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A B S T R A C T   

Most hemoproteins display an all-α-helical fold, showing the classical three on three (3/3) globin structural 
arrangement characterized by seven or eight α-helical segments that form a sandwich around the heme. Over the 
last decade, a completely distinct class of heme-proteins called nitrobindins (Nbs), which display an all-β-barrel 
fold, has been identified and characterized from both structural and functional perspectives. Nbs are ten-stranded 
anti-parallel all-β-barrel heme-proteins found across the evolutionary ladder, from bacteria to Homo sapiens. 
Myoglobin (Mb), commonly regarded as the prototype of monomeric all-α-helical globins, is involved along with 
the oligomeric hemoglobin (Hb) in diatomic gas transport, storage, and sensing, as well as in the detoxification of 
reactive nitrogen and oxygen species. On the other hand, the function(s) of Nbs is still obscure, even though it has 
been postulated that they might participate to O2/NO signaling and metabolism. This function might be of the 
utmost importance in poorly oxygenated tissues, such as the eye’s retina, where a delicate balance between 
oxygenation and blood flow (regulated by NO) is crucial. Dysfunction in this balance is associated with several 
pathological conditions, such as glaucoma and diabetic retinopathy. Here a detailed comparison of the structural, 
spectroscopic, and functional properties of Mb and Nbs is reported to shed light on the similarities and differ
ences between all-α-helical and all-β-barrel heme-proteins.   

1. Introduction 

Most living organisms synthesize heme-proteins that perform 
fundamental biological functions including respiration, ligand sensing, 
transport, and storage, and metal-based catalysis [1–12]. According to 
the literature, the globin portion of heme-proteins can adopt either an 
all-α-helical or an all-β-barrel fold [1,2,13–15]. 

Myoglobin (Mb) and hemoglobin (Hb) are generally considered the 
prototypical all-α-helical globins. They show the classical three on three 
(3/3) globin fold characterized by seven or eight α-helical segments that 
form a sandwich around the heme [1–12,15–18]. The heme distal region 
is composed of helices A, B, and E, while helices F, G, and H form the 
heme proximal side. Although helices C and D are very short (when 
present), recent reports suggest their importance in modulating heme 
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reactivity [1,2,9,12,15,18–21]. In all-α-helical globins, the fifth coor
dination site of the heme-Fe is represented by the so-called “proximal” 
HisF8 residue, while the “distal” E7 residue, typically His, faces the sixth 
axial position of the heme-Fe-atom. The HisE7 residue contributes to 
stabilizing the heme-bound ligand and modulates ligand entry and 
dissociation by acting as a gate [2,7,12,22–24]. Interestingly, in some 
heme-proteins including plant 3/3 non-symbiotic Hb, two-by-two (2/2) 
globins, cytoglobin, and neuroglobin, the HisE7 residue may serve as the 
sixth coordination ligand for the heme-Fe-atom. In such cases, ligand 
binding is only permitted upon dissociation of the sixth-coordinating 
residue, resulting in a transient five-coordination state of the heme-Fe- 
atom [2,7,12,22–25]. The presence of a wide variety of all-α-helical 
heme-proteins in the all kingdoms of life has raised questions regarding 
their potential functions [26,27] including sensing, transport and 
detoxification of O2, CO and/or NO, as well as related reactive species 
[1,26–29]. 

In the past two decades, all-β-barrel heme-proteins, including 
nitrobindins (Nbs) and nitrophorins (NPs) [13–15,30–36], have been 
identified and functionally and structurally characterized. Nbs are ten- 
stranded anti-parallel all-β-barrel heme-proteins present along the 
evolutionary ladder, from bacteria to Homo sapiens, as also reported for 
all-α-helical heme-proteins [30–33]. In Nbs, the proximal His residue 
serves as the fifth coordinating ligand to the heme-Fe atom, whereas the 
His residue facing the distal side of the heme in most all-α-helical heme- 
proteins is absent, preventing heme-Fe atom hexacoordination. More
over, the high solvent exposure of the heme in NPs and Nbs prevents the 
redox cycle of the heme Fe-atom, which in air only exists in the ferric 
form unless a reducing agent, such as sodium dithionite, is employed to 
remove O2 and reduce the metal center. This characteristic underlies the 
selective binding of small neutral and anionic molecules, such as NO 
[30–33,37,38]. 

To date, the function(s) of Nbs remains unclear, although it has been 
postulated that they participate in NO signaling and metabolism. Spe
cifically, NO facilitates the anaerobic reduction of the heme-Fe(III)-atom 
resulting in the nitrosylation of the metal center (Nb(II)-NO) through an 
OH− -dependent reaction involving the transient formation of the Nb- 
heme-Fe(III)-NO complex [36,39]. Furthermore, Nbs catalyze the 
isomerization of peroxynitrite to NO3

− and NO2
− , in the absence or 

presence of CO2 [33–35,40,41]. Lastly, Nb(II)-NO acts as an O2 scav
enger, leading to the formation of NO3

− and Nb(III) through the transient 
formation of the Nb-heme-Fe(III)-NO(O)O adduct [35,36,39,42]. Inter
estingly, Homo sapiens Nb (Hs-Nb) corresponds to the C-terminal domain 
of the single-chain nuclear protein THAP4, which is 567 amino acids 
long. Hs–Nb could potentially function as a NO sensor by modulating 
THAP4 transcriptional function residing at its N-terminal modified zinc 
finger domain [15,31,33]. 

