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Abstract: Nitrobindins (Nbs) are all-p-barrel heme proteins spanning from bacteria to Homo sapiens.
They inactivate reactive nitrogen species by sequestering NO, converting NO to HNO;, and pro-
moting peroxynitrite isomerization to NO3~. Here, the nitrite reductase activity of Nb(Il) from
Mycobacterium tuberculosis (Mt-Nb(Il)), Arabidopsis thaliana (At-Nb(II)), Danio rerio (Dr-Nb(II)), and
Homo sapiens (Hs-Nb(II)) is reported. This activity is crucial for the in vivo production of NO, and thus
for the regulation of blood pressure, being of the utmost importance for the blood supply to poorly
oxygenated tissues, such as the eye retina. At pH 7.3 and 20.0 °C, the values of the second-order
rate constants (i.e., kop) for the reduction of NO, ™ to NO and the concomitant formation of nitro-
sylated Mt-Nb(II), At-Nb(IT), Dr-Nb(II), and Hs-Nb(II) (Nb(I)-NO) were 7.6 M~' s~1,93 M1 571,
14 x 10! M~ 1571 and5.8M~1s71, respectively. The values of kon increased linearly with decreasing
pH, thus indicating that the NO, ~-based conversion of Nb(II) to Nb(II)-NO requires the involvement
of one proton. These results represent the first evidence for the NO, reductase activity of Nbs(II),
strongly supporting the view that Nbs are involved in NO metabolism. Interestingly, the nitrite
reductase reactivity of all-p-barrel Nbs and of all-x-helical globins (e.g., myoglobin) was very similar
despite the very different three-dimensional fold; however, differences between all-a-helical globins
and all-B-barrel Nbs suggest that nitrite reductase activity appears to be controlled by distal steric
barriers, even though a more complex regulatory mechanism can be also envisaged.

Keywords: Mycobacterium tuberculosis nitrobindin; Arabidopsis thaliana nitrobindin; Danio rerio
nitrobindin; Homo sapiens nitrobindin; nitrite reductase activity; kinetics

1. Introduction

All-o-helical heme proteins are pivotal for O, NO, and CO sensing, storing, transport,
and chemistry [1-4]. Classical globins, including hemoglobin (Hb) and myoglobin (Mb),
are composed of eight x-helical segments that are arranged in a 3/3 fold around the heme;
the A, B, and E «-helices face the heme on one side and the F, G, and H «-helices on the
other side [2-6].

Over the last 25 years, additional structural folds have been observed in heme proteins,
such as a subset of all-a-helical globins, called truncated hemoglobins (trHbs), which were
found in bacteria, plants, and in some unicellular eukaryotes [7]. TrHbs display a 2/2-fold,
in which two anti-parallel pairs of helices (i.e., B/E and G/H) enclose the heme [7-13]. In
3/3 and 2/2 all-a-helical heme proteins, the fifth ligand of the metal center is the Ne atom
of the so-called “proximal” histidyl residue; in most cases, a second histidyl side chain
faces the heme—Fe-atom at the heme distal site [1-6].

More recently, all-(3-barrel heme proteins (i.e., nitrophorins (NPs) and nitrobindins
(Nbs)) have been discovered and characterized from both structural and functional view-
points. Interestingly, NPs are present only in the salivary gland of Rhodnius prolixus whereas
Nbs span from bacteria to Homo sapiens [13-18]. Although in NPs and Nbs the heme is
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anchored to the protein moiety by a proximal His residue, forming the fifth axial ligand
of the Fe atom, they are predominantly in the ferric form [13-19]. On the other hand, the
histidyl residue, which is facing the heme distal side in most all-o-helical globins, is absent
in NPs and Nbs, thus preventing the heme—Fe-atom six-coordination and the consequent
inactivation of the metal center [19].

Ferric and ferrous Nbs (Nb(III) and Nb(II), respectively) bind reversibly to NO with
similar combination rate constants ((1.4 + 0.4) x 10° M~ s~! and (1.5 4+ 0.6) x 10° M1 s71,
respectively); the very different values of the dissociation rate constant (4.6 + 2.6) x 10! s~ and
(57 +£25)x 1072571, respectively) are at the root of the different affinities ((3.5 & 2.5) X 10°M
and (3.5 £ 2.5) x 1078 M, respectively) [19-22]. Of note, NO binding to the sixth coordination
position of the heme-Fe-atom induces the cleavage or the severe weakening of the fifth proximal
His-Fe(Il) bond, at a neutral pH; this process occurs only at low pH or in the presence of
allosteric effectors in Mb and Hb, respectively [23,24]. Moreover, at alkaline pHs, NO facilitates
the reduction of the heme-Fe(Ill)-atom leading to the nitrosylation of the ferrous metal center
(Nb(I)-NO) with a OH™-dependent reaction via the transient formation of ferric nitrosylated
Nb (Nb(III)-NO); concomitantly, one equivalent of HNO; is produced [20,22]. Furthermore, Nbs
catalyze the isomerization of peroxynitrite to NO3~ and NO, ™ in the absence and presence of
CO, [19,25,26]. Lastly, Oy scavenging by Nb(II)-NO leads to NO; ~ and Nb(III) via the transient
formation of a Nb(III)-NO(O)O adduct [24].

Here, the nitrite reductase activity of Nb(II) from Mycobacterium tuberculosis (Mt-
Nb(1l)), Arabidopiss thaliana (At-Nb(II)), Danio rerio (Dr-Nb(II)), and Homo sapiens (Hs-Nb(II))
is reported and analyzed in parallel with the kinetics of several heme proteins spanning
from globins to cytochrome c [27-30].

Although the physiological function(s) of Nbs remain(s) still largely obscure, it is
worth remarking that all these data indeed suggest that Nbs might be involved in NO
signaling and metabolism. Indeed, nitrosative stress plays a pivotal role in the onset and
progression of several human diseases, such as atherosclerosis, inflammation, cancer, and,
importantly, in neurological disorders, being relevant in the pathogenesis of retinopathies
and glaucoma [31]. Thus, a better comprehension of Nb functional and biochemical
properties could have important implications in understanding the molecular basis of these
diseases and to offer novel therapeutic target(s).

2. Results

Mixing the Nb(II) solutions with NO, ™ solutions (at pH 7.3 and 20.0 °C) induces a
shift of the optical absorption maximum of the Soret band from 430 nm (i.e., Mt-Nb(Il),
At-Nb(II), Dr-Nb(II), and Hs-Nb(II)) to 414 nm (M{-Nb(II)-NO), 408 nm (A{-Nb(II)-NO),
401 nm (Dr-Nb(II)-NO), and 407 nm (Hs-Nb(II)-NO). Moreover, the absorbance spectrum
of Dr-Nb(II)-NO showed a shoulder at 417 nm. The absorbance spectra of Mt-Nb(II)-NO,
At-Nb(II)-NO, Dr-Nb(II)-NO, and Hs-Nb(II)-NO, obtained by NO, ™ reduction, overlapped
with those achieved by flowing gaseous NO in Mt-Nb(II), At-Nb(II), Dr-Nb(II), and Hs-
Nb(II) solutions. Interestingly, the absorbance spectra of Mt-Nb(II)-NO, At-Nb(II)-NO,
Dr-Nb(II)-NO, and Hs-Nb(II)-NO reflected the cleavage or the severe weakening of the
proximal His-Fe(II) bond as evidenced from EPR spectroscopy [21,23,24].

Over the whole pH range explored (i.e., between pH 5.8 and 7.6), the kinetics of
NO, ~-based nitrosylation of Mt-Nb(Il), At-Nb(II), Dr-Nb(II), and Hs-Nb(II) was fitted to
a single-exponential decay according to Equation (3) (Figures 1-4, panels A). According
to the literature [27-29,32-48], this indicates that the Nb(III) intermediate species (see
Scheme 1), which is rapidly converted to Nb(II)-NO by reacting with dithionite and NO,
does not accumulate in the course of the NO, ~-based nitrosylation of Mt-Nb(II), At-Nb(II),
Dr-Nb(II), and Hs-Nb(II).
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Figure 1. Nitrite reductase activity of Mt-Nb(II) at 20.0 °C. (A) Normalized averaged time courses
for the NO, "-mediated conversion of Mi-Nb(II) to Mt-Nb(II)-NO at pH 7.3 in the presence of
5.0 x 1073 M (trace a) and 1.2 x 1072 M (trace b) NO, . The time course analysis according to
Equation (3) allowed the determination of the following values of kgps: 3.8 X 102 s~ (trace a)
and 9.4 x 1072 57! (trace b). (B) Dependence of ky,s on the NO, ™ concentration for Mt-Nb(II)
nitrosylation, at pH 7.3. The solid line was calculated according to Equation (4) with the following
value of kon = 7.6 & 0.8 M~! s~1. (C) pH-dependence of log kon for the NO, ~-mediated conversion of
Mt-Nb(II). The value of the slope of the continuous line is —0.96 & 0.10. Where not shown, standard

