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Abstract 

In this work, we investigated the H2O2-induced oligomerization of wild-type human neuroglobin 

(hNgb) and of some selected variants (C46AC55A, Y44A, Y44F, Y44AC46AC55A, Y44AC46AC55A) to 

clarify how the process is affected by the Cys46/Cys55 disulfide bond and the distal H-bonding 

network and to figure out the molecular determinants of the H2O2-induced formation of amyloid 

type structures and hNgb aggregates. It turns out that hydrogen peroxide exerts a twofold effect 

on hNgb, inducing both heme breakdown and protein dimerization/polymerization. The enhanced 

resistance to the oxidizing effect of H2O2 of the disulfide free variants indicates that both effects 

are strictly influenced by the heme accessibility for H2O2. Most importantly, the H2O2-induced 

neuroglobin dimerization/polymerization turns out to be triggered by tyrosyl radicals resulting 

from the oxidizing action of Compound I ([Por•Fe(IV)=O]+). Peptide mapping indicates that the 

H2O2-induced dimerization/polymerization of hNgb mainly involves Tyr44, which forms covalent 

bonds with all the other tyrosine residues, with a minor contribution from Tyr88. The presented 

findings contribute further important pieces of information in the quest of identifying all 

capabilities of human neuroglobin and ultimately its physiological task. 

 

Introduction 

Neuroglobin (Ngb) is a heme-protein belonging to the class of globins. Its presence in mice 

and human neuronal tissues was firstly recognized in 2000 [1] and was later confirmed in different 

organisms, including mammals, fishes, avians and amphibians [2]. Human neuroglobin is a 

monomeric protein of 151 amino acids with a molecular weight of 16933.41 Da. The protein 

consists of eight α-helices embedding the heme prosthetic group. The A, B, E, F, G and H α-helices 

are organized into a two-layer structure [3, 4], forming a “three-over-three α-helical sandwich” 

structure, typical of the “globin fold” [5, 6]. However, neuroglobin displays a bis-histidyl six 

coordinated heme b, since the heme-Fe is six-coordinated by four pyrrolic N-atoms of the 

tetrapyrrolic ring and the imidazole nitrogen atoms of the sidechains of the distal (His64) and 

proximal (His96) histidine residues. Human neuroglobin is abundant in the neurons of the 

hypothalamus and in the retinal cells and it is found in smaller amounts in other parts of the 

nervous central system [1, 7-10]. 

The physiological role of neuroglobin, as well as the mechanisms of its reactivity are still 

under debate [11, 12]. All proposed functions that involve the binding of a ligand require the distal 
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histidine dissociation from the hexacoordinated heme-Fe. The metal center in six coordinated 

globins is not directly accessible and rules out the possibility of a simple bimolecular reaction 

occurring in five coordinated hemoproteins. As a consequence, the rate of His64 coordination 

bond dissociation is limiting for the binding with exogenous ligands in neuroglobin [2, 5, 13, 14]. 

Although an oxygen transport role for Ngb was initially suggested [4, 5, 9, 15], the high 

autooxidation rate of ferrous Ngb and the slow dissociation rate of the distal histidine rule out the 

involvement of the protein in oxygen molecules storage and transport [7, 8, 16]. 

More recent studies suggest that neuroglobin exerts a neuroprotective function [11, 12]. 

Even if this physiological role is still a matter of discussion, evidence has been acquired that Ngb is 

a stress inducible protein which is overexpressed under oxidative stress and in case of hypoxia and 

glucose deficiency [2, 5, 17-21]. It has been suggested that hNgb would have a positive effect 

against neurodegenerative disorders, such as Alzheimer’s disease [22-25], and glaucoma [26]. A 

regulatory role of the ‘sleep-wake-cycle’ of mammals is also under discussion [27]. The 

neuroprotective function could be related to the known ability of neuroglobin to act as a 

scavenger for harmful reactive oxygen (ROS) and nitrogen (RNS) species [28-31]. Other possible 

functions include conversion of NO surplus to nitrate [32] and production of NO from nitrite anion 

for signaling events [30, 33-35]. Neuroglobin has also been reported to interact with various 

proteins. Its interaction with cytochrome c is of particular interest. The ferric form of cytochrome c 