Here, the structural, spectroscopic, and functional properties of all- 
β-barrell Nbs are examined and compared with those of all-α-helical Mb, 
which is generally considered as the prototype of monomeric globins. To 
ensure a consistent comparison, the UV–Vis electronic absorption and 
resonance Raman (RR) spectra of ferric Arabidopsis thaliana Nb (At-Nb 
(III)), ferrous At-Nb (At-Nb(II)) and carbonylated At-Nb(II) (At-Nb(II)- 
CO) were recorded. Additionally, the kinetics of the reductive nitro
sylation of At-Nb(III) were investigated and reported in the Supple
mentary Materials. 

2. Structural aspects 

2.1. Three-dimensional structure of Nbs 

The Protein Data Bank (PDB) contains the three-dimensional struc
tures of Mycobacterium tuberculosis Nb (Mt–Nb) (PDB ID: 6R3Y; 6R3W) 
[33], Arabidopsis thaliana Nb (At–Nb) (PDB ID: 3EMM) [30], Hs–Nb 
(PDB ID: 3IA8) [31]. Interestingly, all the three-dimensional structures 
of Nbs show a close similarity each other. The main structural differ
ences between Mt–Nb [33] and At–Nb [30] occur at the exposed 

residues of the β7-β8 inter-strand loop, where At–Nb lack six residues 
compared to Mt–Nb. This deviation may also be associated with a 
marked bulging of the β7 strand in Mt–Nb at residues Arg111-Asp113. 
Ongoing computer simulation studies suggest that hydration of this re
gion may contribute to the loss of part of the secondary structure of the 
β7 strand in Mt–Nb, leading to a higher solvent exposure of the heme. 
Similarly, alterations in the loop have been also observed in the struc
tural comparison with Hs–Nb, with the greatest structural deviation 
from Mt–Nb occurring at the β6-β7 inter-strand loop, located at the 
opposite end of the barrel [31,33]. The positions of the heme-Fe atom in 
the three protein structures are within a 0.85 Å match [33]. 

Overall, the β-barrel of Nbs can be divided into three sections: (i) the 
hydrophobic heme-binding pocket, (ii) the central region characterized 
by a series of inter-strand electrostatic contacts, and (iii) the protein 
extremity in which the β-barrel is stabilized by the formation of a hy
drophobic core closed to the solvent by the N-terminal 310 α-helix 
[15,30–33]. 

The heme pocket of Nbs is relatively open, exposing the heme to the 
solvent, which interacts with the protein moiety through multiple van 
der Waals interactions. In At–Nb the His158 residue represents the 
proximal fifth coordination ligand of the metal center. Although the 
distal His76 side chain faces the heme on the opposite side, it is located 
too far away from the heme-Fe atom to properly coordinate it (Fig. 1) 
[15,30–33]. Notably, in Mt–Nb, the heme group is rotated by 180◦

around the direction of the methinic CHA-CHC atoms compared to 
At–Nb and Hs–Nb [30,31,33]. In Mt-Nb(III)-H2O and Mt-Nb(III)-cya
nide derivatives, the heme-Fe atom is in the heme plane and is coordi
nated to the proximal residue His155. Both the water molecule and 
cyanide are located at the heme distal side and they are not stabilized by 
any interaction with protein residues or water solvent molecules [33]. 

The central part of the β-barrel of Nbs shows a large inner cavity 
positioned below the heme group. This cavity is lined with several polar 
residues (e.g., Glu67, His85, Glu91, Glu93, His95, Arg130 in Mt–Nb), 
which stabilize some water molecules. The cavity part located further 
from the heme, deeper in the protein core, is instead lined with large 
apolar residues [32,33]. 

As reported for At–Nb, the N-terminal 310 helix fold is stabilized by 
hydrogen bonds established between the Trp30 side chain and the 
backbone carbonyl group of Leu26, and between the Lys165 side chain 
and the carbonyl groups of Leu27 and Tyr25. Almost strict conservation 
or conservative substitution of these key residues is observed in all the 
Nbs [32]. 

2.2. Comparison between Mb and Nbs 

The different reactivity of heme-proteins depends on several factors, 
including the amino acid environment, solvent exposure, and posi
tioning of the heme group within the protein structure [43]. In Mb, 
similar to all-α-helical hemoproteins, the heme is buried within the 
protein matrix and interacts with hydrophobic residues that prevent the 
oxidation of the heme-Fe(II) atom in Mb [2,7,10,12,44–46]. The side 
chain of the proximal HisF8 residue (i.e., His93) represents the fifth 
coordination ligand of the heme-Fe atom [2,7,12,46], whereas the E7 
residue (mostly His and Tyr) acts as the distal ligand of the heme-Fe 
atom contributing to the modulation of iron reactivity and to the sta
bility of the heme-bound ligand (Fig. 1) [1,2,5,7,10,23,24,46–48]. In 
contrast, in the 10-stranded anti-parallel β-barrel of Nbs, the heme is 
highly exposed to the solvent, and the polar amino acid, which faces the 
heme distal side in most of all-α-helical heme-proteins, is absent, pre
venting the heme-Fe-atom hexacoordination [30–35]. The highly sol
vent exposed heme-Fe-atom: (i) is at the root of the fast auto-oxidation 
rate of Nbs, which is 104–105 times higher than that of mammalian 
globins [30,34], and (ii) makes the metal more accessible to ligands than 
Mbs [41]. In fact, while in Mbs the distal His residue blocks ligand access 
to the heme-Fe-atom, in Nbs the cavity on the distal side of the heme 
(volume ~ 600 Å3) makes the metal center directly accessible to external 
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Fig. 1. Heme-pocket overview of Mt-Nb(III) (PDB ID: 3IA8) [33], At-Nb(III) (PDB ID: 3EMM) [30], Hs-Nb(III) (PDB ID: 3IA8) [31], and Efc-Mb (PDB ID: 1YMB) [93]. 
Proximal and distal His residues are shown in stick representation. The water coordinating molecule is colored in magenta. Figures have been drawn with UCSF- 
Chimera package [94]. (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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ligands (Fig. 1) [2,30,31,33,41]. 

