova analysis with Graphpad Prism software (p values 
representation: **** p ≤ 0.0001, *** p ≤ 0.001, ** p ≤ 0. 01, * p ≤ 0. 05, ns non-significant). 
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directly perturbed by the bound HEP. The HEP-BMP6 (HBD2) showed 
R13, R22, L34 and R39 with a significant binding energy contribution, 
with only the last two in close contact with HEP (Fig. 6B). The HEP- 
BMP6 (HBD3) complex (Fig. 6C) presented the HEP in contact with 
both the fingers and the wrist region of BMP6: K108, R129, K126, K127 
and R134 belonging to HBD3 contributed significantly to the binding 
energy and were in contact with HEP. An additional HEP-BMP6 complex 
was generated to study a possible cooperative binding of HBD1 and 
HBD3 when interacting with a HEP chain longer than 6–8 residues. The 
flexibility of HBD1 was crucial for the formation of this complex HEP- 
BMP6 (HBD1/HBD3) to make multiple contacts (Fig. 6D). The histo
gram in Fig. 6D indicate that residues of HBD1 (R5, R6, R7, R11, R13, 
T15 and R22) and those of HBD3 (L115, L125, K127 and R134) 
contribute significantly to the energy of binding, even if only R6, T15, 
L115, L125, K127 and R134 were in contact with HEP. 

Interestingly, two residues of HBD2 (T36, R39) contribute to the 
binding energy, although not in contact with HEP. Additional in
vestigations will be required to establish whether BMP6 residues con
formations were in-directly affected by the presence of HEP, during the 
binding, thus excluding their artificial contribution to the binding 

Fig. 5. Heparin-affinity chromatography (HAC) of recombinant BMP6 wild-type and mutants. (A) Chromatogram reporting the absorbance at 280 nm (black line) 
and conductivity (solid red line) during the elution of wild-type BMP6 from the heparin column. Conductivity at the elution peak is indicated with dashed red line. 
(B) Coomassie blue stained SDS-PAGE and (C) Immunoblot anti-6xHis tag of wild-type BMP6 fractions generated during HAC analysis. (D) SDS-PAGE of HAC 
fractions during HBD1 + 3 (left) and HBD1 + 2 + 3 (right) mutants BMP6 analysis, showing the presence of BMP6 only in the column flow-through, while it was 
absent in the elution fractions. (LD) column load, (FT) column flow-through fraction, (EL) elution fraction. 

Table 3 
Heparin-affinity chromatography (HAC) analysis of BMP6 wild-type and mu
tants. Ionic strength required for wild-type and mutants BMP6 elution from the 
heparin-column is reported and expressed as conductivity (mS cm− 1), recorded 
at the elution peak. HBD1 + 3 and HBD1 + 2 + 3 BMP6 mutants did not bind the 
heparin-column; hence the respective conductivity parameter was not detected.  

BMP6 Amino acid substitution Conductivity at elution peak 
(mS cm− 1) 

Wild type – 19.82 
HBD1 R5L R6S R7L 9.88 
HBD2 R39S K40N 19.60 
HBD3 K126N K127N R129S 17.12 
HBD1 + 2 R5L R6S R7L R39S K40N 10.40 
HBD1 + 3 R5L R6S R7L K126N K127N 

R129S 
– 

HBD2 + 3 R39S K40N K126N K127N R129S 18.67 
HBD1 + 2 + 3 R5L R6S R7L R39S K40N K126N 

K127N R129S 
–  
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energy. This could be the case of V99 which contribution to the binding 
energy was always found, even if V99 is far from each HBDs and HBD1/ 
HBD2 flexible region. This analysis confirmed that HEP chain applies as 
favourite contacts the clusters of sulfates (GlcNS6S-IdoA2S-GlcNS6S) in 
every HEP-BMP6 complex (Table S1 and Fig. S5). 

