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A B S T R A C T

Human neuroglobin (hNgb) is a globin involved in the protection of neurons and retinal cells which features an 
intramolecular disulfide bond between Cys46 and Cys55 under oxidative conditions. Here, conformational 
changes and oxidative degradation of hNgb wt and its C46AC55A mutant, lacking the disulfide bridge, were 
investigated in the presence of sodium dodecyl sulfate (SDS) by electronic absorption spectroscopy, intrinsic 
fluorescence emission and circular dichroism. Both proteins are found to undergo multiple SDS-induced 
conformational changes resulting in the formation of two non-native high spin species (HS1 and HS2). More
over, increasing SDS concentration enhances the rate of heme breakdown by H2O2. Deletion of the Cys46-Cys55 
disulfide bridge amplifies the conformational effect of SDS and appreciably increases heme oxidative degradation 
by H2O2.

1. Introduction

Human neuroglobin (hNgb) is a globin containing a single heme b, 
which is mainly expressed in different locations (cytosol, mitochondria, 
nuclei) of neurons of the central and peripheral nervous systems and in 
the retinal cells, although it is found in lower concentration in the 
gastrointestinal tract and in endocrine organs [1–7]. Contrary to he
moglobin and myoglobin, hNgb contains a six-coordinate heme b, whose 
axial coordination positions are occupied by the proximal and distal 
histidines (His96 and His64). Although the full understanding of the 
biochemical role of hNgb is still lacking, a neuroprotective function 
against hypoxia and ischemia was suggested [2,3], which is related to its 
ability i) to act as a ROS/RNS scavenger in the presence of increased 
levels of oxidative stress, ii) to reduce ROS production by interacting 
with the cytochrome bc1 complex, iii) to exert an antiapoptotic role, 
blocking the activation of the apoptotic pathway in H2O2-induced stress 
condition by preventing the cytosolic release of cytochrome c (Cyt-c) 
and iv) to modulate different intracellular signalling pathways involved 
in cell survival [8,9]. Therefore, hNgb appears to exert a cytoprotective 
role in the presence of excessive intracellular ROS concentration and to 
be involved in the response to internal and external oxidative stress 

[8,9].
Along with human cytoglobin (hCgb), human neuroglobin is the only 

member of the globin family featuring an intramolecular disulfide bond 
(connecting Cys46 and Cys55) in oxidizing conditions. Indeed, in vivo 
around 90 % of the hNgb molecules are in the deoxy-Fe(II) form without 
the disulfide bridge [10–13]. The latter is not observed in neuroglobin 
from other organisms [2,3] and plays a crucial role in controlling the 
structure of hNgb and the ability of the heme iron to bind small exog
enous ligands (O2, CO, NO) [14]. Indeed, upon cleavage of the Cys46- 
Cys55 disulfide bond, the loop connecting the helices C and D (CD 
loop formed by residues 36-59) [4,6,14–17] swaps from an α-helical 
structure to a β-turn followed by a short distorted β-strand (Fig. 1) 
[6,14,16]. This structural rearrangement results in a significant reor
ganization of the H-bonding network involving the heme propionates, 
without significantly affecting the heme cavity and the overall three- 
dimensional structure of the protein [14,16]. Indeed, the helix-to- 
strand rearrangement of the CD loop induced by the cleavage of 
Cys46-Cys55 disulfide bond moves Tyr44 close to the heme distal cavity 
(Fig. 1), where its sidechain interacts with that of the distal histidine and 
is involved in the distal H-bond network involving heme propionates, 
Glu60, Lys67 and a H2O molecule [6,14,16]. Moreover, the cleavage of 
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the disulfide bridge (or mutation of Cys46 and Cys55) strengthens the 
bond between the heme iron and the distal histidine, decreasing the 
affinity of hNgb for exogenous ligands, such as O2, NO2

- and CN−

[16,18–24] and enhancing its resistance to the oxidizing effect of H2O2 
[25,26]. Therefore, the Cys46-Cys55 disulfide bridge 
[1–4,6,14–17,19–28] connects the ability of hNgb to bind exogeneous 
ligands to the redox state of the cell [3,18,20], thereby controlling the in 
vivo functionality of the protein. The third cysteine (Cys120) is far from 
the heme centre (Fig. 1).

Ionic surfactants are amphiphilic molecules which can induce pro
tein denaturation through a complex multistep process based on a 
combination of electrostatic and hydrophobic interactions [29–31], 
which differs from that of chaotropic agents, such as urea and guani
dinium chloride [32–36]. The interaction between proteins and surfac
tants has been widely studied using many different techniques, which 
provide complementary information [29,37–40]. These studies focused 
on the effects of surfactants on protein conformations [29,37]. A general 
accepted interpretation proposes that in the initial step the anionic 
surfactant binds, via electrostatic and hydrophobic interactions, to 
cationic side chains of amino acids and to nearby hydrophobic chains, 
respectively [37,41–44]. This first step, involving a specific binding and 
occurring at low surfactant/protein ratio, is followed by the formation of 
clusters of surfactant molecules that induce a progressive unfolding of 
the protein. For α-helical proteins, this process, has been suggested to 
involve three consecutive steps: a noncooperative binding, a cooperative 
binding, and finally the formation of “necklace and bead” structures in 
an unfolded protein [29].

Sodium dodecyl sulphate (SDS) is the most common anionic sur
factant and it is widely used to probe protein structures [42,45–48]. The 
SDS-induced protein unfolding involves many intermediate states 
[30,31], whereas chaotropic agents induce the protein unfolding in few 
steps [32,35,49]. Below the critical micellar concentration (CMC), SDS 
is mainly present in the monomeric form, able to interact with proteins. 
Upon increasing concentration, SDS clusters are formed, which surround 
the proteins, thereby inducing the disruption of their tertiary and sec
ondary structure. Above CMC, complexes among micelles of SDS and 
proteins are observed, and the latter are partially or completely unfolded 
[31]. The CMC value of SDS is about 7-8 mM in water, but decreases to 
0.8-3 mM in phosphate buffer, depending on its concentration 
[37,50,51].