3. UV–visible, RR, and EPR spectroscopy 

Resonance Raman (RR) spectroscopy provides a mean to investigate 
the structure-function relationship in heme proteins with distinct 
physiological functions and structural differences. In combination with 
UV–Vis electronic absorption spectroscopy, RR enables the examination 
of the heme active site within heme-proteins. RR allows the monitoring 
of the ligation and spin state of the heme-Fe atom and provides insights 
into the influence of the protein environment surrounding the metal 
center [49–51]. 

3.1. Fe(III) forms 

The UV–Vis electronic absorption spectra of ferric Nb (Nbs(III)) are 
characteristic of High Spin (HS) species. In agreement with the UV–Vis 
electronic absorption spectroscopy (Fig. 2, panel A), the RR core size 
marker bands of ferric Mt-Nb, At-Nb, and Hs-Nb (i.e., Mt-Nb(III), At-Nb(III), 

and Hs-Nb(III), respectively) at pH 6.0 (Fig. 2, panel B) are indicative of a 
predominant hexacoordinated high spin (6cHS) His-Fe-H2O species [33], 
similarly to ferric Equus ferus caballus Mb (Efc-Mb(III)) [43,52]. For Mt-Nb 
(III), an additional penta-coordinated high spin (5cHS) species was 
observed. At higher pH (data not shown), an hexacoordinated low spin 
(6cLS) population was also detected (ν2 at 1506/1508 cm− 1 and ν10 at 
1640 cm− 1) for Mt-Nb(III) and assigned to a His-Fe-OH− species [33]. 

The RR spectra in the high wavenumber region (Fig. 2, panel B) also 
show the presence of the ν(C=C) vinyl stretching modes. The vinyl 
stretching modes give rise to a single band at 1621–1623 cm− 1 in Mt-Nb 
(III) [33] and At-Nb(III), indicating that the two vinyl groups have very 
similar orientation and, as in Efc-Mb(III) [43,52], are almost coplanar 
(in “trans” configuration [53]), with a high degree of conjugation. 
Conversely, in Hs-Nb(III) [33], the ν(C=C) modes are found at 1623 and 
1629 cm− 1, respectively, highlighting that the two vinyl groups are 
characterized by different orientations with respect to porphyrin double 
bonds (Ca = Cb), with one vinyl being less conjugated. 

In the low frequency RR spectra (Fig. 2, panel B), the δ(CβCaCb) vinyl 
bending modes of the ferric Mt-Nb(III) and Hs-Nb(III) are very similar 

Fig. 2. UV–Vis (Panel A) and RR spectra of ferric Mt–Nb [33], At–Nb (present study), and Hs–Nb [33] obtained upon 406.7 nm excitation in the low (Panel B, left 
side) and high (Panel B, right side) wavenumber regions at about pH 6.0. The spectra of Efc-Mb in similar conditions are reported for comparison [43]. The bands 
characteristic of the 5cHS and 6cHS species are indicated in red and green, respectively, while the vibrational modes of the propionate and vinyl groups are displayed 
in purple and magenta, respectively. Experimental conditions for At-Nb(III): 5 mW at the sample, 75 min integration time. (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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[33] and overlapped in a single band, approximately centered at 
416–420 cm− 1, while in At-Nb(III) and in Efc-Mb(III) two δ(CβCaCb) 
modes are observed at 411/419 cm− 1 and 408/439 cm− 1 [43,52], 
respectively. The propionate groups give rise to δ(CβCcCd) in-plane 
bending modes characterized by two broad bands at 372 and 
379 cm− 1 in At-Nb(III) and centered at 376 cm− 1 in Hs-Nb(III). Differ
ently, in this wavenumber region Mt-Nb(III) displays a RR spectrum very 
similar to that of Efc-Mb(III) [43] and shows an intense δ(CβCcCd) mode 
at 372 cm− 1 with a shoulder at 391 cm− 1 [43]. The different intensity 
and wavenumber of the propionate bending modes observed among the 
investigated Nbs suggest different H-bond interactions between the 
propionate and the surrounding amino acid residues of the protein 
pocket. In fact, the strength and number of hydrogen bonds between the 
propionate and polar amino acids in the heme cavity influences the 
propionate δ (CβCcCd) bending modes wavenumbers, and stronger 
hydrogen bonds are correlated to higher wavenumbers [54–58]. 