3.8. HEP conformational changes upon-binding 

The conformations of HEP in the HEP-BMP6 complexes were 
compared with the ones of unbound state, using MD simulations of 
similar length and equilibration history. In this description, the GlcNS6S 
residues maintained their 4C1 conformation in all the complexes (bound 
state) and in unbound state, as observed in heparin [19,28]. The 
modelled IdoA2S residues qualitatively mimicked the conformational 
flexibility observed in heparin, that is correlated to the sulfation degree 
of the neighbouring GlcN [19,20]. In particular, IdoA2S surrounded by 
two GlcNS6S, in heparin chains and oligosaccharides presents a mixed 
conformation in which the 1C4 and 2S0 contributions nearly balance, 
when the environment has a low ionic strength (See Materials and 
Methods). In IdoA2S the key distance ratio approximately: H2-H5/H4- 
H5 = 4.0/2.4 corresponds to a pure 1C4, while values near to 1.0 indicate 
a pure 2S0. Table 4 showed that either in unbound HEP and in bound 
states with BMP6 using HBD1 or HBD2, the conformation of IdoA2S 
were in 1C4. While, when the HEP bound HBD1/HBD3 four out of five 
IdoA2S were in 1C4, while the fifth presented a distorted 1C4. Differently, 
the HEP in bound state with HBD3 showed two IdoA2S residues with a 
2S0, (H2-H5/H4-H5 = 2.5/2.3) and one with a distorted 1C4 conforma
tion (H2-H5/H4-H5 = 3.5/2.5). Then, HBD3 alone or in combination 
with HBD1 showed greater tendency to induce conformational changes 
on IdoA2S residues of HEP, reflecting the observed energy contribution 
in HEP binding. 

The HBDs propensity to induce a glycosidic backbone conforma
tional change on HEP upon binding was quantified by the number of 
glycosidic dihedral (Δϕi/Δψi) with variation greater than 10◦ (Fig. S7). 
This backbone conformational change upon binding, similarly, as 
observed for IdoA2S, qualitatively describe the ability of the ligand 
(HEP) “to adapt” itself to the HBD surface establishing the contacts and 
it is proportional to the biding energy. However, the different flexibility 
of the HBDs should be considered as well. In fact, a less structured 
domain of BMP6 like HBD1, could adapt itself to the ligand, leaving the 
latter unchanged, as reflected by our HEP-change prediction studies. 
Consistent with these observations, the predicted scale of glycosidic 
backbone conformational change: HBD3 >HBD1/HBD3, HBD2 >HBD1 
is found in partial agreement with the scale of binding energy reported 
in Fig. 6. More interestingly, these predicted conformational change of 
HEP could be considered as markers for selected HEP-BMP6 
interactions. 

3.9. BMP6 peptides interaction with cell membrane-HS 

Natural heparin chains have lower molecular weight and higher 
degree of sulfation compared to the cell membrane proteoglycan HS 
chains [50]; for that reason HS interaction with BMP6 could not be 
exhaustively modelled by heparin. To investigate the binding properties 
of BMP6 peptides and recombinant protein to cell membrane-bound HS 
chains we prepared homogeneous monolayers of CHO-K1 cells. They 
have been extensively characterized for membrane-associated HS chain 
expression [17] and as negative control we used the GAGs-deficient 
mutant cell line CHO-745 [16], that allows to discriminate for HS- 
specific binding. Different doses of BMP6 peptides (5, 25, 50, 250 nM) 
were used to study their binding to membrane HS of CHO-K1 cells, in 
comparison with that to HS-free CHO-745 cell monolayer. HBD1 peptide 
showed the strongest dose-dependent binding to the cells expressing HS, 
and the signal was significantly higher than that obtained with the HS- 
deficient cell monolayers, at the doses of 50 and 250 nM (Fig. 7A). As 
expected, HBD2 peptide did not give HS-binding signal (Fig. 7B). HBD3 