(cyt c) is one of the initiators of cellular apoptosis when released from the mitochondria into the 

cytosol, in response to a stress challenge. It has been shown that neuroglobin can reduce the ferric 

form of cyt c, thus preventing the apoptotic cascade [2, 36-40]. 

hNgb features an intramolecular disulfide bridge connecting cysteines Cys46 and Cys55, 

whose formation is regulated by the surrounding cellular environment: under cytosolic (reducing) 

conditions the disulfide bond is not present as both Cys residues are in their reduced form, 

whereas under oxidative stress conditions the S-S bond is formed. Cleavage of the disulfide bond 

alters the conformation of the CD loop (residues 36-59), connecting the helices C and D, which 

shifts from anhelical structure to a -turn followed by a short distorted -strand formed by 

residues 42-49 (Figure 1) [3, 4]. This structural rearrangement deeply modifies the H-bonding 

network involving the heme propionates, without significantly altering the heme cavity and the 

three-dimensional structure of the remaining portions of the protein [3, 4]. The structural effect of 

the cleavage of the disulfide bridge (due to oxidation or mutation of Cys46 and Cys55) strengthens 

the bond between the heme iron and the distal histidine, lowering the affinity of hNgb for 
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exogenous ligands [2, 3, 15, 31, 41-45]. Conversely, experimental and computational studies 

confirmed that the presence of the disulfide bridge increases the dissociation rate of the distal 

histidine, thereby increasing both the affinity for exogenous ligand and the activity as NO2
- 

reductase [34]. Hence, it appears that the in vivo functionality of human neuroglobin is modulated 

by the Cys46/Cys55 disulfide bridge [3, 4], which connects the ability of the protein to bind 

exogeneous ligands to the redox state of the cell [3, 4]. 

In this work, we investigated the H2O2-induced oligomerization of wild-type human 

neuroglobin and of some selected variants, featuring different accessibility of the heme center, to 

clarify the molecular details influencing the H2O2-induced formation of amyloid type structures 

and hNgb aggregates previously reported [2, 5, 17-21]. Understanding the effect exerted on the 

structure of hNgb by an oxidizing agent that is formed under oxidative stress conditions, would 

increase our knowledge of the molecular determinants influencing its protective role against 

oxidative cell damage. 

Two different groups of mutations were considered: one mutation targets the replacement 

of cysteines Cys46 and Cys55 with two alanines (C46AC55A), resulting in the deletion of the 

Cys46/Cys55 disulfide bridge [2, 5, 17-21], and the other involves the replacement of tyrosine 44 

with an alanine (Y44A) or a phenylalanine (Y44F) (Figure 1) [2, 5, 17-21]. Hence, a total of five 

hNgb variants were studied (C46AC55A, Y44A, Y44F, Y44AC46AC55A and Y44FC46AC55A).  

As Tyr44 belongs to the CD loop, its spatial orientation changes depending on the presence 

or the absence of the disulfide bridge. In the presence of the S-S bond, Tyr44 moves away from 

the distal zone, whereas in the absence of the S-S bridge, as in the case of the C46AC55A mutant, 

Tyr44 moves closer to the heme, pointing towards the heme distal cavity [46]. In the latter case, 

Tyr44 is involved in an H-bonding and electrostatic network, which includes one of the heme 

propionates (propionate 7) and the distal His64 [3, 47] and exerts a strong stabilizing effect on the 

heme environment, limiting the access of exogenous ligand to the heme-Fe (Figure 1).  

The Y44FC46AC55A and Y44AC46AC55A triple mutations should result in a significant 

alteration of this network of interaction, due to the different size of alanine and phenylalanine 

sidechains and to their inability to form H-bonds. Indeed, the former triple mutation modifies the 

distal H-bonding network without significantly affecting the heme accessibility, whereas the 

Y44AC46AC55A variant couples an altered H-bonding network with an increased heme 

accessibility, due to the limited steric hindrance of the Ala methyl group, compared to the 
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aromatic groups of Tyr and Phe. For the same reasons, the single Y44A and Y44F mutations impact 

on the helical structure assumed by the CD loop in the presence of the Cys46-Cys55 S-S bond.  