deviation is smaller than the symbol.
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Figure 2. Nitrite reductase activity of At-Nb(II) at 20.0 °C. (A) Normalized averaged time courses for
the NO, ~-mediated conversion of At-Nb(II) to At-Nb(II)-NO at pH 7.3 in the presence of 5.0 x 1073 M
(trace a) and 1.2 x 1072 M (trace b) NO, ~. The time course analysis according to Equation (3) allowed
the determination of the following values of kp: 4.4 X 1072571 (trace a) and 1.1 x 10! s~ (trace b).
(B) Dependence of ks on the NO, ™ concentration for At-Nb(II) nitrosylation at pH 7.3. The solid
line was calculated according to Equation (4) using kon = 9.3 + 1.0 M~! s, (C) pH-dependence of
log kon for the NO, ~-mediated conversion of At-Nb(II). The value of the slope of the continuous line
is —1.03 % 0.10. Where not shown, standard deviation is smaller than the symbol.
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Figure 3. Nitrite reductase activity of Dr-Nb(II) at 20.0 °C. (A) Normalized averaged time courses
for the NO, ~-mediated conversion of Dr-Nb(II) to Dr-Nb(II)-NO at pH 7.3 in the presence of
50 x 1073 M (trace a) and 1.2 x 1072 M (trace b) NO,~. The time course analysis accord-
ing to Equation (3) allowed the determination of the following values of kupg: 7.8 x 1072 571
(trace a) and 1.6 x 10~ s~ (trace b). (B) Dependence of ky,s on the NO,™ concentration for
Dr-Nb(II) nitrosylation at pH 7.3. The solid line was calculated according to Equation (4) using
kon = (1.4 £0.2) x 10! M~1 571, () pH-dependence of log kon for the NO, ~-mediated conversion of
Dr-Nb(II). The value of the slope of the continuous lines is —1.1 & 0.10. Where not shown, standard
deviation is smaller than the symbol.
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Figure 4. Nitrite reductase activity of Hs-Nb(II) at 20.0 °C. (A) Normalized averaged time courses
for the NO, -mediated conversion of Hs-Nb(II) to Hs-Nb(II)-NO at pH 7.3 in the presence of
5.0 x 1073 M (trace a) and 1.2 x 1072 M (trace b) NO, . The time course analysis according to
Equation (3) allowed the determination of the following values of kgps: 2.9 X 10~2 s~ (trace a) and
7.3 x 1072 57! (trace b). (B) Dependence of ks on the NO, ~ concentration for Hs-Nb(II) nitrosyla-
tion at pH 7.3. The solid line was calculated according to Equation (4) using kon = 5.8 + 0.6 M~ s~1.
(C) pH-dependence of log kon for the NO, ~-mediated conversion of Hs-Nb(II)-NO. The value of the
slope of the continuous line is —0.99 %+ 0.10. Where not shown, standard deviation is smaller than

the symbol.



Int. J. Mol. Sci. 2023, 24, 6553

7 of 17

kobs
Nb(II) + NO,” + H* ——— Nb(IIl) + NO + OH"
fast
Nb(III) + Na,S,0, + NO > » Nb(II)-NO

Scheme 1. NO; ™ reduction by Mt-Nb(II), At-Nb(II), Dr-Nb(II), and Hs-Nb(II).

Under all experimental conditions, the values of ks for the NO, ~-based nitrosylation
of Nb(Il) increased linearly with NO, ™ concentration (Figures 14, panel B). The analysis of
the data according to Equation (4) allowed the determination of ko, values (corresponding
to the slope of the linear plots) for NO, ™~ (Table 1). The y-intercept of the linear plots was
close to zero (Figures 14, panel B), indicating that the NO, ~-based nitrosylation of Mt-Nb(II),
At-Nb(II), Dr-Nb(II), and Hs-Nb(II) can be considered as an essentially irreversible process, as
already reported [27-30,32,36,40-42,44—47]. Moreover, the values of k,, for the NO, ~-based
nitrosylation of Nb(Il) increased linearly with decreasing pH (Figures 1-4, panel C) with
slopes ranging between —0.96 + 0.10 and —1.10 £ 0.10. This indicates the involvement of
one proton in the NO, ~-based conversion of Nb(II) to Nb(II)-NO (see Scheme 1), as already
reported for heme proteins and heme model compounds [27-30,32,36,40-42,44-47].

Table 1. Values of the second-order rate constants for the nitrite reductase activity and carbonylation
of ferrous heme proteins as well as heme-Fe coordination.

Heme Protein (’;‘/’1“7(1;122:1)) ( I\I/i(lnl(csg)l) Heme-Fe(II) Coordination
Mt-Nb(1I) 7.62 5.5 x 10*P 5C¢
At-Nb(II) 932 2.3 x 10°P na.
Dr-Nb(IT) 1.4 x 1012 na. 5C¢
Hs-Nb(II) 5.82 1.0 x 105P 5C¢

S-Hb(II) 6.8 x 1014 3.0 x 10°¢ 6Cf
At-Hb(IT) class 1 2.0 x 1018 4.6 x 1050 6C (60%) + 5C (40%)
At-Hb(II) class 2 498 1.0 x 106h 6C1

Rice nonsymbiotic Hb(II) class 1 8.3 x 1014 2.4 x 106¢ 6C (65%) + 5C (35%) 1

o 2 21
Cc-Mb(1I) type 1 53" n.a. n.a.
Cc-Mb(1I) type 2 18" n.a. n.a.
Efc-Mb(II) 29° 5.5 x 10°P 5C4
Pc-Mb(II) 60" 5.0 x 10°h 5Cs
Mm-Ngb(IT) 5.1°% 2.6 x 1024 6CV
Hs-Ngb(Il) CysCD4-CysD5 1.2 x 1071w 4.6 x 10%¢ 6C >
Hs-Ngb(Il) CysCD4/CysD5 6.2 x 1072 4.0 x 10%¢ 6C >
Hs-Cygb(Il) CysB2-CysE9 3.2 % 1017 6.5 x 103¢ 6C >
(monomer)
Hs-Cygb(II) CysB2/CysE9 63 x 10-1aa 12 x 10%¢ 6C X
(monomer)

Hs-Cygb(1I) CysB2/CysE9 (dimer) 2.6 x 1071Pb n.a. 6C <
Hs-Hb(II) T-state 12 x 1071r 7.8 x 10*dd 5C e
Hs-Hb(II) R-state 607 1.1 x 107 ff na.
Hs-Hp1-1:Hb(II) 7.3 88 1.4 x 106hh na.
Hs-Hp2-2:Hb(II) 1.2 x 1088 5.2 x 106hh na.
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Table 1. Cont.
: konno, ) kon(coy -
Heme Protein M-1 sz—l) (M1 51 Heme-Fe(II) Coordination
Mt-trHbN(IT) 1.6 x 1011 3.8 x 10°0¥ 5C kk
3.8 x 1071 1.8 x 10°1 5C mm
Mt-trHbO(I) L1 % 100
) 431 4.5 x 107™ 5C o0
2 q
Cj-trHbP(II) 1.9 % 106
Hs-heme(II)-albumin 1.3 PP 4.0 x 10099 5C T
Efe-Cyte(Il) 7.3 x 10725 na. 6Ct
Efc-Cytc(Il) with CL 2.6 1.0 x 1071 5C WY
Carboxymethylated Efc-Cytc(II) le6™W 1.6 x 106%% 5CYY
Carboxymethylated Efc-Cytc(II) ww
with CL 1.6 n.a. n.a.
Efce-MP-11(10) 3472 9.7 x 1062aa 5C bbb

2 pH 7.3 and 20.0 °C. Present study.® pH 7.0 and 25.0 °C. From [23]. ¢ From [23]. ¢ pH 7.0; unknown temperature.
From [40]. ¢ pH 7.0 and 20.0 °C. Calculated according to Equation (1). From [49,50]. fFrom [51]. & pH7.4and 25.0 °C.
From [41]. P pH 7.0; unknown temperature. Calculated as konco) = (k—,/(k—p, +kp)) x (k—1 X k_2 /(ko +k_2)).
From [52]. ! From [52]. } From [49]. ¥ pH 7.4 and 20 °C. From [46]. 1 pH 7.0 and 20.0 °C. From [53]. ™ From [53].
" pH 7.6 and 25 °C. From [42]. © pH 7.4 and 25.0 °C. From [44]. P pH 7.0 and 22.0 °C. From [1]. 4 From [54].
" pH 7.4 and 25.0 °C. From [34]. ® From [55]. ' pH 7.4 and 25.0 °C. From [38]. " pH 7.0 and 25.0 °C. From [56].
¥ From [57]. W pH 7.4 and 25.0 °C. From [44]. The CysCD4 and CysD5 residues form an intramolecular disulfide
bond. * From [58]. ¥ pH 7.4 and 25.0 °C. From [44]. The CysCD4 and CysD5 residues do not form an intramolecular
disulfide bond. * pH 7.4 and 25.0 °C. From [59]. The CysB2 and CysE9 residues form an intramolecular disulfide
bond. # pH 7.4 and 25.0 °C. From [59]. The CysB2 and CysE9 residues do not form an intramolecular disulfide
bond. P* pH 7.4 and 25.0 °C. From [59]. The CysB2 and CysE9 residues form an intermolecular disulfide bond.
< From [60]. 94 pH 7.0 and 20.0 °C. From [61]. ® From [62]. f pH 7.0 and 20.0 °C. From [63]. 88 pH 7.3 and 20.0 °C.
From [30]. M pH 7.4 and 22.0 °C. From [64]. i pH 7.4 and 20.0 °C. From [47]. § pH 7.0 and 20.0 °C. From [65].
K< From [66]. ' pH 7.5 and 23.0 °C. From [67]. ™™ From [68]. ™ pH 7.0 and 20.0 °C. From [69]. °® From [70].
PP pH 7.4 and 20.0 °C. From [27]. 99 pH 7.0 and 25.0 °C. From [71]. ™ From [72]. % pH 7.4 and 20.0 °C. From [45].
% From [73]. " pH 7.4 and 20.0 °C. From [74]. YV From [74]. W% pH 7.4 and 20.0 °C. From [29]. *X pH 5.9 and
20.0 °C. From [75]. ¥¥ From [76]. * pH 7.4 and 20.0 °C. MP-11 derived from Efc-Cytc. From [28]. 2 pH 7.5 and
20.0 °C. From [77]. PP From [78].