peptide showed a dose-dependent interaction with HS, and a preferen
tial interaction with HS-expressing cells was evident only at the highest 
dose tested (250 nM) (Fig. 7C). The same approach was used to analyse 
the recombinant BMP6 binding to the cells. It showed a stronger signal 
with CHO-K1 than with CHO-745 monolayer, in a dose-dependent 
manner, suggesting that also the full-length protein can interact with 
membrane-bound HS (Fig. S8). Altogether these data confirmed the 
importance of the HBD1 and HBD3 sites for binding to membrane HS 
and heparin, although the order of affinity seems to be opposite for the 
two: HBD1 is higher for HS and HBD3 is higher for heparin. This 
discrepancy might be due to the different composition of the membrane 
HS compared to a porcine mucosa heparin. 

4. Conclusions 

The BMP6 interaction with heparin and HS was initially suggested by 
the observations that exogenous heparin inhibits the BMP6-induced 
hepcidin expression, while hepatic HS facilitate BMP6 activity 
[3,45–49]. However, a biochemical characterization of BMP6 interac
tion with this family of sulfated glycans was missing until recently, when 
Billings et al. in 2018 using various peptides showed that BMP6 binds HS 
with high affinity with a domain at C-terminus, differently by BMP2/4 
that have one binding domain at the N-terminus (Fig. S9) [6]. The 
presence of a C-terminal heparin/HS-binding domain (HBD) in BMP6 is 
in agreement with our observation that the activity of the commercial 
recombinant BMP6s is strongly inhibited by heparin even though they 
are truncated at the N-terminus [3,45–48]. 

In this work we investigated BMP6 interaction with heparin and HS 
identifying three arginine- and lysine-rich clusters as putative HBDs. The 
study of the corresponding synthetic peptides in heparin binding led us 
to similar conclusions to those of Billings et al. [6], in which the major 
heparin-interacting peptide is proximal to the BMP6 C-terminus 
(involving K126, K127 and R129) (HBD3). However, we found that also 
basic cluster at N-terminus of BMP6 (carrying R5, R6 and R7) (HBD1) 
represents an additional putative binding site. 

The specificity of the BMP6 peptide-heparin interactions was ana
lysed by different approaches. Firstly, we dissected the molecular 
recognition and the surface work components of peptide-heparin bind
ing energy at solid phase, taking advantage of heparin-functionalized 
plates and MCs, respectively. Both approaches demonstrated HBD1 
and HBD3 peptides binding to heparin, however the surface work, which 
drives conformational changes, revealed to be negligible compared to 
the molecular recognition, as they generated apparent affinity constants 
in the range of μM and nM, respectively. 

Next, the substitution of the clustered basic residues with non- 
charged ones (R5L R6S R7L on HBD1; K126N K127N R129S on 
HBD3), completely abolished the heparin-binding activities of the pep
tides. Intriguingly, some properties of the two sites differed, since HBD1 
peptide interaction with heparin was competed off only by pre- 
incubation with heparin, while HBD3 interaction was competed off 
also by the less sulfated GAGs, DS. Therefore, this result suggests that the 
specificity of the HBD1 peptide in selecting the highly sulfated heparin, 
is likely correlated to a driving electrostatic interaction among basic 
residues and the sulfate groups. Instead, the promiscuous GAGs-binding 
activity of the HBD3 peptide is probably due to an additional hydro
phobic contribution, suggested by the hydrophobic amino acids (M131; 
V132; V133) present in HBD3 and absent in HBD1, that may apply 
favourable contacts with the less polar DS. 