3.2. Fe(II) forms 

3.2.1. Unliganded Fe(II) 
The RR high wavenumber spectra of ferrous Mt-Nb, At-Nb, and Hs- 

Nb and Efc-Mb (i.e., Mt-Nb(II), At-Nb(II), Hs-Nb(II) and Efc-Mb(II), 
respectively) [34,50], show the typical pattern of pure 5cHS species as 

confirmed by the UV–Vis absorption spectra (Fig. 3, panels A and B). 
In Mt-Nb(II), similarly to Efc-Mb(II), the vinyl stretching modes give 

rise to a single band at 1621 and 1618 cm− 1, respectively [34,52]. On 
the contrary, in At-Nb(II) and Hs-Nb(II) [34], two ν(C=C) modes are 
observed at 1621 and 1627 cm− 1, thus suggesting a different orientation 
of the two vinyl groups (Fig. 3, panel B). The corresponding δ(CβCaCb) 
vinyl bending modes in Mt-Nb(II) and Hs-Nb(II) give rise to a broad band 
at 417 cm− 1, while in At-Nb(II) two bending modes are found at 410 and 
417 cm− 1, analogously to what observed for the corresponding vinyl 
stretching modes (Fig. 3, panel B). Moreover, the δ(CβCcCd) propionate 
in-plane bending modes give rise to a sharp band at 365 cm− 1 with a 
shoulder at 377 cm− 1 in Mt-Nb(II), and to a broad band at 365–375 cm− 1 

in At-Nb(II) and Hs-Nb(II), [34]. In Efc-Mb(II) the two propionates 
bending modes overlap giving rise to a very strong sharp band at 
376 cm− 1 [52]. 

In the low-frequency region of the spectrum, obtained with the 
441.6 nm excitation line, an intense band was observed at 213 cm− 1, for 
Mt-Nb(II) and Hs-Nb(II) [34] (Fig. 3, panel B). Based on its intensity 
decrease upon excitation with the 413.1 nm (data not shown), it was 
assigned to the ν(Fe-His) stretching mode, which is expected to give rise 
to a strong band in 5cHS ferrous heme proteins upon excitation in the 
Soret band [49]. Usually, the ν(Fe-His) stretching mode frequency spans 
from about 200 cm− 1 (neutral proximal His) to 250 cm− 1 (deprotonated 

Fig. 3. UV–Vis (Panel A) and RR spectra of ferrous Mt–Nb, [34], At–Nb (present study), and Hs–Nb [34] obtained upon 441.6 nm excitation in the low (Panel B, 
left side) and high (Panel B, right side) wavenumber regions at pH 7.0. The spectra of Efc-Mb in similar conditions are reported for comparison [50,52]. The bands 
characteristic of the 5cHS and 6cLS species are indicated in red and blue, respectively, while the vibrational modes of the propionate and vinyl groups are displayed 
in purple and magenta, respectively. Experimental conditions for At-Nb(II): 6.5 mW at the sample, 120 min integration time. (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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Nδ). Its frequency is an optimal probe of the proximal cavity structure 
[59]. In Efc-Mb(II) and ferrous Physeter catodon Mb (Pc-Mb(II)), where 
the Nδ proton is H-bonded to a neutral backbone carbonyl group, the 
ν(Fe-His) stretch was found at 220 cm− 1 [47,50]. Therefore, in ferrous 
Nbs the lower ν(Fe-His) wavenumber indicates a weaker interaction 
than in Mb(II). Interestingly, in At-Nb(II) the ν(Fe-His) wavenumber 
(217 cm− 1) is close to that of Mb(II), suggesting a similar proximal 
ligand strength. 

3.2.2. Fe(II)-CO 
Upon CO binding, all the investigated Nbs(II) give rise to a 6cLS 

complex with UV–Vis absorption bands at 419–420, 537 and 568 nm 
(Fig. 4, panel A). The wavenumbers of the RR vibrational modes of the 
carbonylated Mt-Nb(II), At-Nb(II) and Hs-Nb(II) complexes (i.e., Mt-Nb 
(II)-CO, At-Nb(II)-CO and Hs-Nb(II)-CO complexes, respectively) are 
reported in Fig. 4 (panel B) and listed in Table S1. Nbs show a single CO 
conformer, characterized by ν(FeC) / ν(CO) couples at 510 / 1958 cm− 1, 
and 509 / 1950 cm− 1 for Mt-Nb(II)-CO and Hs-Nb(II)-CO, respectively. 
In addition, in the present study, the ν(FeC) and ν(CO) stretching mode 
wavenumbers of the At-Nb(II)-CO complex (present study; see Supple
mentary Materials, Table S1) are found at 503 cm− 1 and at 1958 cm− 1. 

The latter is in fair agreement with the value of 1959 cm− 1 for the ν(CO) 
in At-Nb(II)-CO, as previously reported by FTIR spectroscopy [30]. 
Unlike Nbs, wild type Pc-Mb(II) binds CO into three different confor
mations, denoted A0, A1, and A3. A0 is predominant at acid pH, and the 
other two species dominate above pH 7.0, being A1 the main conformer 
[60]. For Efc-Mb(II) only the A1 species has been identified by RR [50], 
while two ν(CO) stretching have been observed in the IR spectrum [61]. 

CO binding is an excellent probe of the distal cavity of heme proteins, 
as the CO vibrations are sensitive to the molecular environment of the 
bound ligand [62]. Since the back-donation from the Fe dπ to the CO π* 
orbitals depends on polar interactions, a strong hydrogen bond between 
the bound CO and the protein distal residues favors back-donation, with 
a strengthening of the Fe–C bond and a corresponding weakening of the 
CO bond [62]. An inverse linear correlation between the ν(FeC) and 
ν(CO) stretching mode wavenumbers was found for heme proteins and 
heme-model compounds containing a His residue as the fifth heme-Fe 
(II) ligand [62,63]. The ν(FeC)/ν(CO) position along the correlation 
line reflects the type and strength of distal polar interactions [62,63]. 
Moreover, CO complexes with a weak or absent proximal ligand are 
located above the histidine line, as a result of the variations in the donor 
strength of the trans-ligand [63]. 