3. Discussion

In order to have an overall view of the nitrite reductase activity of heme proteins
and of their structural determinants, a list of heme proteins has been reported in Table 1.
As a starting point, the second-order rate constant of the nitrite reductase activity of the
heme proteins was compared to that of CO binding, which is usually considered as a probe
of the energetic barriers (both on the distal and proximal side) for the reactivity of the
heme-Fe(II) atom. Moreover, the coordination of the metal center in the ferrous form,
which should be of some help in finding out the main determinants of the reactivity, has
been reported. For the sake of consistency, only the values of the bimolecular rate constants
for CO binding obtained by the rapid-mixing technique, which only can be employed
for measurement of the nitrite reductase activity, have been reported. Accordingly, the
values of the bimolecular rate constant for CO binding reported in Table 1, which were
only obtained by flash and laser photolysis, such as for ferrous six-coordinated plant Hbs
(i-e., Synechocystis Hb (S-Hb(II)), rice nonsymbiotic Hb(II) class 1, and Arabidopsis thaliana
Hb (At-Hb(II) class 1 and class 2), have been calculated according to Equation (1) (see also
footnotes to Table 1):

Kon(co) = kpind X kin kaiss )
kin X kout kdiss + kass

where kpinq is the intrinsic rate of CO binding (as observed by geminate recombination), ki,

and koy; are the rates of ligand entry and exit, respectively, from the heme pocket, kgjss is

the dissociation rate of the endogenous six-coordinating ligand, and ks is its association

rate; therefore, kq;ss and kass account for the partial six-coordination of the species [49].
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Figure 5 shows the correlation between the nitrite reductase activity and the CO-
binding properties of heme proteins reported in Table 1. In the case of six-coordinated
heme proteins, no apparent correlation was observed (Figure 5, panel A), even though
rice nonsymbiotic Hb class 1 displayed the fastest rate constants of CO-binding and nitrite
reductase activity (Table 1); this suggests that in rice nonsymbiotic Hb class 1, the axial
six-coordinating bond with the endogenous ligand represents a low free energy barrier for
both exogenous ligands (i.e., CO and NO; ™). This occurrence might also be invoked for the
relatively fast rate constants observed for other plant Hbs (i.e., At-Hb(II) class 1 and class 2
and S-Hb(Il)), as compared to ferrous human neuroglobin (Hs-Ngb(Il)) (Figure 5, panel
A, and Table 1). On the other hand, in the case of ferrous human cytoglobin (Hs-Cygb(Il)),
which in the S-S monomeric form shows a nitrite reductase activity about six-fold faster
than At-Hb(II) class 2 (in spite of an almost 200-fold slower rate constant for CO binding,
see Figure 5, panel A, and Table 1), a different functional modulatory behavior must be
taken into account. Thus, in Hs-Cygb(Il), the disulfide bond between CysB2 and CysE9
plays a dramatic role in modulating the nitrite reductase activity, and the reduction of the
CysB2-CysE9 bond brought about a 50-fold decrease of the nitrite reductase activity, an
effect much more marked than for CO binding, where only a 5-fold reduction was observed
(Figure 5, panel A, and Table 1). As a whole, in six-coordinated heme proteins, it looks like
the His-Fe(Il) axial sixth ligand regulates the barrier for CO binding, whereas in the case of
nitrite reductase activity this is not the main determinant (as rice nonsymbiotic Hb(II) class
1 shows the fastest rate constant among all heme proteins investigated; see Table 1).

Conversely, in the case of five-coordinated heme proteins a linear correlation was
observed between CO-binding rate constants and nitrite reductase activity (Figure 5, panel
B), suggesting that several structural features allow the discrimination between CO and
NO,~. As shown in Figure 5 (panel B), at least four classes of heme proteins have been
identified. They may differ for the discrimination between the two ligands, as represented
by the displacement along the y-axis of the straight lines in Figure 5 (panel B). Thus,
five-coordinated heme proteins have been classified according to Equation (2) as follows:

k
I on(CO) )

kon(NOZ_ )

Class I (straight red line in Figure 5, panel B) groups heme proteins, which strongly
discriminate between the two ligands, being characterized by r > 2.5 x 10° [i.e., the fast-
reacting form of ferrous Campylobacter jejuni truncated HbP (Cj-trHbP(Il)), human serum
heme-albumin (Hs-heme(II)-albumin), Equus ferus caballus cytochrome ¢ complexed with
cardiolipin (Efc-Cytc(II)-CL), Equus ferus caballus microperoxidase 11 (Efc-MP11(II)), the
fast-reacting form of Methanosarcina acetivorans protoglobin (Ma-Pgb(Il)), and tetrameric
human Hb(II) (Hs-Hb(II)) in the R quaternary state].

Class II (black straight line in Figure 5, panel B) groups heme proteins, which showed an
intermediate discrimination power and r ~ 5.6 X 10° [i.e., tetrameric Hs-Hb(II) in the T-state,
the slow-reacting form of Ma-Pgb(Il), Equus ferus caballus carboxy-methylated cytochrome
c(Il) (carboxymethylated Efc-Cytc(Il)), the dimeric human haptoglobin2-2:hemoglobin(II)
complex (Hs-Hp2-2:Hb(II)), the slow-reacting form of Cj-trHbP(II), and the fast-reacting form
of Mycobacterium tuberculosis truncated HbO(II) (Mt-trHbO(II))].

Class III (green straight line in Figure 5, panel B) groups heme proteins, which have less ef-
ficient discrimination between CO and NO, ~, and are characterized by r ~ 2 x 10° [i.e., Equus
ferus caballus Mb(Il) (Efc-Mb(Il)), Physeter catodon Mb(Il) (Pc-Mb(II)), the dimeric human
haptoglobin1-1:hemoglobin(Il) complex (Hs-Hp1-1:Hb(II)), and Mycobacterium tuberculosis
truncated HbN(IT) (Mt-trHbN(ID))].

Class IV (blue straight line in Figure 5, panel B) groups the slow-reacting form of
Mt-trHbO(II) and all ferrous Nbs, which all showed a relatively poor discrimination power
(r <25 x 10%).
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Figure 5. Correlation between the second-order rate constant of nitrite reductase activity (Log
kon(NO; 7)) and the CO-binding bimolecular rate constant (Log kon(co))- (A) Six-coordinated heme
proteins: At-Hb(II) class 1 (open circle) 1, At-Hb(II) class 2 (filled circle), S-Hb(II) (filled downward
triangle), rice nonsymbiotic Hb(II) class 1 (filled upward triangle), Mm-Nb(II) (asterisk), Hs-Ngb(II)
CysCD4-CysD5 (open diamond), Hs-Ngb(II) CysCD4/CysD?5 (filled diamond), Hs-Cygb(II) CysB2-
CysE9 (open square), and Hs-Cygb(Il) CysB2/CysE9 (filled square). (B) Five-coordinated heme
proteins. Class I (red symbols and straight line): fast-reacting form of Cj-trHbP(II) (filled circle),
Hs-heme(II)-albumin (open square), Efc-Cytc(II)-CL (open triangle), Efc-MP-11(1) (filled triangle), the
fast-reacting form of Ma-Pgb(II) (open diamond), and Hs-Hb(II)) in the R-state (open circle). Class
II (black symbols and straight line): Hs-Hb(II) in the T-state (open square), slow-reacting form of
Ma-Pgb(Il) (open triangle), carboxymethylated Efc-Cytc(Il) (filled triangle), Hs-Hp2-2:Hb(II) (open
diamond), slow-reacting form of Cj-trHbP(II) (filled circle), and fast-reacting form of Mt-trHbO(II)
(open circle). Class III (green symbols and straight line): Efc-Mb(II) (open square), Pc-Mb(II) (open
circle), Hs-Hp1-1:Hb(II) (open triangle), and Mt-trHbN(II) (open diamond). Class IV (purple symbols
and straight line): Mt-trHbO(II) (filled circle), Mt-Nb(II) filled triangle), At-Nb(II) (filled diamond),
and Hs-Nb(II) (filled square).