Absorption, CD and fluorescence spectroscopies are widely used to 
study the interaction between proteins and surfactants [52]. In partic
ular, the fluorescence emission is very sensitive to the conformational 
changes of proteins, since the intrinsic fluorescence of proteins is due to 
the emission of aromatic amino acids tryptophan (Trp), tyrosine (Tyr), 
phenylalanine (Phe) and some enzymatic cofactors [53]. Tryptophans 

are usually the main source of fluorescence in proteins, because of the 
complete or partial fluorescence quenching of tyrosine and phenylala
nine residues. The maximum of fluorescence emission of tryptophans is 
highly sensitive to their local environment, shifting from 351 nm for 
solvent-exposed residues to about 300 nm for those surrounded by a 
hydrophobic environment [54,55]. In heme proteins, the resonance 
energy transfer from tryptophans to the heme can be very efficient, since 
a representative Förster distance (R0) for Trp to heme transfer is of 29 Å 
[56], and usually results in nearly completely quenched Trp emission 
[53]. hNgb possesses four Tyr and three Trp residues. Trp133, which 
belongs to the H helix, is the only one located in a hydrophobic cavity, 
whereas the other two tryptophans belong to helix A (Trp13) and helix H 
(Trp148), respectively (Fig. 1). The fluorescence properties of hNgb, 
described in this paper, are unusual compared to the other heme pro
teins, since the protein displays a well detectable emission and nano
second fluorescence decay components.

The conformational changes in proteins can be followed by steady- 
state and time-resolved fluorescence techniques, namely by measure
ments of fluorescence intensity, lifetimes and anisotropy [57]. On the 
other hand, far-UV CD spectroscopy provides information on the sec
ondary structure of the proteins, so that electronic absorption, emission 
and CD spectroscopy measurements constitute complementary essential 
tools for monitoring conformational changes in proteins [58–60].

Although the interaction of neuroglobin and cytoglobin with lipids 
was found to induce a shift of the equilibrium from the hexacoordinate 
to the pentacoordinate form of the heme [61], the influence of SDS on 
the conformation of hNgb has not been addressed so far. In principle, 
this interaction could induce extensive conformational perturbation and 
disrupt the distal Fe − His bond allowing the protein to acquire a 
pseudo-peroxidase reactivity. Therefore, understanding the changes in 
hNgb conformation and heme axial ligation upon interaction with 
increasing concentration of SDS would provide important insights about 
the factors influencing the overall stability of its 3D structure, which in 
turn influence its ability to act as a ROS scavenger in vivo [2,3]. Indeed, 
it is known that, in the presence of H2O2, hNgb undergoes to heme 
breakdown and dimerization/polymerization and that the latter process 
is triggered by tyrosyl radicals resulting from the oxidizing action of 
Compound I [25,26]. Although pseudo-peroxidase activity in heme 
proteins is crucial for some biological processes, it can become patho
logical when excessive or dysregulated, leading to oxidative stress and 
cellular damage. This activity, particularly when induced by conditions 
like inflammation or protein unfolding, can result in the formation of 
uncontrolled reactive oxygen species (ROS) that cause lipid peroxida
tion, DNA damage and protein modifications, including cross-linking 
and aggregation, contributing to various disease pathologies [62–66]. 
Since, the peroxidase activity of heme proteins can be significantly 

Fig. 1. Three-dimensional structure of wild type hNgb (left, pdb code 4mpm) and its C46G/C55A/C120S mutant lacking all cysteines (right, pdb code 1oj6). Heme 
(cyan), Trps (green) and Cys (red) are highlighted. Figures are drawn by Chimera package. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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modified by conformational changes or unfolding it is interesting to 
verify to what extent the reactivity of hNgb with hydrogen peroxide is 
influenced by SDS-induced protein unfolding.

To clarify this issue, we analyzed the binding of SDS to hNgb wt and 
its C46AC55A mutant, lacking the disulfide bridge, using different 
spectroscopic techniques (UV − vis, CD and fluorescence emission). 
Since the mechanism of protein binding to anionic surfactants is 
significantly influenced by micellar structures, the study was carried out 
at concentrations lower, equal and higher than SDS CMC (about 2-3 mM 
in 50 mM phosphate buffer) [37,50,51]. This work aims at increasing 
our understanding of the effect of the Cys46-Cys55 disulfide bridge on 
the structural stability of hNgb, by elucidating the SDS-induced changes 
in the protein conformation, coordination and spin state of the heme 
iron and reactivity towards H2O2, both in the presence and in absence of 
the disulfide bond.

It turns out that both wt hNgb and its C46AC55A mutant undergo 
multiple SDS-induced conformational changes, resulting in the forma
tion of two high spin conformers (HS1 and HS2). Moreover, the rate of 
heme breakdown by H2O2 increases with increasing SDS concentration. 
Therefore, deletion of the Cys46-Cys55 disulfide bridge amplifies the 
conformational effect of SDS and appreciably increases heme oxidative 
degradation by H2O2.

2. Materials and methods

2.1. Protein expression and purification

Wild-type human neuroglobin (hNgb) and its C46AC55A mutant 
were expressed in E. coli and purified as previously reported [1,25,26].

2.2. Measurements and instruments

UV–vis spectra were recorded with quartz cuvettes (1 cm path 
length) using a Varian Cary 100 Scan UV–vis spectrophotometer. The 
measurements were performed at 25 ◦C in 5–10 μM protein, 50 mM 
phosphate buffer plus 0.1 M NaCl (pH = 7.3) solutions, prepared 
immediately before use. The protein concentration was checked spec
trophotometrically using ε412 = 129,000 M− 1 cm-1 [21].

Fluorescence spectra were measured with a Horiba Fluoromax-4 
spectrofluorometer using 0.4 × 1.0 cm quartz cuvettes (1 cm path 
length) and acquired with right-angle detection. The excitation and 
emission slit widths were set at 2 and 3 nm, respectively. The samples, 
whose absorbance at the excitation wavelength was less than 0.2, were 
excited at 280 or 295 nm. The fluorescence spectra were corrected for 
the instrumental spectral sensitivity, after the subtraction of the buffer 
signal. Fluorescence quantum yields (ΦF) were determined at 25 ◦C upon 
excitation at 295 nm using L-tryptophan in phosphate buffer at pH = 7.3 
as the standard (ΦF = 0.13 [67]). The absorbance at 295 nm was equal 
for the sample and the standard. Fluorescence lifetimes (τF) were 
measured with a Horiba FluoroMax4 time correlated single-photon 
counting equipment using, as the excitation source, a nano-LED emit
ting at 295 nm. Instrumental time resolution, after deconvolution, is 
100 ps. Fluorescence decays were fit to a sum of exponentials using 
Horiba DAS6 software, considering that a fit with χ2 value between 1.00 
and 1.25 is adequate. Fluorescence emission anisotropy was measured 
using automated polarizers in FluoroMax4 fluorometer.

CD spectra were recorded with a Jasco J-810 spectropolarimeter 
using a quartz cuvette of 1 cm path length and samples containing 1.5 
μM protein in 5 mM HEPES buffer plus 0.1 M NaCl at pH 7.3. In all cases, 
spectra were recorded 10 min after mixing. The CD spectra were 
measured in [θ] = mdeg. Since the UV–Vis spectra of hNgb wt and 
C46AC55A recorded in the presence of SDS at all the investigated con
centrations do not change appreciably after about 5 min, all measure
ments were carried out after 10 min of incubation.