It turns out that hydrogen peroxide exerts a twofold effect on hNgb, inducing heme 

breakdown and protein dimerization/polymerization. The enhanced resistance to the oxidizing 

effect of H2O2 of the disulfide free variants indicates that both effects are strictly influenced by the 

heme accessibility by H2O2. Most importantly, the H2O2-induced neuroglobin 

dimerization/polymerization turns out to be triggered by tyrosyl radicals resulting from the 

oxidizing action of Compound I ([Por•Fe(IV)=O]+) [48]. Peptide mapping unambiguously shows that 

the hNgb dimerization/polimerization mainly involves Tyr44, which forms covalent bonds with all 

the tyrosine residues, with a minor contribution from Tyr88, this finding adds significantly to the 

understanding of hydrogen peroxide mediated cross-linking in human neuroglobin. With this 

investigation new bits and pieces about human neuroglobin are described and studied, which will 

help in the process of identifying its physiological task and relevance.  

 

Results 

 Although the physiological role of human neuroglobin is still not fully understood, there are 

indications that the accessibility of the heme b and its protein environment are crucial in defining 

its functional properties [21, 44]. Therefore wild-type hNgb and selected variants were 

investigated at a molecular level, to get a solid basic understanding of structure-function 

relationships. Even though the mutations of the variants are close to the active site and the heme 

b cofactor, the UV-vis absorption spectra of the variants Y44A, Y44F and C46AC55A and their 

combinations hardly differ from the wild-type (Figure 2 and ref [21]). Wild-type, Y44A, C46AC55A, 

and Y44AC46AC55A exhibit UV-vis absorption spectra characteristic of a bis-histidine ligated low-

spin heme with the Soret band at 413 nm and Q-bands at 533 and 560 nm, and no charge transfer 

band. This is also the dominating spectral species in the Y44F and the Y44FC46AC55A variants, 

albeit in this sample a second low-spin species is present, causing a 2-3 nm red-shift of the Soret 

band (415-416 nm) and the appearance of a shoulder at 578-580 nm, indicative of an OH- ligation 

[49].  

 In order to rationalize the observed differences of hNgb wild-type and variants with the 

substrate hydrogen peroxide [21], the active site accessibility for exogenous molecules and the 

strength of the bond connecting the Fe(III)-heme and the distal His64 were tested by ligand 
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binding studies using cyanide. The obtained KD values clearly indicate the importance of the 

disulfide bond for the integrity of the active site and the heme accessibility. The wild-type protein 

and the Y44F variant exhibit a KD value for cyanide of 0.78 mM and 1.53 mM, following a 

hyperbolic model. Interestingly, cyanide binding to Y44A could be fitted best using a Hill equation, 

yielding a KD value of 0.57 mM and a Hill-coefficient of 1.8, which indicates cooperativity. Although 

the observed cooperativity is difficult to explain in a monomeric system, it could arise from an 

equilibrium between two forms of hNgb Y44A, featuring an open and a closed conformation, 

respectively, leading to different active site accessibilities within one sample. The initial binding of 

cyanide could shift the equilibrium, resulting in the positive cooperativity observed. Possibly, 

dimerization might lead to the observed cooperativity of cyanide binding in this variant. No 

cyanide binding could be detected for the disulfide bond-free C46AC55A variant and the triple 

variant Y44FC46AC55A, whereas the Y44AC46AC55A mutant exhibits a KD value for cyanide of 

approximately 2.2 mM. The inability of the C46AC55A and Y44FC46AC55A variants fits with the 

strengthening of the Fe(III)-His64 bond and the reduced accessibility of the heme distal site, 

resulting from the deletion of the C46-C55 disulfide bridge [2, 3, 15, 31, 41-45]. Hence, cyanide 

binding appears not to be significantly influenced by the alteration of the H-bonding network 

connecting the OH group of Tyr44, heme propionate 7 and the distal His64 in the Y44FC46AC55A 

variant [3, 47]. The higher affinity of the Y44AC46AC55A mutant for the cyanide ion can be 

explained by the limited steric hindrance of the alanine sidechain, which is too small to completely 

shut off cyanide binding, despite the spatial reorganization due to the loss of the disulfide bond 

(Figures 1 and 3). 