The correlation emerging from the data in Figure 5 (panel B) indicated that within
each class of heme proteins, a variation in CO-binding rate constant was accompanied by
a similar behavior of the nitrite reductase activity, even though heme proteins belonging
to different classes have a different way of discriminating between the two ligands. Thus,
closely similar nitrite reductase activity between heme-proteins drastically differing for
their CO binding behavior has been observed. A dramatic example is represented by
tetrameric Hs-Hb(II) in the R-state, Pc-Mb(Il) and Hs-Nb(II), which all displayed values
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of konno2—) ~ 6.0 M~! s~! while values of the CO-binding rate constant greatly differed,
spanning between 1.0 x 10" M~ 1sland 1.0 x 10° M1 g1 (Figure 5, panel B, and Table 1).
Although multiple conformations of both the distal and the proximal side of the heme
pocket affect the CO-binding rate constant [79,80], a likely structural explanation has been
attributed to the activation free energy for the ligand-induced movement of the Fe(II) atom
into the heme plane, which is fairly low for tetrameric Hs-Hb(II) in the R-state, while
it seems very high for Hs-Nb(Il) [23,79]. As a matter of fact, it has been convincingly
shown that a major contribution to the reactivity of CO with hemoproteins is represented
by the energy required for the movement of the heme’s Fe atom from its unliganded

position (about 0.5 A out of the heme plane on the proximal side) to the heme co-planar
position in the CO-liganded form [2,79,81]; the major contribution stems from the steric
repulsion between the imidazole of the proximal histidine and the heme pyrroles, which
depends on the relative position and differs among various hemoproteins [2]. Obviously,
the conformation of the distal portion of the heme pocket is also important to account
for the different CO-binding behaviors shown by the various hemoproteins [80], but it is
the variation of the activation free energy for the ligand-linked movement of the Fe-His
bond which accounts for the modulation of the CO-binding kinetics of a specific protein by
environmental conditions, such as pH [81].

On the basis of these considerations, class I may be representative of heme proteins
with a very low activation free energy on both the proximal and the distal side of the heme
pocket. It is illustrative that they also display a fairly fast nitrite reductase activity (Figure 5,
panel B, and Table 1); the slight variation within this class is due to small variations of
the heme distal side conformation, affecting the kinetics for both ligands. On the other
hand, class II and III appear to be heme proteins displaying a high proximal barrier for the
reaction with CO, thus slowing down the carbonylation rate constant; however, this barrier
does not affect dramatically the nitrite reductase activity. Therefore, differences in nitrite
reductase activity within heme proteins belonging to class II and III is likely attributable to
distal barriers. Lastly, class IV includes heme proteins (such as the slow-reacting form of
the Mt-trHbO(II) and all ferrous Nbs), which have a very high free energy proximal barrier,
which dramatically slows down the CO-binding rate constant. Consequently, differences
in the nitrite reductase activity are probably due to a much higher distal barrier in Mt-
trHbO(II) than in all ferrous Nbs, which display a very open heme pocket and a fairly fast
nitrite reductase activity (Figure 5, panel B, and Table 1). As a whole, different classes,
reported in Figure 5 (panel B), reflect various free energy proximal barriers for CO-binding
whereas different positions along the same line would refer to variations in the free energy
distal barriers.

Even among ferrous six-coordinated heme proteins [i.e., Hs-Cygb(Il) and Mus musculus
Ngb(II) (Mm-Ngb(II)], the discriminatory power varied dramatically (r < 4.5 x 10°; Figure 5,
panel A, and Table 1). The low value of r depends on the low CO-binding rate constant,
reflecting the occupancy of the sixth axial heme coordination by the heme distal histidyl
residue and the strength of the axial Fe(II)-His distal bond. This is likely responsible for the
variation in the nitrite reductase activity among the various six-coordinated heme proteins
(Figure 5, panel A, and Table 1). In particular, the longer the Fe-His proximal and distal
bonds are in six-coordinated S-Hb(II), rice nonsymbiotic Hb(II) class 1, and At-Hb(II) class
1, as compared to bis-histidyl cytochromes, the lower the bond strength is. This is likely a
factor enabling the heme distal His dissociation and the subsequent binding of exogenous
ligands in six-coordinated Hbs [82]. Moreover, six-coordinated S-Hb(II), rice nonsymbiotic
Hb(II) class 1, and At-Hb(II) class 1 displayed larger tilt angles for both the proximal
and distal His residues compared with cytochrome b5. This decreases the strength of the
heme-Fe-His bond contributing to fast ligand binding of these six-coordinated globins,
likely playing a role of the utmost importance in characterizing their high nitrite reductase
activity (Figure 5, panel A, and Table 1) [82-85].
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4. Materials and Methods

Mt-Nb(III), At-Nb(III), Dr-Nb(III), and Hs-Nb(III) were prepared as previously re-
ported [16,17,19,21,25]. The concentration of Mt-Nb(III), At--Nb(IlI), Dr-Nb(III), and Hs-
Nb(III) was determined spectrophotometrically at A = 407 nm, the values of ¢ being
100 mM~! em~?1, 160 mM~! ecm~?, 157 mM~! em™!, and 147 mM~! em™1, respec-
tively [19,21,23,24]. Mt-Nb(1I), At-Nb(Il), Dr-Nb(IlI), and Hs-Nb(II) solutions were ob-
tained by adding dithionite solution (final concentration, 3.0 x 1073 M) to Mt-Nb(III),
At-Nb(III), Dr-Nb(III), and Hs-Nb(III) (final concentration ranging between 2.2 x 10~ M
and 3.1 x 10~ M) under anaerobic conditions. Gaseous NO (Linde Caracciolossigeno S.r.l.,
Roma, Italy) was purified by flowing through a column packed with NaOH pellets and
then by passage through a 5.0 M NaOH trapping solution to remove acidic nitrogen oxides;
the NO pressure was 760.0 mmHg [86]. The stock NO solution was prepared anaerobically
by keeping the degassed 1.0 x 10-2 M 1,3-bis(tris(hydroxymethyl)methylamino)propane
buffer solution (pH 7.0) in a closed vessel under NO at p = 760.0 mmHg and 20.0 °C [1].
All the other chemicals were purchased from Merck KGaA (Darmstadt, Germany) and
Sigma-Aldrich (St. Louis, MO, USA). All chemicals were of analytical grade and were used
without further purification unless stated otherwise.

The absorbance spectra of Mt-Nb(II)-NO, At-Nb(II)-NO, Dr-Nb(II)-NO, and Hs-Nb(II)-
NO were obtained either by adding nitrite (final concentration, 2.0 x 1072 M) to Mt¢-
Nb(1I), At-Nb(II), Dr-Nb(1I), and Hs-Nb(Il) or by flowing gaseous NO (final concentration
1.0 x 10~* M) into the Nb(II) solutions. The final concentration of Mt-Nb(II), At-Nb(II),
Dr-Nb(ll), and Hs-Nb(II) ranged between 2.2 X 107*Mand 3.1 x 107 M.

The kinetics of NO, ™ reduction from M¢-Nb(Il), At-Nb(II), Dr-Nb(II), and Hs-Nb(II)
(i.e., of Nb(II)-NO formation) were analyzed in the framework of the minimum reaction
mechanism depicted in Scheme 1 [27,29,32-48,53].

The values of the apparent pseudo-first-order rate constant (i.e., kops) for NO, ™ re-
duction from M¢-Nb(II), At-Nb(II), Dr-Nb(II), and Hs-Nb(II) were determined by rapid-
mixing the heme protein solutions (final concentration ranging between 2.2 x 10~® M and
3.1 x 10~ M) with the NO,~ solution (final concentration ranging between 2.0 x 1073 M
and 2.0 x 1072 M) in the presence of sodium dithionite (final concentration, 3.0 x 1072 M).
A sodium dithionite concentration lower than 1.0 x 10~2 M neither reduces NO,~ to
NO [37] nor reacts with NO [87]. No gaseous phase was present. The NO, ™~ reduction
by Mt-Nb(II), At-Nb(II), Dr-Nb(II), and Hs-Nb(II) was monitored spectrophotometrically
between 380 and 450 nm, with a wavelength interval of 5 nm. The values of kg,s were
obtained according to Equation (3) [27-30,32,36,40-42,44-47]:

[Nb(II)], = [Nb(II)]; x e kobs ! ©)

where Nb(Il) is either Mt-Nb(II), At-Nb(II), Dr-Nb(II), or Hs-Nb(II).

The values of the apparent second-order rate constant for NO,™~ reduction
by Mt-Nb(Il), At-Nb(Il), Dr-Nb(II), and Hs-Nb(Il) (i.e., kon) were determined from
the linear dependence of k,,s on the NO, ™ concentration (i.e., [NO;~]), according to
Equation (4) [27-30,32,36,40-42,44—47]:

kobs = kon X [NOQ_] (4)

The time courses of NO, ™ reduction from M¢t-Nb(II), At--Nb(II), Dr-Nb(Il), and Hs-
Nb(II) were obtained with a SFM-20/MOS-200 rapid-mixing stopped-flow apparatus
(BioLogic Science Instruments, Claix, France).

The kinetic parameters were obtained between pH 5.8 and 7.6 (5.0 x 1072 M of
2-(N-morpholino)-ethanesulfonic acid between pH 5.8 and 6.6, and 5.0 x 1072 M 1,3-
bis(tris(hydroxymethyl)-methylamino)propane between pH 6.3 and 7.6), at 20.0 °C. The
different buffers did not affect the values of the kinetic parameters obtained at overlapping
pH values.
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The kinetic and thermodynamic data were analyzed with the Prism 5.03 program
(GraphPad Software, Inc., La Jolla, CA, USA). The results are given as mean values of at
least four experiments plus or minus the corresponding standard deviation.