The effects of hydrogen peroxide on the electronic absorption spectra 
of wt and mutated hNgb were investigated using a Jasco V-570 

spectrophotometer. All experiments were carried out at 25 ◦C with 3-5 
μM protein solutions freshly prepared before use in 50 mM phosphate 
buffer plus 0.1 M NaCl, pH 7.3. Hydrogen peroxide was added to the 
above solution to a final concentration of 200 μM. Each addition of H2O2 
was made 10 min after that of SDS to allow the protein spectrum to 
stabilize. All measurements were repeated at least three times on three 
independently prepared samples. Data are reported as the mean value 
obtained from the repeated experiments, and the associated error is the 
maximum deviation from the mean.

3. Results and discussion

3.1. UV–vis absorption spectra

The absorption spectra of hNgb wt and C46AC55A mutant are almost 
superimposable (Fig. 2), in agreement with the similarity of their heme 
pocket [14]. Both spectra are typical of six-coordinate ferric heme, 
featuring the Soret band at 413 nm and the Q bands at 532 and at 564 
nm [1,25,26]. The absorptions by aromatic amino acids are observable 
in the range 250 - 300 nm (Fig. 2). In the absence of denaturants, hNgb 
features an equilibrium between a largely prevailing low-spin six-coor
dinate bis-His axially coordinated form and a high-spin species (either 
five-coordinate or six-coordinate with an axially bound water molecule) 
observed in very small amounts [68].

The changes induced by SDS in the electronic absorption spectra of 
the wt protein and the C46AC55A mutant are shown in Fig. 2: a decrease 
in intensity of the Soret and Q bands, along with a widening of the Soret 
band which becomes clearly asymmetrical, can be observed. In the range 
0-10 mM SDS, the Soret band blue-shifts from 413 nm to 407 nm in wt 
protein and from 413 to 401 nm in the C46AC55A variant (Fig. S1), 
whereas the Q bands slightly red shift. In addition, in both cases a new 
band is observed at about 640 nm, whose intensity increases up to a SDS 
concentration of 4 mM and 2.5 mM for the wt protein and the 
C46AC55A mutant, respectively (Fig. 2B and D). At higher SDS con
centrations this band is replaced by a new absorption at about 610 nm. 
For [SDS] ≤ 0.7 mM, two isosbestic points at 390/428 and 390/426 nm 
are observed for hNgb wt and the C46AC55A variant, respectively. 
Moreover, the double mutant shows a more marked decrease of the 
Soret and Q bands intensity compared to the native protein. The SDS- 
induced changes in the electronic spectra are summarized in Table S1.

A broad absorption band between 600 and 650 nm, which arises 
from the porphyrin-to‑iron charge-transfer a2́u(π)→eg(dπ) transition 
(CT1) [69–72] is recognized as the specific marker of five- and six- 
coordinate high-spin Fe(III) heme proteins [61,69,70,72,73]. There
fore, the changes observed in the electronic spectra indicate that below 
the SDS critical micellar concentration (CMC), which in the experi
mental conditions employed for the measurements is about 2-3 mM 
[37,50,51], both proteins undergo a low-to-high spin transition, 
resulting in the formation of a high form (HS1), characterized by the CT1 
at about 640 nm. This suggests that the surfactant monomers are the 
main responsible for the observed low-to-high spin transition. On the 
other hand, at SDS concentration higher than the CMC value (> 4 mM 
for wt protein, > 2.5 mM for the C46AC55A mutant) a second high spin 
species develops (HS2, whose CT1 is at about 610 nm), indicating that 
formation of SDS micellar structures heavily impacts on the environ
ment of the high-spin heme.

The effects of increasing SDS concentration on wavelength and 
absorbance of the Soret band of the low and high spin species (λSoret =

413 and 401 nm, respectively, Figs. S1 and S2 A, B) clearly indicate that 
the electronic properties of the heme group of hNgb wt and C46AC55A 
undergo to relevant changes, which are remarkably different for the two 
proteins. The λSoret of both proteins is almost unchanged up to [SDS] = 1 
mM and blue shifts in the presence of higher SDS concentration (Fig. S1). 
For hNgb wt, λSoret decreases almost linearly up to [SDS] = 10 mM to a 
final value of 407 nm, whereas that of the mutant sharply decreases to 
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401 nm between 1 mM and 2.5 mM SDS and is unchanged in the pres
ence of higher SDS concentrations (Fig. S1). The absorbance at 413 nm 
of hNgb wt decreases for [SDS] ≥ 0.2 mM with progressively decreasing 
slopes, corresponding to 0.2 mM ≤ [SDS] ≤ 0.75 mM, 0.75 mM ≤ [SDS] 
≤ 3.0 mM and [SDS] ≥ 3.0 mM, whereas that of the C46AC55A mutant 
undergoes a greater and sharper decrease between 0.3 mM and 2 mM 
SDS and further decreases at SDS concentrations higher than 4 mM 
(Fig. S2 A). The absorbance at 401 nm of the wt protein sharply drops up 
to [SDS] = 1 mM and a further reduction is observed for [SDS] ≥ 4 mM, 
while that of the C46AC55A mutant dramatically decreases up to [SDS] 
= 1 mM, increases up to [SDS] = 5 mM and further decreases at higher 
SDS concentrations (Fig. S2 B).

Fig. 3 A and B show that changes in absorbance of the CT1 bands (at 
640 nm and 610 nm) of the two high-spin conformers HS1 and HS2 that 
form with increasing SDS concentration are far greater for the 
C46AC55A mutant than for the wt protein. In particular, the absorbance 
at 640 nm of the latter markedly grows up to [SDS] = 3 mM, slightly 
increases up to [SDS] = 8 m and decreases at [SDS] = 10 mM, whereas 
the absorbance at 640 nm of the C46AC55A mutant increases up to 
[SDS] = 2 mM and decreases above [SDS] = 4 mM. The absorbance at 
610 nm of both proteins increases with increasing SDS concentration, 
showing a clear inflection point at about [SDS] = 4 mM for the wt 
protein and at [SDS] = 2 mM for the C46AC55A mutant. The above 
results indicate that formation of the high spin species HS1 and HS2 
occurs in the presence of lower SDS concentrations in hNgb C46AC55A 
compared to the wt protein. Hence, it appears that the former has a 
higher affinity for SDS monomers and is more prone to conformational 
changes compared to the latter.