 The oligomerization of wild-type hNgb and its variants upon treatment with hydrogen 

peroxide was analyzed by HPLC-SEC-MALS. The HPLC-SEC-MALS profiles reported in Figure 4 show 

that two phenomena invariably occur, although their relative amount is protein specific: (i) hNgb 

dimerization/polymerization (indicated by the peaks with a retention volume ≤ 15 mL) and/or (ii) 

heme bleaching of the monomeric form (indicated by the decrease of peak with a retention 

volume of 17 mL) as well as of the dimers. The normalized peak areas for wild-type neuroglobin 

and its mutants in the presence of increasing concentration of H2O2 are reported in Figure 5.  

The normalized area of peak corresponding to monomeric wt hNgb greatly decreases up to 

a 100-fold excess of H₂O₂, indicating an extensive heme bleaching, while the normalized area of 

the peak of its dimeric form increases up to a 15-fold excess of H₂O₂ and decrease in the presence 
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of higher concentrations of H₂O₂ (Figure 5). Other aggregates with higher molecular mass are also 

observed, although their low amount prevented the determination of their MW.  

No dimerization and only a limited heme bleaching at very high excess of H₂O₂ are 

observed for the C46AC55A and the Y44FC46AC55A variants, whereas the Y44AC46AC55A mutant 

is more prone both to dimerization and heme bleaching (Figure 5). Hence, it appears that the 

reduction of heme accessibility resulting from the structural reorganization induced by deletion of 

the disulfide bridge greatly enhances the endurance of Ngb to the oxidizing action of hydrogen 

peroxide [2, 21]. The increased reactivity of the Y44AC46AC55A mutant compared to the 

C46AC55A and Y44FC46AC55A variants confirms the importance of heme accessibility, as the 

alanine sidechain is too small to effectively prevent the access of H2O2 to the heme cavity.  

Although no information is currently available concerning the redox behavior of the 

Compound I/Compound II redox couple in native or mutated neuroglobin, its E°’ value is 

influenced by the same molecular factors determining that of the Fe(III)/Fe(II) redox couple [50, 

51]. Therefore the E°’ values of the Fe(III)/Fe(II) couple in wt hNgb and its Alkylated derivative 

(hNgbSAlk), which mimics the C46AC55A mutant, provide some indication about the redox 

reactivity of the catalytically relevant redox couple [44]. Cleavage of the disulfide bond exerts a 

negligible effect on the E°’ values of the Fe(III)/Fe(II) couple (E°’ = -5 mV) [44], hence it is likely 

that it does not significantly impact on that of the Compound I/Compound II redox couple too, 

resulting in similar E°’ in wt hNgb and in the C46AC55A mutant. Since the former dimerizes, 

whereas the latter does not, it appears that no direct relationship exists between the E°’ of the 

Compound I/Compound II redox couple and the amount of the observed H2O2-induced 

dimerization.  

Both Y44A and Y44F mutants show some dimerization and a very limited heme bleaching 

up to a 17-fold excess of hydrogen peroxide, whereas extensive heme bleaching occurs in the 

presence of a very large excess of H₂O₂. Hence, replacement of Tyr44 with an alanine or a 

phenylalanine greatly reduces H2O2 - induced dimerization and heme bleaching compared to wild 

type hNgb (Figure 4 and 5). This observation indicates that, in addition to the accessibility of the 

active site, a dimerization mechanism occurs in which Y44 is important. Tyrosyl radicals can be 

produced upon reaction of hNgb with hydrogen peroxide, to form and oxidized porphyryl radical 

(Compound I) and further a tyrosyl radical (Compound I*). These tyrosyl radicals can build covalent 

linkages and lead to protein dimerization [52-56].  
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 2-methyl-2-nitrosopropane (MNP) is a spin trap which specifically attacks and modifies 

tyrosyl radicals yielding 3-nitrotyrosine [57]. Although the reaction kinetics of this process are 

difficult to follow or estimate, a qualitative assessment is possible and presented in Figure 6. It 

turns out that when MNP is present in the reaction mixture of wild-type hNgb and a 15-fold excess 

of hydrogen peroxide a significant reduction of dimerization (8.1 % in presence of MNP, 18.7 % in 

absence of MNP) is observed, clearly pointing out the involvement of tyrosyl radicals in the 

dimerization process.  