5. Conclusions

All Nbs show a fairly high nitrite reductase activity, a property which strengthens the
hypothesis that they are mostly involved in the NO metabolism [18,20]. This enzymatic
activity of heme proteins is one of the most efficient ways for the production of NO starting
from the reduction of NO, ™, a pivotal process for the regulation of blood vessel muscular
tone and the regulation of the blood flow. Of note, in the retina, NO levels are crucial to
maintain normal visual functions, being relevant for photoreceptor light transduction and
the control of retinal blood flow, opening a perspective on a major role of Nbs in retinal
disorders [88,89]. Moreover, a link between NO and Nb-based signaling and chemistry
has been envisaged in M. tuberculosis, A. thaliana, D. rerio and H. sapiens. Specifically, the
survival of M. tuberculosis in the host implies the presence of effective detoxification systems,
including Nbs, to inactivate RNS and ROS produced by the immune response [19,25,26].
In A. thaliana, Nb has been hypothesized to transport and release NO at the infection site;
moreover, NO may reduce the superoxide radical with the generating peroxynitrite that
increases pathogen burden [16,19]. Interestingly, Dr-Nb may play a relevant physiological
role in peroxynitrite scavenging from poorly oxygenated tissues, such as the retina in fish
where blood circulation is critical for adaptation to diving conditions [21,22,26]. It is worth
remarking that Danio rerio Nb shows the fastest nitrite reductase activity (Table 1), outlining
the fact that, in fishes, the O supply to poorly oxygenated tissues, such the retina, occurs by
means of a fine regulation of the eye circulation through the rete mirabilis, with NO playing
a major role in regulating the blood flow and thus the oxygenation of retinal layers [90].
Finally, Hs-Nb represents the C-terminal domain of the nuclear protein named THAP4,
which displays a N-terminal modified zinc finger domain that binds DNA. Since Hs-Nb(III)
binds NO without recognizing CO and O, the Nb domain may be relevant for a NO-linked
selective modulation of gene transcription [19,21,24].

Here, we report a comparison of a large number of heme proteins with drastically
different conformations of the heme cavity, which casts light on the structure-function
relationships, which modulate the nitrite reductase activity. In particular, we identified
the accessibility of the heme distal pocket as an important factor since various heme
proteins with different proximal constraints showed similar nitrite reductase activity. On
the other hand, heme-proteins displaying different distal structural arrangements, but
similar proximal constraints, show a remarkable effect on this enzymatic activity. However,
other factors, such as the redox potential, cannot be discarded since the NO, ™ reduction
to NO requires transient heme oxidation (see Scheme 1); unfortunately, for many of the
investigated heme proteins this information is not yet available and a thorough comparison
is presently not possible.

Author Contributions: P.A. and M.C. designed the manuscript and experiments; G.D.S. and A.d.M.
helped in planning the manuscript and experiments; G.D.S., A.d.M. and G.R.T. performed the
experiments; P.A. and M.C., wrote the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: The grant of Dipartimenti di Eccellenza, MIUR (Legge 232/2016, Articolo 1, Comma
314-337) is gratefully acknowledged.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We gratefully acknowledged grants from the Excellence Departments, MIUR
(Legge 232/2016, Articolo 1, Commi 314-337). M.C. thanks the Italian Ministry of Health and
Fondazione Roma for support.



Int. ]. Mol. Sci. 2023, 24, 6553 14 of 17

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Antonini, E.; Brunori, M. Hemoglobin and Myoglobin in Their Reactions with Ligands; North Holland Publishing Co.: Amsterdam,
The Netherlands, 1971.

2. Perutz, M.E. Regulation of oxygen affinity of hemoglobin: Influence of structure of the globin on the heme iron. Annu. Rev.
Biochem. 1979, 48, 327-386. [CrossRef] [PubMed]

3. Chan, M.K. Recent advances in heme-protein sensors. Curr. Opin. Chem. Biol. 2001, 5, 216-222. [CrossRef] [PubMed]

4. Ascenzi, P; di Masi, A.; Leboffe, L.; Fiocchetti, M.; Nuzzo, M.T.; Brunori, M.; Marino, M. Neuroglobin: From structure to function
in health and disease. Mol. Aspects Med. 2016, 52, 1-48. [CrossRef]

5. Domingues-Hamdi, E.; Vasseur, C.; Fournier, J.B.; Marden, M.C.; Wajeman, H.; Baudin-Creuza, V. Role of alpha-globin H helix in
the building of tetrameric human hemoglobin: Interaction with alpha-hemoglobin stabilizing protein (AHSP) and heme molecule.
PLoS ONE 2014, 9, €111395. [CrossRef] [PubMed]

6. Vasseur, C.; Baudin-Creuza, V. Role of alpha-hemoglobin molecular chaperone in the hemoglobin formation and clinical
expression of some hemoglobinopathies. Transfus. Clin. Biol. 2015, 22, 49-57. [CrossRef]

7. Nardini, M.; Pesce, A.; Bolognesi, M. Truncated (2/2) hemoglobin: Unconventional structures and functional roles in vivo and in
human pathogenesis. Mol. Aspects Med. 2022, 84,101049. [CrossRef]

8.  Couture, M.; Yeh, S.R.; Wittenberg, B.A.; Wittenberg, ].B.; Ouellet, Y.; Rousseau, D.L.; Guertin, M. A cooperative oxygen-binding
hemoglobin from Mycobacterium tuberculosis. Proc. Natl. Acad. Sci. USA 1999, 96, 11223-11228. [CrossRef]

9.  Wittenberg, ].B.; Bolognesi, M.; Wittenberg, B.A.; Guertin, M. Truncated hemoglobins: A new family of hemoglobins widely
distributed in bacteria, unicellular eukaryotes, and plants. J. Biol. Chem. 2002, 277, 871-874. [CrossRef]

10. Vuletich, D.A.; Lecomte, ].T. A phylogenetic and structural analysis of truncated hemoglobins. J. Mol. Evol. 2006, 62, 196-210.
[CrossRef]

11. Nardini, M.; Pesce, A.; Milani, M.; Bolognesi, M. Protein fold and structure in the truncated (2/2) globin family. Gene 2007, 398,
2-11. [CrossRef]

12.  Vinogradov, S.N.; Tinajero-Trejo, M.; Poole, R K.; Hoogewijs, D. Bacterial and archaeal globins—A revised perspective. Biochim.
Biophys. Acta 2013, 1834, 1789-1800. [CrossRef] [PubMed]

13. De Simone, G.; Ascenzi, P.; di Masi, A.; Polticelli, F. Nitrophorins and nitrobindins: Structure and function. Biomol. Concepts 2017,
8,105-118. [CrossRef] [PubMed]

14. Montfort, W.R.; Weichsel, A.; Andersen, ].E. Nitrophorins and related antihemostatic lipocalins from Rhodnius prolixus and other
blood-sucking arthropods. Biochim. Biophys. Acta 2000, 1482, 110-118. [CrossRef] [PubMed]

15. Andersen, J.F. Structure and mechanism in salivary proteins from blood-feeding arthropods. Toxicon 2010, 56, 1120-1129.
[CrossRef] [PubMed]

16. Bianchetti, C.M.; Blouin, G.C.; Bitto, E.; Olson, ].S.; Phillips, G.N., Jr. The structure and NO binding properties of the nitrophorin-
like heme-binding protein from Arabidopsis thaliana gene locus At1g79260.1. Proteins 2010, 78, 917-931. [CrossRef] [PubMed]

17.  Bianchetti, C.M.; Bingman, C.A ; Phillips, G.N., Jr. Structure of the C-terminal heme-binding domain of THAP domain containing
protein 4 from Homo sapiens. Proteins 2011, 79, 1337-1341. [CrossRef] [PubMed]

18. De Simone, G.; Ascenzi, P,; Polticelli, F. Nitrobindin: An Ubiquitous Family of All 3-Barrel Heme-proteins. IUBMB Life 2016, 68,
423-428. [CrossRef]

19. De Simone, G.; di Masi, A.; Vita, G.M.; Polticelli, F.; Pesce, A.; Nardini, M.; Bolognesi, M.; Ciaccio, C.; Coletta, M.; Turilli, E.S.; et al.
Mycobacterial and Human Nitrobindins: Structure and Function. Antioxid. Redox Signal. 2020, 33, 229-246. [CrossRef]

20. De Simone, G.; di Masi, A.; Ciaccio, C.; Coletta, M.; Ascenzi, P. NO Scavenging through Reductive Nitrosylation of Ferric
Mycobacterium tuberculosis and Homo sapiens Nitrobindins. Int. J. Mol. Sci. 2020, 21, 9395. [CrossRef]

21. De Simone, G.; Fattibene, P; Sebastiani, F.; Smulevich, G.; Coletta, M.; Ascenzi, P. Dissociation of the proximal His-Fe bond upon
NO binding to ferrous zebrafish nitrobindin. J. Inorg. Biochem. 2022, 236, 111962. [CrossRef]

22. De Simone, G.; Sebastiani, F.; Smulevich, G.; Coletta, M.; Ascenzi, P. Nitrosylation of ferric zebrafish nitrobindin: A spectroscopic,
kinetic, and thermodynamic study. J. Inorg. Biochem. 2022, 237, 111996. [CrossRef] [PubMed]

23. De Simone, G.; di Masi, A.; Pesce, A.; Bolognesi, M.; Ciaccio, C.; Tognaccini, L.; Smulevich, G.; Abbruzzetti, S.; Viappiani, C.; Bruno, S.;
et al. Mycobacterial and Human Ferrous Nitrobindins: Spectroscopic and Reactivity Properties. Int. ]. Mol Sci. 2021, 22, 1674.
[CrossRef] [PubMed]