Basing on the knowledge that heparin potency as hepcidin repressor 
increases with the degree of sulfation [46,47], we studied the peptide- 
heparin competition abilities of Hep 2-O DeS and Hep 6-O DeS, hepa
rins that were partially desulfated in 2-O and 6-O positions, respectively. 
However, we found that both the modified heparins competed with the 
heparin-peptides interactions slightly less or similarly to unmodified 
heparin. Considering that these heparin preparations are only partially 
desulfated, we cannot exclude that residual sulfates on the heparin chain 
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Fig. 6. HEP-BMP6 complex structures predicted by molecular dynamics. The top section of each panel shows the complex geometries generated by MD simulation 
(simulation time 310 ns) and the respective values of the estimated energy of binding, calculated from the equilibrated MD simulation trajectory (from 230 to 310 ns) 
using the MMGBSA and MMPBSA approximations. The corresponding energy of binding decomposition histogram is reported in the bottom section of each panel. 
Residues of both HBD3 and HBD1 domains that show the strongest contribution to the energy of binding (< − 4.0 Kcal mol− 1) are underlined as yellow tubes on the 
complex structures, and as red labels on the histograms. Additional neighbour residues of BMP6 involved in HEP-BMP6 contacts are reported in cyan tubes on the 
structure complex, and as black labels on the histograms. 
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were still enough to compensate the diminished sulfation in 2-O and 6-O 
positions. We concluded that even though our previous works suggested 
a clear dependence on the sulfation levels of heparin biological activity 
in terms of hepcidin repression, we could not rule out a clear depen
dence on sulfates of BMP6-peptides-heparin interaction, through the 
proposed assay. In fact, purposely designed experiments should be 
performed to dissect the molecular contribution of sulfates in BMP6- 
heparin interaction, a field of research that remains open to 
investigation. 

The role of the identified HBDs was then investigated with the full- 
length BMP6 produced in E. coli, which was insoluble and thus needed 
to be solubilized, as reported by other investigators [54]. We tried to re- 
fold the solubilized protein in vitro, adapting a renaturation procedure 
reported for BMP2 [55]. This challenging procedure led to protein ag
gregation and consequent precipitation, limiting the yield of dimeric 
BMP6 and thus making impossible the characterization of its heparin/ 
HS interactions. However, the recombinant BMP6 monomer showed 
affinity binding to the heparin-column that was diminished by 
substituting the basic residues with non-charged ones on HBD1 or HBD3 
and completely abolished by concomitant mutation on both domains. 
This result also suggested the possibility of co-operation between the 
BMP6 C-terminal and N-terminal sites in binding long heparin/HS 
chains, i.e. bridging these sites. 

All our multiple efforts to produce the dimeric mature BMP6 in 

mammalian cells led again to insoluble proteins, possibly because the N- 
terminal extension interferes with the folding, a fact that would explain 
why the commercial ones lack of it. The expression in an eukaryotic 
system would also have allowed to study the effect of protein glycosyl
ation, that was reported to influence BMP6 interaction with ALK2 type I 
BMP receptor [54]. It remains to be clarified whether glycosylation af
fects BMP6 binding to other molecules. 

We also applied molecular dynamic simulations to study the heparin- 
BMP6 complex. To this aim, we firstly modelled the conformation of the 
N-terminal portion (residues 1–34) that contains the HBD1, but is 
missing in the crystallographic structure of BMP6 (PDB ID: 2R52) [54], 
that revealed to be a highly flexible random coiled structure that may 
allow the protein adaptation to the ligand. Then we used the so-obtained 
complete 3D structure of BMP6 monomer to model the interaction with 
a representative heparin chain (HEP) by MD simulations in explicit 
solvent. The most stable complexes were formed using HBD3 and HBD1 
as contact sites, exclusively or concomitantly analysed. Moreover, the 
binding energy decomposition showed that the most residues directly or 
indirectly favouring the interaction, corresponded to the previously 
identified basic residues cores (R5 R6 R7 and K126 K127 R129), con
firming the in vitro observations. We also observed that the HEP chain 
underwent conformational changes occurring upon binding HBD3, 
alone or together with HBD1, but not when binding to HBD1 alone, 
consistently with the predicated high flexibility of HBD1. This was also 
reflected during the concomitant interaction with HBD1 and HBD3, that 
showed HBD1 bending toward HBD3, hence supporting a co-operative 
behaviour. 

In addition, we studied the binding to the HS on cell membrane, that 
are not structurally identical to heparin [50] and we confirmed that they 
are bound by HBD1 peptide, HBD3 peptide and the recombinant BMP6 
monomer. 