Analysis of the 2nd derivative absorption spectra provides further 
insight into the effect of increasing SDS concentrations on the electronic 

properties of the heme group in both proteins (Figs. 3 C, D and Fig. 4) 
[74–76]. The troughs corresponding to the bands of the low spin form of 
the C46AC55A mutant (Figs. 4 C, D) observed in the absence of SDS 
(LS1) undergo to a 1-3 nm red shift and become progressively shallower 
for 0.3 mM ≤ [SDS] ≤ 2.0 mM, disappearing at [SDS] = 1.7 mM. A 
similar decrease is observed for the trough associated with the Soret 
band. In the same interval, a new trough appears at 640 nm, whose 
depth increases with increasing SDS concentration. For [SDS] ≥ 2 mM, 
new minima at 403, 490 and 532 nm are observed, whose depth pro
gressively increases, and the minimum at 640 nm is progressively 
replaced by a new broad trough centered at 610 nm (Figs. 4 C, D).

The absorption bands observed in the spectral region around 550 nm 
are generally referred to as α and β bands, whereas in the spectroscopic 
literature they indicated as Q0 and Qv bands [77–79]. The latter, in 
particular, results from the superpositions of a significant number of 
overlapping vibronic bands assignable to the excitation of the first 
vibrational state of mostly A2g-modes in the electronic Q-state, which 
are subject to band splitting due to the low symmetry of the protein 
environment [77–79]. Therefore, the peak positions in the absorption 
and the second derivative spectrum are affected by changes of the out- 
of-plane deformations of the heme resulting from multiple heme- 
protein interactions, which alter its ground and excited states [77–79]. 
Hence, the redshift of the troughs corresponding to the absorption bands 
of the native low-spin species (LS1) suggests that alterations in the out- 
of-plane deformations of the low-spin heme are occurring up to 1 mM 
SDS, whereas the appearance of the trough corresponding to the CT 
band around 640 nm and the progressive increases of its intensity in
dicates that the high spin form HS1 is formed for 0.5 mM ≤ [SDS] ≤ 2.0 
mM (Fig. 3 D). Above 1.5 mM [SDS], no low spin species is present and 
for [SDS] ≥ 1.7 mM the HS1 form converts into the high-spin species 

Fig. 2. Absorption spectra of hNgb wt (A, B) and its C46AC55A mutant (C, D) in the presence of increasing SDS concentrations: 0 ≤ [SDS] ≤ 0.3 mM, black; 0.4 ≤
[SDS] ≤ 1.0 mM, red; 1.5 ≤ [SDS] ≤ 4.0 mM, blue; 5.0 ≤ [SDS] ≤ 10.0 mM, green. 50 mM phosphate buffer plus 0.1 M NaCl solution (pH = 7.3), T = 25 ◦C. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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HS2 (featuring the Soret and CT bands at 403 and 610 nm), which is the 
only protein form observed at [SDS] = 10 mM.

The spectral changes observed for the wt protein are similar to those 
observed for the C46AC55A mutant (Fig. 2 A and B and Figs. 4 A, B), 
indicating that the same SDS-induced conformational changes occur, 
although at higher SDS concentration. Indeed, conversion of the low 
spin form into HS1 and of HS1 into HS2 occurs over a broader range of 
SDS concentrations, corresponding to those characterized by different 
slopes in Fig. S2 A. Moreover, the latter conformational transition begins 
at higher SDS concentrations than in the C46AC55A mutant (2.5 mM vs. 
1.7 mM) and occurs before the full conversion of the low spin form into 
HS1. Therefore, for [SDS] ≥ 2.5 mM at least three protein conformations 
coexist in solution, as weak spectral signatures of the low spin and the 
HS1 forms are still observed in the presence of 10 mM SDS.

Hence, disruption of the Cys46-Cys55 disulfide bond facilitates the 
formation of the HS1 and HS2 forms, whereas it does not sensibly affect 
SDS-induced modifications of the out-of-plane deformations of the LS 
heme. This is a rather unexpected result, since cleavage of the disulfide 
bridge is reported to strengthen the bond between Fe(III) and the distal 
histidine [5,16,19,22,23]. As SDS-induced deformations of the LS heme 
occur for [SDS] ≤ 1 mM, well below the CMC, they appear to be trig
gered by SDS monomers, which effectively interact with hNgb altering 
its heme environment. Moreover, the affinity of SDS monomers for hNgb 
is almost independent of the Cys46-Cys55 disulfide bond, suggesting 
that the CD loop in not involved in SDS binding. Unfortunately, the 
present data do not clarify the molecular origin of the SDS-induced 
changes of the out-of-plane deformations of the LS heme, although in 
principle they could result either from a repositioning of the heme 
within the heme cavity due to the SDS-induced relaxing of the structural 
constraints blocking heme sliding [80,81], or from the replacement of 

the distal His64 by the amino group of the sidechain of Lys67, as 
observed for the H64V and H64L hNgb mutants at slightly alkaline pH 
values [82,83].

The 2nd derivative spectra confirm beyond doubt that formation of 
the HS1 and HS2 conformers occurs in the presence of SDS concentra
tions below and above the CMC (2-3 mM), respectively (Figs. 3 C, D and 
Fig. 4). The spectroscopic signatures of the HS1 and HS2 conformers of 
hNgb wt and its C46AC55A mutant closely remind those of the two high 
spin species formed by ferric horse metmyoglobin in the presence of 7 
mM and 0.1 M SDS, respectively [42], suggesting similar heme axial 
coordination. The spectrum of HS1 rules out the presence of a six- 
coordinate HS heme with a His/H2O axial coordination and is quite 
different from those of five-coordinate HS heme proteins featuring a 
His/- axial coordination, thereby making any suggestion about the 
identity of the Fe(III) axial ligands highly hypothetical. On the other 
hand, the spectroscopic properties of HS2 are closely similar to those of 
ferric metmyoglobin [42] and Fe-protoporphyrin IX [84] in the presence 
of high SDS concentrations and of the ferric H93G mutant of sperm 
whale myoglobin at pH 10.5 [85,86], indicating the presence of a 5-co
ordinate HS heme featuring a hydroxyl ion as the fifth ligand. Interest
ingly, the width and the shape of the trough associated to CT1 in the 2nd 
derivative spectra of HS2 raise the possibility that it could be actually 
composed by two closely spaced absorption bands, possibly arising from 
transitions into the dxz and the dyz orbitals of Fe(III). Therefore, it turns 
out that the distal His64 dissociates from Fe(III) at SDS concentration 
below the CMC, whereas interaction of hNgb with SDS micelles induces 
the rupture of the proximal axial bond between Fe(III) and His96, 
resulting in a complete detachment of the heme from the protein, as 
observed for ferric metmyoglobin for [SDS] > 9 mM [42]. As fluores
cence spectra show that no apo-protein is formed up to 10 mM SDS (see 

Fig. 3. Changes in the absorbance and in the intensity of 2nd derivative electronic absorption spectra of hNgb wt (A, C) and its C46AC55A mutant (B, D) at 640 nm 
(black) and 610 (red) nm in the presence of increasing concentration of SDS. Protein concentration is 7.2 μM in 50 mM phosphate buffer plus 0.1 M NaCl solution 
(pH = 7.3), T = 25 ◦C. The error associated with the reported data is of the same order of magnitude or smaller than the size of the points in the graph. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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below), it turns out that the detached heme is not released in solution. 
Most importantly, our data demonstrate that cleavage of the Cys46- 
Cys55 disulfide bond significantly facilitates heme detachment 
compared to hNgb wt.