24. De Simone, G.; di Masi, A.; Fattibene, P.; Ciaccio, C.; Platas-Iglesias, C.; Coletta, M.; Pesce, A.; Ascenzi, P. Oxygen-mediated
oxidation of ferrous nitrosylated nitrobindins. J. Inorg. Biochem. 2021, 224, 111579. [CrossRef]

25. De Simone, G.; di Masi, A.; Polticelli, F.; Ascenzi, P. Human nitrobindin: The first example of an all-p-barrel ferric heme-protein
that catalyzes peroxynitrite detoxification. FEBS Open Bio 2018, 8, 2002-2010. [CrossRef] [PubMed]

26. De Simone, G.; Coletta, A.; di Masi, A.; Coletta, M.; Ascenzi, P. The Balancing of Peroxynitrite Detoxification between Ferric
Heme-Proteins and CO,: The Case of Zebrafish Nitrobindin. Antioxidants 2022, 11, 1932. [CrossRef] [PubMed]

27. Ascenzi, P,; Tundo, G.R.; Fanali, G.; Coletta, M.; Fasano, M. Warfarin modulates the nitrite reductase activity of ferrous human

serum heme-albumin. J. Biol. Inorg. Chem. 2013, 18, 939-946. [CrossRef]


http://doi.org/10.1146/annurev.bi.48.070179.001551
http://www.ncbi.nlm.nih.gov/pubmed/382987
http://doi.org/10.1016/S1367-5931(00)00193-9
http://www.ncbi.nlm.nih.gov/pubmed/11282350
http://doi.org/10.1016/j.mam.2016.10.004
http://doi.org/10.1371/journal.pone.0111395
http://www.ncbi.nlm.nih.gov/pubmed/25369055
http://doi.org/10.1016/j.tracli.2015.01.002
http://doi.org/10.1016/j.mam.2021.101049
http://doi.org/10.1073/pnas.96.20.11223
http://doi.org/10.1074/jbc.R100058200
http://doi.org/10.1007/s00239-005-0077-4
http://doi.org/10.1016/j.gene.2007.02.045
http://doi.org/10.1016/j.bbapap.2013.03.021
http://www.ncbi.nlm.nih.gov/pubmed/23541529
http://doi.org/10.1515/bmc-2017-0013
http://www.ncbi.nlm.nih.gov/pubmed/28574374
http://doi.org/10.1016/S0167-4838(00)00165-5
http://www.ncbi.nlm.nih.gov/pubmed/11058753
http://doi.org/10.1016/j.toxicon.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19925819
http://doi.org/10.1002/prot.22617
http://www.ncbi.nlm.nih.gov/pubmed/19938152
http://doi.org/10.1002/prot.22944
http://www.ncbi.nlm.nih.gov/pubmed/21387410
http://doi.org/10.1002/iub.1500
http://doi.org/10.1089/ars.2019.7874
http://doi.org/10.3390/ijms21249395
http://doi.org/10.1016/j.jinorgbio.2022.111962
http://doi.org/10.1016/j.jinorgbio.2022.111996
http://www.ncbi.nlm.nih.gov/pubmed/36150290
http://doi.org/10.3390/ijms22041674
http://www.ncbi.nlm.nih.gov/pubmed/33562340
http://doi.org/10.1016/j.jinorgbio.2021.111579
http://doi.org/10.1002/2211-5463.12534
http://www.ncbi.nlm.nih.gov/pubmed/30524950
http://doi.org/10.3390/antiox11101932
http://www.ncbi.nlm.nih.gov/pubmed/36290653
http://doi.org/10.1007/s00775-013-1040-2

Int. ]. Mol. Sci. 2023, 24, 6553 15 of 17

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ascenzi, P.; Sbardella, D.; Fiocchetti, M.; Santucci, R.; Coletta, M. NO, ~-mediated nitrosylation of ferrous microperoxidase-11. J.
Inorg. Biochem. 2015, 153, 121-127. [CrossRef]

Ascenzi, P; Sbardella, D.; Sinibaldi, F; Santucci, R.; Coletta, M. The nitrite reductase activity of horse heart carboxymethylated-
cytochrome c is modulated by cardiolipin. J. Biol. Inorg. Chem. 2016, 21, 421-432. [CrossRef]

Ascenzi, P; Tundo, G.R.; Coletta, M. The nitrite reductase activity of ferrous human hemoglobin:haptoglobin 1-1 and 2-2
complexes. J. Inorg. Biochem. 2018, 187, 116-122. [CrossRef]

Toma, C.; De Cilla, S.; Palumbo, A.; Garhwal, D.P,; Grossini, E. Oxidative and Nitrosative Stress in Age-Related Macular
Degeneration: A Review of Their Role in Different Stages of Disease. Antioxidants 2021, 10, 653. [CrossRef]

Doyle, M.P,; Pickering, R.A.; DeWeert, T.M.; Hoekstra, ].W.; Pater, D. Kinetics and mechanism of the oxidation of human
deoxyhemoglobin by nitrites. J. Biol. Chem. 1981, 256, 12393-12398. [CrossRef] [PubMed]

Huang, K.T.; Keszler, A.; Patel, N.; Patel, R.P.; Gladwin, M.T.; Kim-Shapiro, D.B.; Hogg, N. The reaction between nitrite and
deoxyhemoglobin. Reassessment of reaction kinetics and stoichiometry. J. Biol. Chem. 2005, 280, 31126-31131. [CrossRef]
[PubMed]

Huang, Z.; Shiva, S.; Kim-Shapiro, D.B.; Patel, R.P.; Ringwood, L.A.; Irby, C.E.; Huang, K.T.; Ho, C.; Hogg, N.; Schechter, A.N.;
et al. Enzymatic function of hemoglobin as a nitrite reductase that produces NO under allosteric control. J. Clin. Investig. 2005,
115,2099-2107. [CrossRef]

Shiva, S.; Huang, Z.; Grubina, R.; Sun, J.; Ringwood, L.A.; MacArthur, P.H.; Xu, X.; Murphy, E.; Darley-Usmar, V.M.; Gladwin,
M.T. Deoxymyoglobin is a nitrite reductase that generates nitric oxide and regulates mitochondrial respiration. Circ. Res. 2007,
100, 654-661. [CrossRef] [PubMed]

Basu, S.; Azarova, N.A.; Font, M.D.; King, S.B.; Hogg, N.; Gladwin, M.T.; Shiva, S.; Kim-Shapiro, D.B. Nitrite reductase activity of
cytochrome c. J. Biol. Chem. 2008, 283, 32590-32597. [CrossRef]

Grubina, R.; Basu, S.; Tiso, M.; Kim-Shapiro, D.B.; Gladwin, M.T. Nitrite reductase activity of hemoglobin S (sickle) provides
insight into contributions of heme redox potential versus ligand affinity. J. Biol. Chem. 2008, 283, 3628-3638. [CrossRef]
Petersen, M.G.; Dewilde, S.; Fago, A. Reactions of ferrous neuroglobin and cytoglobin with nitrite under anaerobic conditions. J.
Inorg. Biochem. 2008, 102, 1777-1782. [CrossRef]

Salhany, ].M. Kinetics of reaction of nitrite with deoxy hemoglobin after rapid deoxygenation or predeoxygenation by dithionite
measured in solution and bound to the cytoplasmic domain of band 3 (SLC4A1). Biochemistry 2008, 47, 6059-6072. [CrossRef]
Sturms, R.; DiSpirito, A.A.; Hargrove, M.S. Plant and cyanobacterial hemoglobins reduce nitrite to nitric oxide under anoxic
conditions. Biochemistry 2011, 50, 3873-3878. [CrossRef]

Tiso, M.; Tejero, J.; Kenney, C.; Frizzell, S.; Gladwin, M.T. Nitrite reductase activity of nonsymbiotic hemoglobins from Arabidopsis
thaliana. Biochemistry 2012, 51, 5285-5292. [CrossRef]

Helbo, S.; Dewilde, S.; Williams, D.R.; Berghmans, H.; Berenbrink, M.; Cossins, A.R.; Fago, A. Functional differentiation of
myoglobin isoforms in hypoxia-tolerant carp indicates tissue-specific protective roles. Am. J. Physiol. Regul. Integr. Comp. Physiol.
2012, 302, R693-R701. [CrossRef] [PubMed]

Li, H.; Hemann, C.; Abdelghany, T.M.; El-Mahdy, M.A.; Zweier, J.L. Characterization of the mechanism and magnitude of
cytoglobin-mediated nitrite reduction and nitric oxide generation under anaerobic conditions. J. Biol. Chem. 2012, 287, 36623-36633.
[CrossRef] [PubMed]

Tiso, M.; Tejero, ].; Basu, S.; Azarov, I.; Wang, X.; Simplaceanu, V.; Frizzell, S.; Jayaraman, T.; Geary, L.; Shapiro, C.; et al. Human
neuroglobin functions as a redox-regulated nitrite reductase. J. Biol. Chem. 2011, 286, 18277-18289. [CrossRef] [PubMed]
Ascenzi, P.; Marino, M.; Polticelli, F; Santucci, R.; Coletta, M. Cardiolipin modulates allosterically the nitrite reductase activity of
horse heart cytochrome c. J. Biol. Inorg. Chem. 2014, 19, 1195-1201. [CrossRef] [PubMed]