Fig. 4. UV–Vis (Panel A) and RR spectra (Panel B, left side) of Mt-Nb(II)-CO, [34], At-Nb(II)-CO (Table S1; present study), and Hs-Nb(II)-CO [34] obtained upon 
413.1 nm laser line excitation in the 450–590 and 1800–2160 cm− 1 wavenumber regions at pH 7.4. The spectra of Efc-Mb in similar conditions are reported for 
comparison [95]. Experimental conditions for At-Nb(II)-CO: 1.5 mW at the sample, 90 min integration time. (Panel B, right side) Back-bonding correlation plot of the 
ν(FeC) and ν(CO) stretching wavenumbers of the CO complexes of ferrous Mt–Nb, At–Nb, and Hs–Nb at pH 7.4 as obtained by RR spectroscopy (Panel B, left side). 
The corresponding wavenumbers of Efc-Mb at neutral pH, and Pc-Mb at neutral and acid pH [64], are reported for comparison. The solid line represents hex
acoordinated carbonylated heme proteins with His as the proximal ligand. All the wavenumbers are listed in Table S1. 
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The ν(FeC)/ν(CO) points for all the investigated Nbs appear to be 
displaced above the histidine line, as shown in the Fig. 4, panel B, the 
effect being more pronounced for Mt-Nb(II)-CO with respect to At-Nb 
(II)-CO and Hs-Nb(II)-CO, as a consequence of a trans-ligand effect. In 
addition, the CO ligated form of At-Nb(II) shows a moderate back- 
bonding, weaker than that of Hs-Nb(II)-CO, indicating a slightly less 
polar cavity. This point appears also below the A1 conformer of Mb, 
which is characterized by moderate back-bonding induced by weak H- 
bonding from the distal His residue (Efc-Mb(II)-CO: 509 and 1944 cm− 1; 
Pc-Mb(II)-CO: 508 and 1946 cm− 1) [50,64]. Mbs at acid pH [64] (e.g., 
Pc-Mb at pH 3.9), similar to Mb variants where the distal His is replaced 
by non-polar residues [65], are characterized by ν(FeC) and ν(CO) 
modes at 491 and 1966 cm− 1, respectively, reflecting a decrease in back- 
bonding and thus an open cavity [63]. 

3.2.3. Fe(II)-NO 
As shown in Fig. 5, the EPR spectra of nitrosylated Mt-Nb(II), At-Nb 

(II), Hs-Nb(II), and Pc-Mb(II) (i.e., Mt-Nb(II)-NO, At-Nb(II)-NO, Hs-Nb 
(II)-NO, and Pc-Mb(II)-NO, respectively) are very different. In fact, the 
EPR spectra of nitrosylated Nb(II) display the three-line hyperfine 
splitting constant of 17 G, which is absent in the EPR spectrum of Efc-Mb 
(II)-NO. This indicates a significant amount of cleavage of the heme-Fe 
(II)-His proximal bond of Nb(II)-NO already at pH 7.0, whereas the 
metal center of Efc-Mb(II)-NO is stably hexacoordinated under the same 
conditions [2,34,35,41,66–73]. 

4. Reactivity properties 

4.1. Fe(II) derivative 

Unlike Pc-Mb, Nbs display a rapid oxidation in the presence of O2, 
envisaging a likely very low redox potential, even though no direct 
measurement has been carried out so far. As a result, the study of 
reduced Nb(II) forms can be undertaken only in the presence of a strong 
reductant like sodium dithionite, and precautions must be taken to 
prevent any exposure to gaseous phase and even minor O2 contamina
tion. Such a feature is reflected by the observation that values of the 
second-order rate constant of Mt-Nb(II), At-Nb(II), and Hs-Nb(II) 
oxidation by hydroxylamine (1.1 × 104 M− 1 s− 1, 6.5 × 104 M− 1 s− 1, and 
2.2 × 104 M− 1 s− 1, respectively) [74] are 50- and 300-fold higher than 
that of Pc-Mb(II) (2.5 × 102 M− 1 s− 1) [75]. As a consequence, the 

reactivity of Nb(II) with O2 is limited to measuring the O2 dissociation 
rate constant using the O2-pulse method [76]. Table 1 reports values for 
three Nbs and Pc-Mb, highlighting their close similarity to each other. 
Despite the reported differences in the structural arrangement of the 
distal side of the heme pocket, where Nbs have an open access to the 
bulk solvent while Pc-Mb (see above) has a distal barrier, the similarity 
in the O2 dissociation rate constants suggests that Nbs have a value of the 
overall free energy barrier for O2 dissociation similar to that observed in 
Pc-Mb. This barrier is estimated to be around 68 ± 2.6 kJ/mol. However, 
it is very likely that this is only an overall similarity, since the major 
contribution to O2 binding in Pc-Mb, which occurs through H-bonding 
with the distal His residue, cannot be the same in Nbs, where no distal 
His is present. The characterization of the O2 dissociation pathway in 
Nbs is rendered very difficult by the dramatic instability of the Nb(II)-O2 
form, which rapidly converts to Nb(III) at a rate faster than the dead 
time of the stopped-flow (⁓ 2 ms). As a result, only a small percentage of 
Nb(II)-O2 can be observed by O2 pulse experiments [33]. 