Comparison of the 3D structures of the two proteins shows that their 
overall surface charge distribution is not significantly altered by the 
deletion of the disulfide bridge (Fig. S3), suggesting that the higher 
sensitivity to SDS of the C46AC55A species does not result from an 
increased electrostatic interaction between the negatively charged sul
fate groups of SDS and the mutant. Indeed, it could be possibly related to 

a decreased stability of its 3D structure compared to the wt protein, in 
agreement with the observation that engineering of a second non-native 
disulfide bond in the A15C mutant of hNgb sensibly enhances the 
resistance to both Gdn-HCl-induced and pH-induced unfolding as well as 
the half denaturation temperature (Tm) compared to the wt protein, 
containing the single Cys46-Cys55 disulfide bond [87].

3.2. Far-UV CD spectra

The far-UV CD spectra of hNgb wt and of the C46AC55A mutant at 

Fig. 4. 2nd derivative electronic absorption spectra of hNgb wt (A, B) and its C46AC55A mutant (C, D) in the presence of increasing SDS concentrations: 0 ≤ [SDS] 
≤ 0.3 mM, black; 0.4 ≤ [SDS] ≤ 1.0 mM, red; 1.5 ≤ [SDS] ≤ 4.0 mM, blue; 5.0 ≤ [SDS] ≤ 10.0 mM, green. Protein concentration is 7.2 μM in 50 mM phosphate 
buffer plus 0.1 M NaCl solution (pH = 7.3), T = 25 ◦C. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 5. Far Uv-CD spectra of wt hNgb wt (A) and its C46AC55A mutant (B) in the presence of increasing SDS concentrations: [SDS] = 0 mM, black; 0.4 ≤ [SDS] ≤ 1.0 
mM, red; 1.5 ≤ [SDS] ≤ 4.0 mM, blue; [SDS] = 6.0 10.0 mM, green. Protein concentration is 1.125 μM in 5 mM HEPES buffer plus 0.1 M NaCl, (pH = 7.3), T = 25 ◦C. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pH 7.0 are similar, featuring the two negative bands typical of α-helical 
structures, at 212 (shoulder)/222 nm and at 209/223 nm for the wt 
protein and the C46AC55A mutant, respectively (Fig. 5). In the presence 
of increasing SDS concentration, the CD spectrum of both proteins 
progressively changes, as the intense negative band at 222-223 nm de
creases considerably becoming a shoulder, while that at 209-212 nm 
gets deeper and red shifts to 208 nm (Fig. 5).

The BeStSel software (Beta Structure Selection, ELTE Eötvös Loránd 
University, Budapest, Hungary) [58] was used to analyze the CD spectra 
recorded at different SDS concentration and to determine effect of the 
denaturant on the secondary structure of hNgb wt and C46AC55A. The 
resulting distributions of the secondary structures as a function of SDS 
concentration are reported in Fig. 6 and show that, although in both 
cases a significant decrease in α-helix structures coupled with an in
crease of random structures occurs at increasing SDS concentration, 
remarkable differences exist between the wt protein and the C46AC55A 
mutant.

Indeed, hNgb wt experiences a progressive decrease of the α-helix 
fraction, which converts into a loop/random structure up to [SDS] = 1 
mM and into β-sheet structures for 1 mM ≤ [SDS] ≤ 3 mM. Although 
only small changes in secondary structures are observed for SDS con
centration between 3 and 4 mM SDS, the fraction of loop/random 
structures further increases at the detriment of both α-helix and β-sheet 
at SDS concentrations higher than 4 mM. The C46AC55A mutant shows 
a progressive and relevant decrease in α-helix structures at increasing 
SDS concentration which convert into loop/random structures with a 
minor β-sheet component, whose fraction remains almost unchanged at 
SDS concentration higher than 2 mM. The SDS-induced conversion of 
α-helices into loop/random structures occurs in three consecutive steps 
characterized by different slopes (Fig. 6B) occurring for [SDS] ≤ 1 mM, 
for 1 mM ≤ [SDS] ≤ 2 mM and for [SDS] ≥ 2 mM. Most importantly, 
these intervals coincide with those in which the SDS-induced de
formations of the low heme of LS1, the LS1-to-HS1 and the HS1-to-HS2 
transitions occur, clearly indicating that SDS-induced changes in the 
electronic properties of the heme in the C46AC55A mutant are coupled 
with significant changes in protein secondary structure. In particular, 
alterations of the out-of-plane deformations of the low heme of LS1 are 
associated with a limited α-helical unfolding, whereas conversion of the 
latter into the high spin HS1 species is accompanied by the conversion of 
a significant fraction of α-helices into loop/random structures and the 
formation of some β-sheets. Finally, the HS1-to-HS2 transition induces a 
relevant unfolding of the α-helices into loop/random structures.

The above interpretation extends to the SDS-induced changes in the 
secondary structure elements of the wt protein (Fig. 6A). Indeed, the 

relevant α-helical unfolding and the increase of the fraction of loop/ 
random structures detected respectively for 1 mM ≤ [SDS] ≤ 3 mM and 
[SDS] ≥ 4 mM occur in the same range of SDS concentration of the SDS- 
induced LS1-to-HS1 and LS1/HS1-to-HS2 transitions, respectively. 
Compared to the C46AC55A mutant, the LS1-to-HS1 transition is asso
ciated with a far greater increase of the fraction of β-sheets, indicating 
that the deletion of the disulfide bond significantly influences the cor
responding SDS-induced changes of the neuroglobin secondary struc
ture. This difference almost disappears in the presence of higher SDS 
concentration, as in both cases the formation of the HS2 is associated 
with the unfolding of α-helices and β-sheets. In particular, the higher 
fraction of α-helices detected for the wt protein in the presence of 6 mM 
SDS fits with the presence of a non-negligible amount of low spin and 
HS1 species, indicated by the UV–vis spectra.