In conclusion, the in vitro and in silico approaches in this study are 
consistent and show that BMP6 N-terminal R5, R6 and R7 and C-ter
minal K126, K127 and R129 clusters are crucial for the heparin/HS- 
interaction. Our results also suggest the possibility of a cooperative ac
tivity of these domains during the formation of heparin/HS-BMP6 
binding complex, with different roles: C-terminal HBD3 as the major 
contributor to the binding energy and N-terminal HBD1 endowed with 
flexible adaptation to the ligand. 

Altogether, this study supports the model that was proposed before: 
HS acts as BMP6 co-receptor on the hepatocytes to sustain the BMP/ 
SMAD signalling, conversely exogenous heparin sequesters BMP6 and 
inhibits the signalling, similarly to an R-decoy mechanism. Of interest is 
the presence of two binding domains located in opposite sides of BMP6 
molecule, in contrast with other BMPs that typically have only one site. 

Table 4 
HEP conformational changes upon-binding Average H2-H5 and H4-H5 distances 
of IdoA2S residue calculated on the equilibrated MD simulation (230 and 
310 ns) for the HEP in un-bound state (HEP, first row) and in bound state with 
BMP6, according to the selected binding epitopes (second to fifth rows). IdoA2S 
residues from the Non-reducing to the reducing end are reported in column from 
2nd to 6th. Bold face and underlined characters correspond to ratios indicating 
the 2S0 skew boat conformation and a distorted 1C4. Distances are in Å, estimated 
Error on the mean are smaller than 0.1 Å.   

I2S (12) 
H2H5/ 
H4H5 

I2S (11) 
H2H5/ 
H4H5 

I2S (10) 
H2H5/ 
H4H5 

I2S (9) 
H2H5/ 
H4H5 

I2S (8) 
H2H5/ 
H4H5 

HEP 4.0/2.4 4.0/2.4 4.0/2.4 3.8/2.5 3.9/2.4 
HEP-BMP6 

(HBD1) 
4.0/2.4 4.0/2.4 3.9/2.4 3.9/2.4 3.9/2.4 

HEP-BMP6 
(HBD2) 

4.0/2.4 3.9/2.4 3.9/2.4 3.9/2.4 3.9/2.4 

HEP-BMP6 
(HBD3) 

3.5/2.5 4.0/2.4 2.5/2.3 2.5/2.3 3.8/2.4 

HEP-BMP6 
(HBD1/ 
HBD3) 

3.9/2.4 4.0/2.4 4.0/2.4 3.9/2.4 3.4/2.4  

Fig. 7. BMP6 peptides interaction with cell-expressed membrane HS. The CHO-K1 WT and 745 cell lines were utilized to generate fixed cell monolayer to assess 
BMP6 peptide HS-binding activity. (A) The N-terminal HBD1 peptide, (B) the central HBD2 peptide and (C) the C-terminal HBD3 peptide interaction with CHO-K1 
WT (black circle, triangle or square) and CHO-745 (white circle, triangle or square) monolayers was evaluated. Binding was measured using streptavidin-HRP 
conjugated and TMB reactive, reading colorimetric signal at 405 nm. The values resulting from three independent experiments were reported in plot. Differences 
among each experimental point and the respective control were analysed for their statistical significance by 2-way Anova analysis with Graphpad Prism software (p 
values representation: **** p ≤ 0.0001, * p ≤ 0. 05, non-significant where no-symbol is reported). 
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The cooperativity of these domains in binding heparin may reflect that 
heparin/HS binding is more important for BMP6 than for other BMPs. 
This would partially explain why one of the major phenotypes of mice 
with diminished liver-specific HS sulfation was a reduction of hepcidin 
expression [4]. Eventually, it is also known that BMP6 shares some 
homology with the other components of its BMP subfamily, such as 
BMP5, BMP7 and BMP8. It means that also these BMP6 homologous 
could interact with heparin and HS through the same two sites. 
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