The reactivity of Nb(II) towards CO and NO exhibits similarities 
when compared to Pc-Mb(II). The association rate constants values for 
CO and NO binding to Nb(II) are 2- to 5-fold and 10- to 30-fold lower, 
respectively, than those of Pc-Mb(II) (Table 1). However, when the re
action is monitored using stopped-flow, only a slow association rate 
constant is observed for both CO and NO binding to Nb(II) (Table 1). In 
contrast, laser photolysis experiments reveal a bimolecular biphasic 
rebinding process, with a minor fast phase displaying values similar to 
Pc-Mb(II) and a major slower phase showing values closer to those ob
tained by stopped-flow (Table 1). This feature might be tentatively 
explained by the shielding of the heme distal pocket from the bulk sol
vent, as reported for ligand-free Mt-Nb(III) [33], suggesting that a dense 
network of water molecules act as a barrier in Nbs, slowing down ligand 
binding during the rapid-mixing method. Since the very crowded 
network of water molecules is essentially dissipated upon binding of a 
diatomic ligand [33], the approximately 20-fold faster bimolecular rate 
constants observed by laser photolysis for CO and NO (Table 1) likely 
correspond to ligand rebinding before the reorganization of the water 
solvent network. According to this hypothesis, the fast rate likely cor
responds to CO and NO rebinding preceding the formation of the water 
solvent network, whereas the slow rate, similar to that observed by 
rapid-mixing stopped-flow, possibly reflects ligand binding after the 
restoration of the water solvent network. This being the case, the free 
energy barrier represented by the water solvent network can be esti
mated to be 7.3 kJ/mol, and the rate constant for the reformation of the 
water solvent network after ligand dissociation should be 
1000 ± 500 s− 1. 

An additional functional difference between Nbs(II) and Pc-Mb(II) is 
the pH effect on the proximal Fe(II)-His bond; thus, unliganded Pc-Mb 
(II) shows a cleavage (or a severe weakening) of the proximal bond at 
pH ≤ 3.5 with a consequent enhancement of the CO binding rate con
stant [77–79], whereas no evidence of a proton-linked cleavage has been 
observed for unliganded Nb(II), even at pH = 2.3, resulting in a pH- 
independence of the CO association velocity [34]. Such a feature 
would envisage either a stronger proximal Fe-His bond or a lower 
accessibility of bulk protons to the proximal His residue in Nbs than in 
Pc-Mb(II). This explanation seems more plausible to explain the pH- 
independent behavior of Nbs, considering their highly hydrophobic 
environment on the proximal side of the heme pocket [32]. In fact, the 
proximal Fe-His bond in Nbs is shielded from the bulk protons, leading 
to a significant decrease in the “apparent” pKa for the protonation of the 
proximal histidyl side chain. The compactness and rigidity of the prox
imal pocket in Nbs might contribute to the weakening of the Fe-His bond 
when a ligand, such as CO and/or NO, is bound in the trans-axial posi
tion. Consequently, in these ligand-bound forms, the Fe-His bond of Nbs 
is either cleaved or significantly weakened. This unusual finding has 
been highlighted by EPR spectroscopy in Nb(II)-NO species [34,35] as 
well as by RR spectroscopy in Fe(II)-CO derivatives, and is supported by 
the fast CO dissociation rate constant (Figs. 4 and 5, and Table 1) [34]. 

Fig. 5. EPR spectra of Mt-Nb(II)-NO, At-Nb(II)-NO, Hs-Nb(II)-NO and Efc-Mb 
(II)-NO at pH 7.0 and 110 K [34,41]. The percentage of the five-coordinated 
form of the heme-Fe(II) atom is 0.55 for Mt-Nb(II)-NO, 0.54 for At-Nb(II)-NO, 
0.88 for Hs-Nb(II)-NO, and 0.00 for Efc-Mb(II)-NO [34,41]. 
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4.2. Fe(III) derivative 

As reported above, the most stable Nb form is the oxidized ferric Fe 
(III) species; this property is responsible for the peculiar behavior of the 
reaction of Nb(II)-NO with O2 [39]. Unlike Mb(II)-NO, whose oxidation 
rate (kautox = (1.2 ± 0.04) × 10− 4 s− 1) is rate-limited by the dissociation 
of NO (koff(NO) = (1.2 ± 0.3) × 10− 4 s− 1) [80], O2 oxidizes directly the 
Nb(II)-NO complexes. This reaction leads to the transient formation of 
the Nb(III)-N(O)O2 species, which then dissociates to Nb(III) and NO3

− . 
Values of the second-order rate constant for the formation of the Nb(III)- 
N(O)O2 species range between (1.4 ± 0.2) × 103 M− 1 s− 1 and 
(6.3 ± 0.8) × 103 M− 1 s− 1 and values for the conversion of Nb(III)-N(O) 
O2 to Nb(III) and NO3

− are exceeding 5 × 103 s− 1. Thus, the O2-based 
oxidation of Nb(II)-NO is faster than the conversion of Pc-Mb(II)-NO to 
Pc-Mb(III) and NO3