3.3. Fluorescence spectra

The fluorescence spectrum of wild type hNgb, obtained by selective 
excitation of tryptophans at 295 nm (Fig. S4, black spectrum), presents a 
maximum at 334 nm, in agreement with the different polarity/hydro
phobicity of the protein environment surrounding the three tryptophan 
residues of hNgb: Trp133 is in a hydrophobic cavity, whereas Trp13 and 
Trp148 experience a more polar environment (Fig. 1). The spectrum of 
the C46AC55A mutant resembles that of the native form.

The fluorescence spectrum of hNgb wt, obtained when both Trps and 
Tyrs are excited at 280 nm, is only slightly blue-shifted compared to that 
obtained upon excitation at 295 nm (Fig. S4, red spectrum), with a 
maximum at about 332 nm. Moreover, it shows a very slight broadening 
in the wavelength range typical of tyrosine emission, whose maximum is 
at 303 nm [53]. Therefore, the quenching of Tyr fluorescence usually 
observed in proteins, due to electronic energy transfer to Trps [53], is 
very efficient also in hNgb, where the fluorescence of the four tyrosine 
residues results almost completely quenched. The fluorescence spectra 
of hNgb previously reported [88,89] are not directly comparable with 
ours, since the instrumental correction was not applied to the previously 
published spectra and a lower instrumental resolution was adopted.

The fluorescence emission in heme proteins, such as hemoglobin and 
myoglobin, has been considered undetectable by the standard spectro
fluorometric instrumentations for many years, owing to the very effi
cient excitation energy transfer process from Trp to heme [53]. In 
hemoglobin, on the basis of the classical Förster theory for fluorescence 
resonance energy transfer (FRET) from Trp to heme, a fluorescence 
quenching ranging between 50 and 200 times compared to Trp in the 
absence of the heme acceptor, is expected [90]. However, by using front- 

Fig. 6. Distribution curves of the secondary structures of hNgb wt (A) and its C46AC55A mutant (B) in the presence of increasing SDS concentration: α-helices, black; 
β-sheets, red; other (loops and random coils), blue. Protein concentration is 1.125 μM in 5 mM HEPES buffer plus 0.1 M NaCl, (pH = 7.3), T = 25 ◦C. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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face fluorometry or alternative excitation sources, some authors were 
able to detect fluorescence emission from heme protein [91]. The 
calculated lifetimes are in the range of picoseconds, according to 
experimental values [90].

Analysis of the three-dimensional structures of wild type and 
C46AC55A hNgb (Fig. 1) reveals that in both cases Trp148 is the closest 
to the heme (7.8 Å), whereas the distances from the heme of Trp13 and 
Trp133 are 9.3 and 10.0 Å, respectively. These Trp-heme distances are 
shorter than the Förster distance for energy transfer (29 Å, see Intro
duction), which represents the distance at which FRET is 50 % efficient, 
i.e., the distance at which the energy transfer rate equals the decay rate 
of the donor. For shorter distances an increase in the energy transfer 
rate, depending on the reciprocal of the sixth power of the distance, is 
expected. The detectable fluorescence signal of hNgb wt and the 
C46AC55A mutant, observed using dilute samples and right-angle 
detection with standard fluorometric instrumentation (see Materials 
and Methods), differentiates hNgb from the other heme proteins, such as 
hemoglobin and myoglobin, suggesting a lower efficiency of electronic 
energy transfer from tryptophans to heme. The experimental fluores
cence quantum yield, determined for both proteins, is 0.015. This value, 
corresponding to the average quantum yield of the individual trypto
phan residues present in the protein, is quite low compared with those of 
other multi-tryptophan proteins [92]. Nevertheless, it indicates a lower 
efficiency of FRET compared to other heme proteins. The longer fluo
rescence lifetimes compared to hemoglobin and myoglobin (see below) 
support such hypothesis. The above cited value of Förster distance (R0 =

29 Å) was calculated under the assumption of an orientation factor equal 
to 2/3 [56], i.e., the value calculated for couples of donors and acceptors 
that are randomly oriented, due to rotational diffusion (for an exhaus
tive discussion for the FRET theory, see ref. [53]). However, this 
assumption, i.e., a random orientation of the chromophores, does not 
hold in a folded protein where heme and tryptophans form a rigid donor- 
acceptor system [93]. Therefore, the more intense fluorescence emission 
in hNgb, compared to other heme proteins, can be explained hypothe
sizing that at least one among the three Trp residues in hNgb presents an 
orientation that reduces the rate of energy transfer to heme [91,94].

The changes in fluorescence spectra of hNgb wt induced by 
increasing concentration of SDS (0 mM - 1 mM) are shown in Fig. 7A, 
whereas the spectra obtained at higher SDS concentrations are shown in 
Fig. S5. The spectrum at [SDS] = 0.1 mM is superimposable with that 
obtained in the absence of SDS, with a maximum at 334 nm. For SDS 
concentrations 0.2-0.4 mM the spectrum is slightly blue-shifted, with a 
maximum at 331 nm; no further changes are observed for [SDS] ≥ 0.5 
mM. The maximum of the fluorescence spectra of the C46AC55A mutant 
(Fig. 7B) blue-shifts from 335 nm in the absence of SDS to 331 nm at 

[SDS] = 0.4 mM and remains unchanged for higher SDS concentrations 
(Figs. 7B and S6). Therefore, for both species a hypsochromic shift is 
observed at SDS concentrations lower than CMC (about 2 mM [51]).

The SDS-induced changes of fluorescence intensity, monitored at 
335 nm, in hNgb wt and the C46AC55A mutant are very different 
(Fig. S7). In the former case the fluorescence intensity increases between 
0.1 and 0.3 mM and then remains essentially unchanged, whereas for 
the latter species a marked initial decrease up to [SDS] = 0.3 mM is 
observed, followed by an increase at higher SDS concentrations.

The changes in fluorescence spectra of HNgb suggest significant 
modifications of the secondary structure of both forms at increasing 
concentrations of SDS in the submicellar concentration of SDS. The 
maximum of the fluorescence spectra shifts to the blue, unlike 
myoglobin [42] and cytochrome c [50], indicating that upon increasing 
SDS concentration Trps probe a more hydrophobic environment. The 
limited blue shift observed at low SDS concentrations (0.1-0.4 mM) 
could in principle arise from the specific interaction between Trp resi
dues and hydrophobic tails of SDS, whereas at higher SDS concentra
tions, the hydrophobic nature of the environment that surrounds the 
protein could be due to the formation of SDS clusters/micelles.