 Wild-type hNgb has four tyrosine residues (Y44, Y88, Y115, and Y137). To identify the 

tyrosine residues responsible for dimerization, dimeric fractions of the hydrogen peroxide treated 

wild-type hNgb samples were purified by preparative size-exclusion chromatography and were 

analyzed by mass spectrometry (peptide mapping). Figure 7 summarizes the obtained results, 

which clearly show that Y44 is contributing the most to dimerization by forming linkages to all 

other tyrosine residues of the other monomer (confirmed by MS2 spectra, Figure S1), especially to 

Y88 and Y44. Additionally, also Y88 can form a covalent linkage with Y88 of another monomer. 

This Y88-Y88 linkage is also observed in the Y44A variant and explains the small amount of 

detected dimerization (Figures 4 and 5) in this variant.  

 

Discussion 

 Human neuroglobin (hNgb) has been observed to form oligomers upon presence of radical 

oxygen species and this aggregation behavior might be linked to its physiological function, which is 

not still fully understood [2, 21]. Tyr44, which is part of the CD loop, has been a target of 

investigation, being involved in the distal H-bonding network when the C46C55 disulfide bridge is 

not present [21, 46]. In this work, we studied the role of Tyr44 in the H2O2-induced 

oligomerization of hNgb, analyzing the behavior of selected protein variants, in which Y44 was 

replaced with a small alanine or a bulky phenylalanine, in comparison with the wild-type protein. 

Beyond the Y44A and Y44F mutants, still conserving the disulfide bond connecting Cys46 to Cys55, 

three variants lacking the disulfide bond (C46AC55A, Y44AC46AC55A and Y44FC46AC55A) were 

analyzed. Although the overall structural and spectroscopic features seem to be conserved (Figure 

2), the access to the heme cavity is severely hampered in the disulfide-free variants, in which 

cyanide binding was significantly reduced or completely impaired, as in the case of C46AC55A and 

Y44FC46AC55A species. Cyanide binding to the Y44A and Y44F variants was still possible and only 
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varied according to the size of the phenylalanine and alanine sidechains (Figure 3). This is further 

reflected in the dimerization behavior of all samples upon reaction with hydrogen peroxide. Only 

the wild-type protein and the Y44A variant produced a significant amount of dimeric forms, while 

in the other variants the dimerization process was almost completely inhibited (Figures 4 and 5). 

Analogously, the most extensive heme bleaching was observed in the wild-type and the Y44A 

variant (Figure 5). The limited reactivity of the disulfide free variants can be explained by the 

rearrangement of the CD loop, which reduces the accessibility of the metal site for the incoming 

substrate (hydrogen peroxide) and strengthens the bond between the ferric heme and the distal 

histidine (His64) bridge [2, 3, 15, 31, 41-45]. Analogously, the reduced reactivity of the Y44F 

variant compared to the wild-type protein and the Y44A mutant can arise, at least in part, from 

the lower accessibility of its metal site (Figures 4 and 5). 

 These initial results raised the questions about the mechanism of dimerization and the role 

of Tyr44. Formation of covalent linkages between subunits of heme proteins is often facilitated by 

oxidative mechanisms triggered by hydrogen peroxide [58, 59]. Consequently, the two-electron 

deficient Compound I ([Por•Fe(IV)=O]+ is formed that can react oxidatively to form tyrosyl radicals 

leading to a Compound I* (PorFe(IV)=O … AA•) species. These tyrosyl radicals can ultimately form 

covalent linkages resulting in the observed dimerization of hNgb. Indeed, the dimerization of hNgb 

is greatly reduced by the spin trap MNP (2-methyl-2-nitrosopropane), which reacts with tyrosyl 

radicals, blocking the dimerization reaction (Figure 6), indicating that radical tyrosyl species are 

involved. Full inhibition of dimerization is not achieved, possibly due to different reaction kinetics 

of the reaction of tyrosyl radicals with MNP and the dimerization process. It has to be mentioned 

that the different kinetics cannot be determined reliably as MNP quantification and assay 

conditions are difficult to follow. Nevertheless, the qualitative message obtained by these results 

is clearly supporting the involvement of tyrosyl radicals in the H2O2-induced dimerization of hNgb. 

This supports a previous study which has identified tyrosyl radicals of Tyr88 in an H64V variant of 

hNgb [48]. hNgb has four tyrosine residues (Tyr44, Tyr88, Tyr115, and Tyr137). Mass spectrometry 

and peptide mapping of dimeric hNgb samples show that Tyr44 is the main responsible for 

dimerization, as it forms covalent linkages to all four tyrosine residues of the other subunit (mainly 

to Tyr44 and Tyr 88) (Figure 7). The only identified linkage not involving Y44 was established 

between Tyr88 belonging to two different hNgb monomers. This bond was also the only detected 

linkage in the purified Y44A dimer, explaining why Y44A is still able to dimerize to some extent. 