− [41]. 
Nb(III) interacts with NO displaying bimolecular association rate 

constants that are 15- to 30-fold faster than that of Pc-Mb(III) (Table 2) 
[36]. Moreover, values of kinetic parameters for NO binding to Nb(III) 
are closely similar to those observed for Nb(II)-NO complex formation 
(Table 1). Since the second-order rate constant for NO binding to Pc-Mb 
(II) is about 300-fold faster than for Pc-Mb(III) nitrosylation (Tables1 
and 2), the close similarity of NO association to Nbs(III) and Nbs(II) is a 
very peculiar feature, indicating that the free energy barrier is essen
tially the same (i.e., ~ 38.3 ± 1.0 kJ/mol). This behavior may be related 
to the similar shielding effect of the heme by the distal water molecules 
network [33]; therefore, the 1000-fold higher affinity of NO for Nb(II) 
than for Nb(III) reflects the 1000-fold difference of the first-order rate 
constant for NO dissociation from nitrosylated Nb(III) (Nb(III)-NO)) and 
Nb(II)-NO, due to the intrinsic features of the Fe(III)-NO and Fe(II)-NO 
bonds. Further, it is worth outlining that values of the NO dissociation 
rate constant for Nb(III)-NO are 10- to 20-fold faster than that for NO 
dissociation from Pc-Mb(III)-NO (Table 2) [36,39], while they are 200- 
to 700-fold faster for Nb(II)-NO with respect to nitrosylated Pc-Mb(III) 
(i.e., Pc-Mb(III)-NO) (Table 2) [30,36,39]. Such a behavior possibly 

reflects both (i) the dissipation of the water molecules network upon 
ligand binding, and (ii) the very open communication between the distal 
site of the heme pocket and the bulk solvent [33]. As a whole, while Pc- 
Mb(II)-NO appears to act as a NO trap, Nb(II)-NO appears as a NO 
storage (with a 10,000-fold lower affinity than in Pc-Mb(II)-NO) and Nb 
(III)-NO a potential signaling molecule as well as a NO source closely 
related to Nb(II)-NO. Interestingly, Hs–Nb represents the C-terminal 
domain of the nuclear protein THAP4, which has been postulated to act 
as a gas sensor able to modulate its transcriptional activity residing at 
the N-terminus [31,33,81]. 

As already reported for Pc-Mb [82], the Nb(III)-NO is shifted at 
pH ≥ 7.6 bringing about the OH− -induced reductive nitrosylation of Nb 
(III)-NO to Nb(II)-NO (Fig. S1); this process displays a rate constant 15- 
to 20-fold faster than that of Pc-Mb(III)-NO (Table 3). The fast conver
sion of Nb(III)-NO to Nb(II)-NO may reflect the open heme distal pocket 
of Nbs and thus the high accessibility of the anionic OH− to the reaction 
center, which represents the rate-limiting step of the overall process 
(Table 3 and Fig. S1) [36,39]. 

A final comment is deserved about the peroxynitrite scavenging ac
tivity of ferric Nbs which display a behavior similar to that of Pc-Mb(III). 
In fact, values of the second-order rate constant for peroxynitrite 
detoxification from Mt-Nb(III), At-Nb(III), and Hs-Nb(III) 
((6.9 ± 0.6) × 104 M− 1 s− 1, (3.7 ± 0.5) × 104 M− 1 s− 1, and 
(3.4 ± 0.4) × 104 M− 1 s− 1, respectively) [33,40] are only 2- to 4-fold 
higher than that of Pc-Mb(III) ((1.6 ± 0.1) × 104 M− 1 s− 1) [83]. This is 
likely due to the fact that peroxynitrite access to the active site is 
scarcely affected by the barrier, operating for other ligands, even though 
a small effect can be observed with a faster reactivity for the Nb metal 
center with respect to Pc-Mb(III) [42]. 

5. Conclusion and perspectives 

Data here reported emphasize that structural differences between all- 
α-helical and all-β-barrel heme-proteins influence their reactivity 

Table 1 
Values of kinetic and thermodynamic parameters for O2, CO, and NO (i.e., L) binding to ferrous nitrobindins and myoglobin (i.e., Fe(II)).  

Heme-protein koff(O2) 

(s− 1) 
kon(CO) 

(M− 1 s− 1) 
koff(CO) 

(s− 1) 
koff(CO)/kon(CO) 

(M) 
kon(NO) 

(s− 1) 
koff(NO) 

(M− 1 s− 1) 
koff(NO)/kon(NO) 

(M) 

Mt-Nb(II) a (1.1 ± 0.1) × 101 (5.5 ± 0.6) × 104 b 3.5 ± 0.5 (6.3 ± 0.6) × 10− 5 (1.7 ± 0.3) × 106 b (6.8 ± 0.7) × 10− 2 (4.0 ± 0.5) × 10− 8 

(1.6 ± 0.3) × 105 (~40%) c 

(8.3 ± 1.0) × 104 (~60%) c 

At-Nb(II) 6.8 ± 0.7 a 2.3 × 105 b, d 5.0 × 10− 2 d 2.2 × 10− 7 d 8.1 × 107 b, d ~8 × 10− 3 d ~1 × 10− 9 d 

Hs-Nb(II) a (1.9 ± 0.3) × 101 (1.0 ± 0.2) × 105 b 3.8 ± 0.5 (3.8 ± 0.4) × 10− 5 (9.3 ± 1.1) × 105 b (2.1 ± 0.3) × 10− 3 (2.3 ± 0.5) × 10− 8 