The different SDS-induced changes in fluorescence intensity 
observed for hNgb wt and the C46AC55A mutant are consistent with the 
differences highlighted by the electronic and CD spectra. In particular, 
the SDS-induced changes of the fluorescence intensity of the C46AC55A 
mutant occur in the same ranges of SDS concentrations of the confor
mational transitions altering the electronic properties of the heme iron 
and the protein secondary structure, suggesting that they arise from the 
same molecular factors. Indeed, the increase in fluorescence emission 
observed for [SDS] > 0.4 mM are consistent with the progressive SDS- 
induced protein unfolding. The decrease in emission observed for 
[SDS] ≤ 0.4 mM indicates that the initial SDS-induced deformation of 
the low spin heme of LS1 enhances the efficiency of electronic energy 
transfer from tryptophans to heme in the C46AC55A mutant.

3.4. Fluorescence lifetimes and fluorescence anisotropy

The fluorescence decay parameters for hNgb wt and the C46AC55A 
mutant were determined at emission wavelengths of 320 and 340 nm. 
The results are reported in Tables S2 and S3. The best fit was obtained in 
all cases with a triple-exponential decay function. The native protein 
and the mutant feature similar decay, as in both cases three components 
can be identified. In particular, two longer-lived components, with 
lifetimes near 2-2.5 and 6-7 ns, respectively, and one faster decay, with a 
lifetime close to 0.5 ns were observed. The average lifetime is 1.1 ns and 
1.6 ns at emission wavelength of 320 nm and 340 nm, respectively.

Fig. 7. Fluorescence spectra of hNgb wt (A) and its C46AC55A mutant (B) in the presence of increasing SDS concentrations (0-1 mM): [SDS] = 0 mM, black; 0.1 ≤
[SDS] ≤ 0.3 mM, red; 0.4 ≤ [SDS] ≤ 0.75 mM, blue; [SDS] = 1.0 mM, green. 50 mM phosphate buffer plus 0.1 M NaCl solution (pH = 7.3), T = 25 ◦C. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The time-resolved measurements of multi-tryptophan proteins lead 
to very complex decays. This observation can be partly understood 
considering that Trp itself and proteins containing a single tryptophan 
residue display a multiexponential fluorescence decay, arising from the 
existence of different microstates for each Trp in the ground state, due to 
the presence of different rotamers or different conformations of adjacent 
side chains of other residues. [95]. Therefore, the fluorescence proper
ties of each Trp in proteins are influenced by different local 
environments.

Heme proteins are generally characterized by very short fluorescence 
lifetimes, due to very efficient energy transfer processes from Trp resi
dues to heme. In cytochrome c and in hemoglobin the dominant 
component is characterized by a decay time near 20 ps [50,96]. 
Although the instrumental resolution (100 ps) does not allow us to 
measure a possible decay of this extent, fluorescence lifetimes values of 
hNgb are consistent with the measured value of fluorescence quantum 
yield, confirming a reduced efficiency of energy transfer process in this 
protein.

Further insights into the conformational changes of hNgb and 
C46AC55A can be obtained by the analysis of the fluorescence emission 
anisotropy (Figs. S8 and S9). The interaction of the two proteins with 
SDS is confirmed to be a multistep process. The average anisotropy 
values r progressively decrease for SDS concentrations approximately 
higher than 0.4-0.5 mM (Tables S4 and S5). Considering that the decay 
lifetimes remain nearly constant, on the basis of the Perrin Equation 
[97], the depolarization of fluorescence emission of Trps at SDS con
centration higher than 0.5 mM can be assigned to an increase of their 
rotational correlation times, θ, i.e., to a higher flexibility, in agreement 
with the hypothesis of the SDS-induced unfolding of hNgb. These ob
servations are consistent with the marked change in the secondary 
structure, corresponding to the LS-HS transition, observed for SDS 
concentrations higher than 0.5 mM with electronic absorption and CD 
spectra, which leads to the unfolding of the protein.

3.5. Effects of hydrogen peroxide on the electronic absorption spectra of 
wt and mutated hNgb

hNgb wt and the C46AC55A mutant were found to undergo H2O2- 
induced degradation of the heme center at very slow rate [25,26]. This 
process can be conceivably related to the presence of a minor amount of 
five-coordinate heme, which is the only species able to react with H2O2 
to yield the hydroperoxo derivative and eventually the ferryl center 
needed for heme degradation. The increase in the high-to-low spin 
molar ratio observed with increasing SDS concentration, therefore, 
should reasonably lead to an increase in the reactivity towards H2O2 of 
HNgb wt and its C46AC55A mutant.

Fig. S10 shows selected UV–Vis spectra of hNgb wt and its 
C46AC55A mutant recorded over time in the presence of different SDS 
concentrations after addition of 200 μM H2O2, which mimics an acute/ 
transitory (on the timescale of minutes/h) condition of extracellular 
oxidative stress [64]. It turns out that in the presence of SDS, the 
absorbance of the Soret and Q bands decrease with time due to heme 
degradation and no new signal appears, although above 0.5 mM SDS the 
Soret band broadens and red shifts (Fig. S10). The time course of the 
Abs413 decrease follows a pseudo 1st order kinetics only in absence or at 
low concentration of SDS, according to A = A1 e-k1t (Eq. 2) (Fig. S11 A, B) 
[25,26]. When the SDS concentration increases above 0.2 mM the 
dependence of absorbance vs. time is more complex and shows a 
biphasic behavior (Fig. S11 C–F), suggesting that the degradation 
process involves two protein forms characterized by different degrada
tion kinetics. This is consistent with the observed broadening and 
shifting of the Soret band.

To obtain the rate constants associated with each reaction, the 
biphasic time-dependent absorbance changes at 413 nm were fitted to: 

A = A1 e− k1t +A2 e− k2t (3) 

where A1 and A2 are the initial absorbance associated with the two 
consecutive phases (starting species), and k1 and k2 are the corre
sponding rate constants of the oxidative degradation. The kinetic con
stants determined at different SDS concentrations show that the rate of 
heme degradation appreciably increases with increasing SDS concen
tration (Table 1, Fig. 8).