Ascenzi, P.; Leboffe, L.; Pesce, A.; Ciaccio, C.; Sbardella, D.; Bolognesi, M.; Coletta, M. Nitrite-reductase and peroxynitrite
isomerization activities of Methanosarcina acetivorans protoglobin. PLoS ONE 2014, 9, €95391. [CrossRef]

Ascenzi, P; di Masi, A.; Tundo, G.R.; Pesce, A ; Visca, P.; Coletta, M. Nitrosylation mechanisms of Mycobacterium tuberculosis and
Campylobacter jejuni truncated hemoglobins N, O, and P. PLoS ONE 2014, 9, €102811. [CrossRef]

Ciaccio, C.; Ocana-Calahorro, F.; Droghetti, E.; Tundo, G.R.; Sanz-Luque, E.; Polticelli, F.; Visca, P.; Smulevich, G.; Ascenzi, P,;
Coletta, M. Functional and Spectroscopic Characterization of Chlamydomonas reinhardtii Truncated Hemoglobins. PLoS ONE 2015,
10, e0125005. [CrossRef]

Smagghe, B.].; Sarath, G.; Ross, E.; Hilbert, ].L.; Hargrove, M.S. Slow ligand binding kinetics dominate ferrous hexacoordinate
hemoglobin reactivities and reveal differences between plants and other species. Biochemistry 2006, 45, 561-570. [CrossRef]
Beckerson, P.; Reeder, B.J.; Wilson, M.T. Coupling of disulfide bond and distal histidine dissociation in human ferrous cytoglobin
regulates ligand binding. FEBS Lett. 2015, 589, 507-512. [CrossRef]

Couture, M.; Das, TK.; Savard, P.Y.; Ouellet, Y.; Wittenberg, ].B.; Wittenberg, B.A.; Rousseau, D.L.; Guertin, M. Structural
investigations of the hemoglobin of the cyanobacterium Synechocystis PCC6803 reveal a unique distal heme pocket. Eur. J. Biochem.
2000, 267, 4770-4780. [CrossRef]

Bruno, S.; Faggiano, S.; Spyrakis, F.; Mozzarelli, A.; Abbruzzetti, S.; Grandi, E.; Viappiani, C.; Feis, A.; Mackowiak, S.;
Smulevich, G.; et al. The reactivity with CO of AHb1 and AHb2 from Arabidopsis thaliana is controlled by the distal HisE7
and internal hydrophobic cavities. J. Am. Chem. Soc. 2007, 129, 2880-2889. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jinorgbio.2015.06.022
http://doi.org/10.1007/s00775-016-1351-1
http://doi.org/10.1016/j.jinorgbio.2018.07.005
http://doi.org/10.3390/antiox10050653
http://doi.org/10.1016/S0021-9258(18)43285-1
http://www.ncbi.nlm.nih.gov/pubmed/7298665
http://doi.org/10.1074/jbc.M501496200
http://www.ncbi.nlm.nih.gov/pubmed/15837788
http://doi.org/10.1172/JCI24650
http://doi.org/10.1161/01.RES.0000260171.52224.6b
http://www.ncbi.nlm.nih.gov/pubmed/17293481
http://doi.org/10.1074/jbc.M806934200
http://doi.org/10.1074/jbc.M705222200
http://doi.org/10.1016/j.jinorgbio.2008.05.008
http://doi.org/10.1021/bi8000819
http://doi.org/10.1021/bi2004312
http://doi.org/10.1021/bi300570v
http://doi.org/10.1152/ajpregu.00501.2011
http://www.ncbi.nlm.nih.gov/pubmed/22170621
http://doi.org/10.1074/jbc.M112.342378
http://www.ncbi.nlm.nih.gov/pubmed/22896706
http://doi.org/10.1074/jbc.M110.159541
http://www.ncbi.nlm.nih.gov/pubmed/21296891
http://doi.org/10.1007/s00775-014-1175-9
http://www.ncbi.nlm.nih.gov/pubmed/24969400
http://doi.org/10.1371/journal.pone.0095391
http://doi.org/10.1371/journal.pone.0102811
http://doi.org/10.1371/journal.pone.0125005
http://doi.org/10.1021/bi051902l
http://doi.org/10.1016/j.febslet.2015.01.010
http://doi.org/10.1046/j.1432-1327.2000.01531.x
http://doi.org/10.1021/ja066638d
http://www.ncbi.nlm.nih.gov/pubmed/17298064

Int. ]. Mol. Sci. 2023, 24, 6553 16 of 17

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Tilleman, L.; Abbruzzetti, S.; Ciaccio, C.; De Sanctis, G.; Nardini, M.; Pesce, A.; Desmet, F.; Moens, L.; Van Doorslaer, S.; Bruno, S.;
et al. Structural Bases for the Regulation of CO Binding in the Archaeal Protoglobin from Methanosarcina acetivorans. PLoS ONE
2015, 10, €0125959. [CrossRef] [PubMed]

Smulevich, G.; Mantini, A.R.; Paoli, M.; Coletta, M.; Geraci, G. Resonance Raman studies of the heme active site of the
homodimeric myoglobin from Nassa mutabilis: A peculiar case. Biochemistry 1995, 34, 7507-7516. [CrossRef] [PubMed]

Egeberg, K.D.; Springer, B.A.; Martinis, S.A.; Sligar, S.G.; Morikis, D.; Champion, PM. Alteration of sperm whale myoglobin
heme axial ligation by site-directed mutagenesis. Biochemistry 1990, 29, 9783-9791. [CrossRef]

Exertier, C.; Sebastiani, F.; Freda, I.; Gugole, E.; Cerutti, G.; Parisi, G.; Montemiglio, L.C.; Becucci, M.; Viappiani, C.; Bruno, S.;
et al. Probing the Role of Murine Neuroglobin CDloop-D-Helix Unit in CO Ligand Binding and Structural Dynamics. ACS Chem.
Biol. 2022, 17, 2099-2108. [CrossRef]

Couture, M.; Burmester, T.; Hankeln, T.; Rousseau, D.L. The heme environment of mouse neuroglobin. Evidence for the presence
of two conformations of the heme pocket. J. Biol. Chem. 2001, 276, 36377-36382. [CrossRef]

Van Doorslaer, S.; Vinck, E.; Trandafir, F.; Ioanitescu, I.; Dewilde, S.; Moens, L. Tracing the structure-function relationship of
neuroglobin and cytoglobin using resonance Raman and electron paramagnetic resonance spectroscopy. IUBMB Life 2004, 56,
665—670. [CrossRef]

Reeder, B.J.; Ukeri, J. Strong modulation of nitrite reductase activity of cytoglobin by disulfide bond oxidation: Implications for
nitric oxide homeostasis. Nitric Oxide 2018, 72, 16-23. [CrossRef]

Makino, M.; Sugimoto, H.; Sawai, H.; Kawada, N.; Yoshizato, K.; Shiro, Y. High-resolution structure of human cytoglobin:
Identification of extra N- and C-termini and a new dimerization mode. Acta Crystallogr. D Biol. Crystallogr. 2006, 62, 671-677.
[CrossRef]

Coletta, M.; Angeletti, M.; Ascone, I.; Boumis, G.; Castellano, A.C.; Dell’Ariccia, M.; Della Longa, S.; De Sanctis, G.; Priori, A.M.;
Santucci, R.; et al. Heterotropic effectors exert more significant strain on monoligated than on unligated hemoglobin. Biophys. J.
1999, 76, 1532-1536. [CrossRef]

Fermi, G.; Perutz, M.F,; Shaanan, B.; Fourme, R. The crystal structure of human deoxyhaemoglobin at 1.74 A resolution. J. Mol.
Biol. 1984, 175, 159-174. [CrossRef] [PubMed]

Sawicki, C.A.; Gibson, Q.H. Quaternary conformational changes in human hemoglobin studied by laser photolysis of carboxyhe-
moglobin. J. Biol. Chem. 1976, 251, 1533-1542. [CrossRef]

Nagel, R.L.; Gibson, Q.H. Kinetics of the reaction of carbon monoxide with the hemoglobin-haptoglobin complex. J. Mol. Biol.
1966, 22, 249-255. [CrossRef]

Ascenzi, P,; Coletta, A.; Cao, Y.; Trezza, V.; Leboffe, L.; Fanali, G.; Fasano, M.; Pesce, A.; Ciaccio, C.; Marini, S.; et al. Isoniazid
inhibits the heme-based reactivity of Mycobacterium tuberculosis truncated hemoglobin N. PLoS ONE 2013, 8, e69762. [CrossRef]
Ouellet, Y.; Milani, M.; Couture, M.; Bolognesi, M.; Guertin, M. Ligand interactions in the distal heme pocket of Mycobacterium
tuberculosis truncated hemoglobin N: Roles of TyrB10 and GInE11 residues. Biochemistry 2006, 45, 8770-8781. [CrossRef]
Ouellet, H.; Juszczak, L.; Dantsker, D.; Samuni, U.; Ouellet, Y.H.; Savard, P.Y.; Wittenberg, ].B.; Wittenberg, B.A.; Friedman, ].M.;
Guertin, M. Reactions of Mycobacterium tuberculosis truncated hemoglobin O with ligands reveal a novel ligand-inclusive hydrogen
bond network. Biochemistry 2003, 42, 5764-5774. [CrossRef] [PubMed]