(3.9 ± 0.5) × 106 (~15%) c (1.5 ± 0.3) × 107 (~12%) c 

(1.7 ± 0.3) × 105 (~85%) c (8.5 ± 1.0) × 105 (~88%) c 

Pc-Mb(II) 1.0 × 101 e 5.1 × 105 f 1.9 × 10− 2 f 3.7 × 10− 8 f 2.2 × 107 b, g 1.2 × 10− 4 g, h 5.5 × 10− 12  

a pH 7.0; 25.0 ◦C. From [34]. 
b Determined by rapid-mixing stopped-flow. 
c pH 7.0; 20.0 ◦C. The standard deviation was not available. From [30]. 
d pH 7.0; 20.0 ◦C. The standard deviation was not available. From [30]. 
e pH 7.0; 20.0 ◦C. The standard deviation was not available. From [92]. 
f pH 7.0; 20.0 ◦C. The standard deviation was not available. From [48]. 
g pH 7.0; 20.0 ◦C. The standard deviation was not available. From [96]. 
h pH 7.0; 20.0 ◦C. The standard deviation was not available. From [97]. 

Table 2 
Values of kinetic and thermodynamic parameters for NO binding to ferric nitrobindins and myoglobin (i.e., Fe(III)).  

Heme-protein kon(NO) (M− 1 s− 1) koff(NO) (s− 1) K(NO) (M) koff(NO)/kon(NO) (M) 

Mt-Nb(III) a (1.8 ± 0.2) × 106 (3.3 ± 0.7) × 101 (5.0 ± 1.5) × 10− 5 (1.8 ± 0.2) × 10− 5 

At-Nb(III) b 1.2 × 106 7.3 × 101 n.d. 6.1 × 10− 5 

Hs-Nb(III) a (1.1 ± 0.1) × 106 (4.7 ± 0.8) × 10 1 (4.4 ± 1.2) × 10− 5 (4.3 ± 1.2) × 10− 5 

Pc-Mb(III) c (6.8 ± 0.7) × 104 3.1 ± 0.3 (3.8 ± 0.5) × 10− 5 (4.5 ± 0.5) × 10− 5 

n.d., not determined. 
a pH 7.0; 20.0 ◦C. From [33]. 
b pH 7.0; 20.0 ◦C. The standard deviation was not available. From [30]. 
c pH 7.2; 20.0 ◦C. From [36]. 
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towards exogenous ligands. The reduced reactivity of Nb(II) towards 
exogenous ligands, such as CO and NO, is likely attributed to two factors. 
First, the presence of crowded H2O molecules at the heme distal side 
hinders ligand binding. Second, the highly hydrophobic nature of the 
heme proximal side creates a barrier for the coordinated movement of 
the proximal His-Fe(II) bond and the metal ion towards the heme plane 
upon ligand binding. The three-dimensional structures of Nb determined 
so far [30,31,33] indicate a weakening of the His-Fe proximal bond, that 
is 0.10–0.17 Å longer than that observed in Pc-Mb and Efc-Mb [84,85]; 
such bond length differences are meaningful given the high resolution 
(ranging from 1.79 Å to 1.36 Å) of the three-dimensional structures 
examined and envisage an enhanced strain on the proximal bond in Nbs. 
This proximal strain also leads to a severe weakening, and even the 
cleavage, of the His-Fe(II) proximal bond in the ligand-bound forms (i.e., 
Nb(II)-CO and Nb(II)-NO), resulting in a markedly accelerated dissoci
ation rate constants for CO. However, this is not true for NO dissociation, 
since the cleavage of the proximal bond, as occurring for the α-chains of 
human Hb(II)-NO in the T-state, brings about a slowing down for the 
rate of NO dissociation [86]; therefore, the observed faster rate constant 
for NO dissociation from Nb(II)-NO must be attributed instead to the 
more open distal heme pocket and the absence of a distal His. The 
drastically different regulation of ligand-induced conformational 
changes in Nbs, compared to other monomeric heme-proteins like 
mammalian Mbs, aligns with their likely different physiological role 
[33,40,41]. Notably, Nbs exhibit a redox-linked coordination change of 
the heme-Fe atom in response to variations in NO and O2 levels, 
modulating the redox equilibrium. Thus, raising of NO concentration 
pushes the equilibrium in favor of the reduced Nb(II)-NO form (with a 
severe weakening, or even a cleavage, of the proximal His-Fe(II) bond), 
whereas the increase of O2 levels shifts quickly the equilibrium in favor 
of the oxidized Nb(III) form, leading to the reformation of the proximal 
His-Fe(III) bond. This behavior envisages a metabolic signaling role of 
Nbs since sensing of O2 and NO levels causes a redox-linked coordina
tion change of the heme-Fe atom, which is then transmitted to the 
protein matrix. This function might be of the utmost importance in 
poorly oxygenated tissues like the retinas of the eyes, where a delicate 
balance between oxygenation and blood flow (regulated by NO) is 
crucial. Dysfunction in this balance can contribute to pathological 
conditions such as glaucoma and diabetic retinopathy [87,88]. 

As reported for other heme-proteins, Nb could play an important role 
in maintaining NO levels especially in the eyes of fish, which undergo 
high hydrostatic pressure under deep diving conditions [89]. This hy
pothesis is based on transcriptomic data [90,91] that indicate increased 
levels of Nb expression in zebrafish embryonic retinal pigment and tis
sues subjected to constant hypoxia. Future in vivo studies will be 

conducted to further explore the role of Nb, which has thus far been 
investigated in vitro using biochemical assays. 
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