Y44F and the disulfide free variant do not show significant dimerization behavior, most probably 
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because of the impaired accessibility for hydrogen peroxide, which minimizes heme b oxidation to 

Compound I.  

  

Conclusion 

The present study shows that the oxidizing action of hydrogen peroxide exerts a twofold 

effect on hNgb, resulting in heme breakdown and protein dimerization/polymerization. It turns 

out that both effects are strictly related to the heme accessibility by H2O2, as indicated by the 

enhanced resistance to H2O2 of the disulfide free variants, whose metal center features a sensibly 

decreased solvent accessibility compared to wild-type hNgb. Most importantly, the presented 

data unequivocally show that H2O2-induced neuroglobin dimerization/polymerization is triggered 

by tyrosyl radicals resulting from the oxidizing action of Compound I ([Por•Fe(IV)=O]+). Tyr44 is the 

main responsible for the observed dimerization, forming covalent bonds with all the tyrosine 

residues of other protein molecules.  

Therefore, it appears that under oxidative stress conditions neuroglobin may exert two 

simultaneous and opposite functions: i) it can protect the cell by consuming ROS through heme 

degradation, although the existence of possible redox partners able to reduce compound I, thus 

avoiding heme degradation in vivo, cannot be ruled out and ii) it can undergo to radical 

polymerization, resulting in the formation of protein aggregates [19], possibly contributing to the 

onset of neurodegenerative diseases. Identification of the role of Tyr44 in the H2O2-induced 

dimerization provides an important piece of knowledge to better understand the molecular basis 

of the physiological role and the reactivity of human neuroglobin in oxidative stress conditions.  

 

Methods 

Expression and purification 

Wild-type human neuroglobin (hNgb) and the five Y44A, Y44F, C46A/C55A, 

Y44A/C46A/C55A and Y44F/C46A/C55A mutants were expressed in E. coli and purified as 

previously reported [21].  

Spectroscopic studies  
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Electronic absorption spectra were recorded with a HITACHI U3900 UV-vis 

spectrophotometer. All experiments were carried out with 5 μM protein solutions in 50 mM 

phosphate buffer pH 7. The protein concentration was calculated with Lambert-Beer law, using 

extinction coefficient of ε412= 129000 M -1cm-1. Titration with cyanide was performed on the above 

solutions until no change in the absorption spectrum in correspondence of the Soret (around 412 

nm) and Q (532 and 554 nm) bands was observed. The plot of the absorbance at λmax against 

cyanide concentration (µM) was fitted to obtain the KD values.  

HPLC-SEC-PDA-MALS measurements 

All analyses were performed using an LC20 prominence HPLC system equipped with the 

refractive index detector RID-10A, the photodiode-array detector SPD-M20A, and a MALS Heleos 

Dawn8+ plus QELS 12 detector. The column (Superdex 200 10/300 GL, GE Healthcare, Chicago, 

Illinois, USA) was equilibrated with 1 × PBS (pH 7.4) as running buffer, at a flow rate of 0.75 

mL·min-1 at 25 °C. Chromatograms were recorded at 412 nm (Soret band) and the molecular 

weight of the eluted peaks was determined by MALS detector using ASTRA 6 software (Wyatt 

Technology, Santa Clara, California, USA).  

1 μg/μL protein solutions incubated for 20 h at 4°C with a different excess of H₂O₂ 

(calculated as molar ratio H2O2/protein) were centrifuged at 13000 rpm for 2 min at room 

temperature and filtered with 0.1 mm Ultrafree-MC-VV filter (Merck Millipore, Darmstad, 

Germany) and a total amount of 70 μL was injected for each chromatographic run.  

For spin trapping experiments on the wild-type hNgb, 5 mg MNP (2-methyl-2-

nitrosopropane) were dissolved in 100 µL H₂O₂ and heated up to 60°C in the dark. The assay with 1 

µg/µL protein and 10 µg/µL MNP was incubated with a 15-fold of H2O2 for 20 h at 4°C. 