3.6. Kinetics and mechanism of H2O2-induced heme degradation in hNgb

The physiological role(s) of hNgb is(are) not yet fully understood 
[2,3,98–102], although the protection of neurons and retinal cells from 
oxidative stress by ROS is one of the most probable functions [2,3,103]. 
Although the details of this activity still remain unknown, it could 
involve processes that can lead to heme degradation, as observed for 
other globins [104–107]. The oxidative degradation mechanism due to 
H2O2 proposed for myoglobin and hemoglobin involves the oxidation of 
ferrous or ferric heme by hydrogen peroxide (or peroxides) to form a 
ferryl species. The latter, in the absence of substrate, leads to the 
oxidation of the heme itself due to its high reactivity [108,109]. For 
hNgb, a similar mechanism reasonably occurs [25,26], although it’s not 
clear to what extent it is related to the protein’s physiological role. 
Notably, it is worth noting that an dysregulated peroxidase activity can 
cause severe cellular damage [62–66]. The presence of the two axial His 
heme iron ligands and the steric hindrance of the polypeptide matrix, 
however, avoid the formation of the ferryl group which however can be 
easily formed by the high-spin penta-coordinated minor form 
[25,26,110,111]. This fact and the slow kinetics for the low-spin→high- 
spin conversion could be the causes of the high resistance of hNgb to 
H2O2-induced oxidative stress and of the extremely slow rate of heme 
degradation observed in solution [25,26]. The accessibility of the heme 
center to the solvent has also been proposed as a factor regulating the 
protein/H2O2 interaction kinetics. Indeed, it was observed that heme 
accessibility and oxidative degradation kinetics of hNgb significantly 
decrease upon removal of the disulfide bridge that closes the heme cleft 
[1–4,6,14–17,19–28]. The presence or absence of the disulfide bridge as 
well as the functionality of the protein have been related to oxidizing or 
reducing conditions of physiological or pathological states of the cell 
[10,18,20,112]. Understanding the role played by the intramolecular 
disulfide bond in H2O2 reactivity is therefore essential to gain infor
mation on the oxidative stress-related processes possibly involving the 
protein in the organism, since the chemical inertia of both hNgb forms 
towards H2O2 apparently conflicts with the proposed role of ROS scav
enger, pointing to a more complex involvement in cellular response to 
oxidative stress [2,3,8–10].

In the presence of SDS, however, the response towards H2O2 of the 
wt protein and the C46AC55A mutant changes considerably. Indeed, 
both proteins show a progressive and significant increase in the rate of 
oxidative degradation. The time course of the decreases in absorbance of 
the Soret band obtained at [SDS] > 0.2 mM is clearly biphasic, 

Table 1 
Pseudo-1st order kinetic constants for H2O2-induced heme degradation for hNgb 
wt and its C46AC55A mutant in the presence of SDS (0-3 mM) and 200 μM 
H2O2.a

wt hNgb C46AC55A hNgb

[SDS]/mM k1/min-1 k2/min-1 k1/min-1 k2/min-1

0 0.0029 – 0.0019 –
0.2 0.0056 – 0.0089 –
0.5 0.013 0.082 0.016 0.17
1 0.018 0.27 0.025 0.45
2 0.021 0.38 0.037 0.68
3 0.022 0.38 0.042 0.79

a Values obtained from the plots shown in Fig. S11. The kI and kII values are 
affected by an error of about ±8 %. Protein concentration: 3-5 μM, 50 mM 
phosphate buffer plus 0.1 M NaCl, pH 7.4. T = 25 ◦C.

M. Caselli et al.                                                                                                                                                                                                                                 Journal of Inorganic Biochemistry 274 (2026) 113109 

9 



suggesting that at least two different protein forms are involved in the 
oxidative degradation process featuring significantly different kinetics. 
Comparison of the kinetic results with the conformational information 
obtained from electronic, far UV CD and fluorescence spectra support 
the hypothesis that the two trends observed for the oxidative degrada
tion kinetics arise from two high spin (five-coordinated) species result
ing from a different number of protein-bound SDS molecules. The most 
significant increase in the rate of H2O2-induced heme degradation in 
hNgb is observed at SDS concentrations below CMC, thus confirming the 
fundamental role played by SDS monomers not only on protein 
conformation and heme structure, but also on the reactivity towards 
H2O2.

The different effect of increasing SDS concentration on the kinetics of 
the oxidative degradation process in wt hNgb and its C46AC55A mutant 
is fully consistent with the different SDS-induced changes in protein 
conformation and heme electronic properties. Indeed, the comparable 
k1 and k2 values featured by both proteins up to [SDS] = 1 mM are 
consistent with the fact that both species undergo to the same SDS- 
induced modifications of the heme out-of-plane deformations of LS1 
and to the progressive conversion of α-helices into loop/random struc
tures. On the other hand, the higher k1 and k2 values of the C46AC55A 
mutant for [SDS] ≥ 1 mM fit with its increased sensitivity to the dena
turant effect of SDS compared to the wt protein, which result in the 
formation of a much higher amount of the HS1 and HS2 conformers and 
in a massive conversion of α-helices into loop/random structures. 
Indeed, the formation of the HS2 conformer of the wt species begins at 
[SDS] ≥ 2.5 mM, in agreement with the invariance of its k1 and k2 values 
for 2 and 3 mM SDS.

4. Conclusions

SDS causes appreciable conformational changes in hNgb wt and its 
C46AC55A mutant already at low concentrations. The relevant SDS- 
induced modifications of the secondary structure affect both the heme 
group and Trp residues, as indicated by absorption and fluorescence 
spectra, respectively. Absorption spectra indicates that the addition of 
SDS induces the detachment of the distal histidine and the resulting 
formation of two high-spin (pentacoordinate) species (HS1 and HS2) 
observed at different SDS concentrations, the latter of which contains an 
unbound heme. The unfolding induced by SDS occurs through different 
processes for the two proteins. The C46AC55A mutant shows a strong 
propensity to form loop/random structures already at low SDS con
centrations (>0.5 mM), whereas in the same conditions the wt protein 
contains a high amount of β-sheet. The higher sensitivity to SDS of the 
former does not result from an increased electrostatic interaction with 

the negatively charged sulfate groups of SDS, as the deletion of the di
sulfide bridge does not significantly modify the overall surface charge 
distribution (Fig. S3), and it is possibly related to a decreased stability of 
3D structure of the C46AC55A mutant.

The different evolution of fluorescence spectra of hNgb wt and the 
C46AC55A mutant at SDS concentrations lower than 0.5 mM suggests 
different changes in the initial step of interaction with SDS which affect 
environment of the triptophan residue(s), but do not modify appreciably 
protein folding and the heme coordination sphere of the two hNgb. The 
large changes observed in the secondary structure of the proteins and the 
increase in high-spin forms due to SDS binding make the heme center 
more susceptible to H2O2-induced degradation. Deletion of the Cys46- 
Cys55 disulfide bridge heavily enhances the sensitivity of hNgb to 
SDS, since it favors the formation of the high spin conformers HS1 and 
HS2 (which are observed at lower SDS concentrations) as well as the 
conversion of α-helices to loop/random structures, resulting in an 
increased reactivity towards H2O2.
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Fig. 8. Changes in the kinetic constants for H2O2-induced heme degradation k1 (A) and k2 (B) in the presence of increasing concentration of SDS at pH 7.4 and T =
25 ◦C for hNgb wt (black) and its C46AC55A mutant (red). The error associated with the reported data is of the same order of magnitude or smaller than the size of 
the points in the graph. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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