Mukai, M.; Savard, P.Y.; Ouellet, H.; Guertin, M.; Yeh, S.R. Unique ligand-protein interactions in a new truncated hemoglobin
from Mycobacterium tuberculosis. Biochemistry 2002, 41, 3897-3905. [CrossRef] [PubMed]

Farres, J.; Rechsteiner, M.P,; Herold, S.; Frey, A.D.; Kallio, P.T. Ligand binding properties of bacterial hemoglobins and flavohe-
moglobins. Biochemistry 2005, 44, 4125-4134. [CrossRef] [PubMed]

Wainwright, L.M.; Wang, Y.; Park, S.F,; Yeh, S.R.; Poole, R.K. Purification and spectroscopic characterization of Ctb, a group III
truncated hemoglobin implicated in oxygen metabolism in the food-borne pathogen Campylobacter jejuni. Biochemistry 2006, 45,
6003-6011. [CrossRef]

Bocedi, A.; De Sanctis, G.; Ciaccio, C.; Tundo, G.R.; Di Masi, A.; Fanali, G.; Nicoletti, F.P; Fasano, M.; Smulevich, G.; Ascenzi, P;
et al. Reciprocal allosteric modulation of carbon monoxide and warfarin binding to ferrous human serum heme-albumin.
PLoS ONE 2013, 8, €58842. [CrossRef]

Wardell, M.; Wang, Z.; Ho, ].X; Robert, ].; Ruker, F; Ruble, J.; Carter, D.C. The atomic structure of human methemalbumin at 1.9
A. Biochem. Biophys. Res. Commun. 2002, 291, 813-819. [CrossRef] [PubMed]

Banci, L.; Bertini, I.; Gray, H.B.; Luchinat, C.; Reddig, T.; Rosato, A.; Turano, P. Solution structure of oxidized horse heart
cytochrome c. Biochemistry 1997, 36, 9867-9877. [CrossRef] [PubMed]

Kapetanaki, S.M.; Silkstone, G.; Husu, I.; Liebl, U.; Wilson, M.T.; Vos, M.H. Interaction of carbon monoxide with the apoptosis-
inducing cytochrome c-cardiolipin complex. Biochemistry 2009, 48, 1613-1619. [CrossRef] [PubMed]

Wilson, M.T.; Brunori, M.; Rotilio, G.C.; Antonini, E. Properties of modified cytochromes. II. Ligand binding to reduced
carboxymethyl cytochrome c. J. Biol. Chem. 1973, 248, 8162-8169. [CrossRef] [PubMed]

Silkstone, G.; Jasaitis, A.; Vos, M.H.; Wilson, M.T. Geminate carbon monoxide rebinding to a c-type haem. Dalton Trans. 2005, 21,
3489-3494. [CrossRef]

Miksovska, J.; Norstrom, J.; Larsen, R.W. Thermodynamic profiles for CO photodissociation from heme model compounds: Effect
of proximal ligands. Inorg. Chem. 2005, 44, 1006-1014. [CrossRef]


http://doi.org/10.1371/journal.pone.0125959
http://www.ncbi.nlm.nih.gov/pubmed/26047471
http://doi.org/10.1021/bi00022a026
http://www.ncbi.nlm.nih.gov/pubmed/7779795
http://doi.org/10.1021/bi00494a004
http://doi.org/10.1021/acschembio.2c00172
http://doi.org/10.1074/jbc.M103907200
http://doi.org/10.1080/15216540500037877
http://doi.org/10.1016/j.niox.2017.11.004
http://doi.org/10.1107/S0907444906013813
http://doi.org/10.1016/S0006-3495(99)77312-1
http://doi.org/10.1016/0022-2836(84)90472-8
http://www.ncbi.nlm.nih.gov/pubmed/6726807
http://doi.org/10.1016/S0021-9258(17)33681-5
http://doi.org/10.1016/0022-2836(66)90130-6
http://doi.org/10.1371/journal.pone.0069762
http://doi.org/10.1021/bi060112o
http://doi.org/10.1021/bi0270337
http://www.ncbi.nlm.nih.gov/pubmed/12741834
http://doi.org/10.1021/bi0156409
http://www.ncbi.nlm.nih.gov/pubmed/11900532
http://doi.org/10.1021/bi047389d
http://www.ncbi.nlm.nih.gov/pubmed/15751990
http://doi.org/10.1021/bi052247k
http://doi.org/10.1371/journal.pone.0058842
http://doi.org/10.1006/bbrc.2002.6540
http://www.ncbi.nlm.nih.gov/pubmed/11866438
http://doi.org/10.1021/bi970724w
http://www.ncbi.nlm.nih.gov/pubmed/9245419
http://doi.org/10.1021/bi801817v
http://www.ncbi.nlm.nih.gov/pubmed/19183042
http://doi.org/10.1016/S0021-9258(19)43208-0
http://www.ncbi.nlm.nih.gov/pubmed/4356620
http://doi.org/10.1039/b508183c
http://doi.org/10.1021/ic048963c

Int. ]. Mol. Sci. 2023, 24, 6553 17 of 17

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.
90.

Laberge, M.; Vreugdenhil, A.J.; Vanderkooi, ].M.; Butler, 1.S. Microperoxidase-11: Molecular dynamics and Q-band excited
resonance Raman of the oxidized, reduced and carbonyl forms. J. Biomol. Struct. Dyn. 1998, 15, 1039-1050. [CrossRef]

Coletta, M.; Ascenzi, P.; Brunori, M. Kinetic evidence for a role of heme geometry on the modulation of carbon monoxide reactivity
in human hemoglobin. J. Biol. Chem. 1988, 263, 18286-18289. [CrossRef]

Perutz, M.F. Myoglobin and haemoglobin: Role of distal residues in reactions with haem ligands. Trends Biochem. Sci. 1989, 14,
42-44. [CrossRef]

Coletta, M.; Ascenzi, P; Traylor, T.G.; Brunori, M. Kinetics of carbon monoxide binding to monomeric hemoproteins. Role of the
proximal histidine. J. Biol. Chemn. 1985, 260, 4151-4155. [CrossRef]

Hoy, J.A.; Kundu, S.; Trent, ].T., 3rd; Ramaswamy, S.; Hargrove, M.S. The crystal structure of Synechocystis hemoglobin with a
covalent heme linkage. J. Biol. Chem. 2004, 279, 16535-16542. [CrossRef] [PubMed]

Robinson, V.L.; Smith, B.B.; Arnone, A. A pH-dependent aquomet-to-hemichrome transition in crystalline horse methemoglobin.
Biochemistry 2003, 42, 10113-10125. [CrossRef] [PubMed]

Dordas, C. Nonsymbiotic hemoglobins and stress tolerance in plants. Plant Sci. 2009, 176, 433-440. [CrossRef] [PubMed]
Mukhi, N.; Dhindwal, S.; Uppal, S.; Kumar, P; Kaur, J.; Kundu, S. X-ray crystallographic structural characteristics of Arabidopsis
hemoglobin I and their functional implications. Biochim. Biophys. Acta 2013, 1834, 1944-1956. [CrossRef] [PubMed]

Barbosa, R M.; Lopes Jesus, A.].; Santos, R.M.; Pereira, C.L.; Marques, C.F,; Rocha, B.S.; Ferreira, N.R.; Ledo, A.; Laranjinha, J.
Preparation, standardization, and measurement of nitric oxide solutions. Glob. J. Anal. Chem. 2011, 2, 272-284.

Moore, E.G.; Gibson, Q.H. Cooperativity in the dissociation of nitric oxide from hemoglobin. . Biol. Chem. 1976, 251, 2788-2794.
[CrossRef]

Canto, A.; Olivar, T.; Romero, EJ.; Miranda, M. Nitrosative Stress in Retinal Pathologies: Review. Antioxidants 2019, 8, 543.
[CrossRef]

Schmetterer, L.; Polak, K. Role of nitric oxide in the control of ocular blood flow. Prog. Retin. Eye Res. 2001, 20, 823-847. [CrossRef]
Tummanapalli, S.S.; Kuppusamy, R.; Yeo, ].H.; Kumar, N.; New, E.J.; Willcox, M.D.P. The role of nitric oxide in ocular surface
physiology and pathophysiology. Ocul. Surf. 2021, 21, 37-51. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1080/07391102.1998.10508999
http://doi.org/10.1016/S0021-9258(19)81357-1
http://doi.org/10.1016/0968-0004(89)90039-X
http://doi.org/10.1016/S0021-9258(18)89244-4
http://doi.org/10.1074/jbc.M313707200
http://www.ncbi.nlm.nih.gov/pubmed/14736872
http://doi.org/10.1021/bi030059t
http://www.ncbi.nlm.nih.gov/pubmed/12939139
http://doi.org/10.1016/j.plantsci.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/26493132
http://doi.org/10.1016/j.bbapap.2013.02.024
http://www.ncbi.nlm.nih.gov/pubmed/23485912
http://doi.org/10.1016/S0021-9258(17)33557-3
http://doi.org/10.3390/antiox8110543
http://doi.org/10.1016/S1350-9462(01)00014-3
http://doi.org/10.1016/j.jtos.2021.04.007

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Conclusions 
	References