Peptide mapping 

Dimeric wild-type hNgb and Y44A variant were isolated after incubation with 15-fold and 

17-fold excess of H₂O₂, respectively. The purification was performed by size-exclusion 

chromatography (HiLoad® 16/600, SuperdexTM 75). All solutions were concentrated in Amicon® 

Ultra Centrifugal Filter Units. LC-ESI-MS/MS analysis of peptides originating from protease 

cleavage was performed as follows. The proteins were S-alkylated with iodoacetamide and 

digested with Trypsin (Promega). The digested samples were loaded on a nanoEase C18 column 

(nanoEase M/Z HSS T3 Column, 100Å, 1.8 µm, 300 µm X 150 mm, Waters) using 0.1 % formic acid 
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as the aqueous solvent. A gradient from 1 % B (B: 80% Acetonitrile, 0.1% FA) to 40 % B in 50 min 

was applied, followed by a 10 min gradient from 40 % B to 95% B that facilitates elution of large 

peptides, at a flow rate of 6 µL/min. Detection was performed with an Orbitap MS (Exploris 480, 

Thermo) equipped with the standard H-ESI source in positive ion, DDA mode (= switching to 

MS/MS mode for eluting peaks). MS-scans were recorded (range: 350-1200 Da) and the 20 highest 

peaks were selected for fragmentation. Instrument calibration was performed using Pierce 

FlexMix Calibration Solution (Thermo Scientific). The analysis files analysed using PEAKS, which is 

suitable for performing MS/MS ion searches. The files were searched against a E. coli database, 

containing the sequence of the target protein. Additionally, the files were analysed manually to 

identify potential Tyrosine linkages by FreeStyle 1.8 (Thermo Scientific). 

Figure Legends 

Figure 1. Cartoon representation of the structure of wild-type hNgb (4mpm.pdb, chain A) 
featuring the disulfide bridge between Cys46 and Cys55 (left) and of the C46G/C55S mutant of 
hNgb (1oj6.pdb, chain B) without the disulfide bridge between Cys46 and Cys55 (right). The heme 
group is shown in orange and the iron axial ligands His 64 and His 96 are represented in red, 
whereas the residues that were mutated in the present study are represented in green (Cys 46 
and Cys 55) and blue (Tyr 44). 

Figure 2. UV-vis absorption spectra of hNgb wild-type (black), and variants Y44A (red), Y44F 
(green), and C46AC55A (blue), Y44AC46AC55A (magenta), Y44FC46AC55A (cyan) (50 mM 
phosphate buffer, pH 7.0). Spectra are presented with a base-shift of 0.2 along the y-axis and the 
visible region (450 – 700 nm) is enlarged 5-fold for better visibility. 

Figure 3. Cyanide binding to hNgb wild-type and variants. UV-vis spectra at zero cyanide are 
depicted as black lines, final spectra at highest cyanide concentrations as red lines. Intermediate 
spectra are shown as grey lines. The insets depict the plots of absorbance change at the Soret 
maximum versus the cyanide concentration with corresponding hyperbola fits (for wild-type, Y44F, 
and Y44AC46AC55A) and a sigmoidal fit for Y44A to derive kinetic parameters. 

Figure 4. HPLC-SEC profiles of hNgb wild-type and variants, treated with hydrogen peroxide. The 
absorbance at 412 nm (Soret region) is plotted versus the retention volume. The respective excess 
of hydrogen peroxide as well as the color-code of the samples are reported in the figure.  

Figure 5. Relative quantification of monomeric (full symbols) and dimeric (grey symbols with 
colored edge) hNgb wild-type (turquoise) and variants (Y44A, orange; Y44F, blue; C464AC55A, 
pink; Y44FC46AC55A, cyan; Y44AC46AC55A, green) as a function of hydrogen peroxide excess 
analyzed by HPLC-SEC.  

Figure 6. HPLC-SEC profiles of wild-type hNgb (black) and in the presence of hydrogen peroxide 
(blue) and MNP and hydrogen peroxide (magenta).  

Figure 7. Mass spectrometry data of purified, dimeric hNgb wild-type and Y44A variant (right). On 
the left total intensities of identified linked peptides are presented. 
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Figure S1. Representative MS2 spectrum of hNgb Y44A of the peptide with cross-linked Tyr88 

residues. B-fragments are shown in blue, Y-fragments in red. 
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