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Neuroglobin is a hemoprotein expressed in several nervous system cell lineages with yet unknown physiological
functions. Neuroglobin presents a very similar structure to that of the related globins hemoglobin and myoglobin,
but shows an hexacoordinate heme as compared to the pentacoordinated heme of myoglobin and hemoglobin.
While several reactions of neuroglobin have been characterized in vitro, the relative importance of most of those
reactions in vivo is yet undefined. Neuroglobin, like other heme proteins, can reduce nitrite to nitric oxide,
providing a possible route to generate nitric oxide in vivo in low oxygen conditions. The reaction kinetics are
highly dependent on the nature of the distal residue, and replacement of the distal histidine His64(E7) can in-
crease the reaction rate constants by several orders of magnitude. However, mutation of other distal pocket
positions such as Phe28(B10) or Val68(E11) has more limited impact on the rates. Computational analysis using
myoglobin as template, guided by the structure of dedicated nitrite reductases like cytochrome cd; nitrite
reductase, has pointed out that combined mutations of the residues B10 and CD1 could increase the nitrite
reductase activity of myoglobin, by mimicking the environment of the distal heme pocket in cytochrome cd;
nitrite reductase. As neuroglobin shows high sequence and structural homology with myoglobin, we hypothe-
sized that such mutations (F28H and F42Y in neuroglobin) could also modify the nitrite reductase activity of
neuroglobin. Here we study the effect of these mutations. Unfortunately, we do not observe in any case an in-
crease in the nitrite reduction rates. Our results provide some further indications of nitrite reductase regulation in
neuroglobin and highlight the minor but critical differences between the structure of penta- and hexacoordinate
globins.

readily bind exogenous ligands, the distal histidine of hexacoordinate

1. Introduction

Neuroglobin (Ngb) is a heme protein highly conserved in vertebrates.
Discovered in 2000 [1], its physiological role is still unknown. In
mammals, Ngb is expressed mainly in nervous system and endocrine
tissues [2,3]. Ngb evolved from a common ancestor to vertebrate
myoglobin (Mb) and hemoglobin (Hb), diverging before the appearance
of the ancestral Mbs and Hbs. Despite their close relationship, Ngb
presents a singular heme iron coordination, with both proximal and
distal histidine residues coordinating the iron in the ferrous and ferric
states; in Mb and Hb only the proximal histidine coordinates the heme,
and the distal side of the heme is available for ligand binding. In contrast
to cytochromes, which also bear hexacoordinate heme, but do not

globins is in a dynamic binding and dissociation equilibrium, allowing
for the binding of ligands in the sixth heme coordination site [4]. Unlike
Mb and Hb, the ferrous dioxygen complex (Fe'-O,) of Ngb is unstable
towards oxidation and therefore is not suitable for the traditional oxygen
transport and delivery roles of most globins [4]. These observations have
led to the exploration of other roles for Ngb [2,3].

Ngb can catalyze a variety of reactions through its heme iron,
including detoxification of reactive oxygen species [4-6] and reduction
of pro apoptotic cytochrome ¢ [7-9]. Ngb may also be involved in the
regulation of guanosine diphosphate exchange for the Ga protein [10,
11]. Although a role in general oxidative stress response is very possible,
the nature of the actual physiological role(s) of Ngb is yet undefined [2,
31.
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Abbreviations

Cygb cytoglobin

cyt cdINR cytochrome cdl Nitrite Reductase
Hb hemoglobin

KD dissociation constant

Mb myoglobin

Ngb neuroglobin

WT wild-type

Another potential physiological mechanism of Ngb involves the
regulation of nitric oxide (NO) metabolism [12]. When Ngb is bound to
oxygen, it can scavenge NO by reaction of the ferrous dioxygen heme
species with NO producing nitrate and ferric heme. Alternatively, deoxy
(ferrous) Ngb can reduce nitrite and generate NO [13,14]. This is a re-
action that can be regulated by the redox state of the Ngb thiols, and is
faster when the intramolecular disulfide bond between Cys46 and Cys55
is formed [15]. The physiological relevance of this NO-generating re-
action for Ngb is still unclear, but does not require oxygen, unlike the
reaction catalyzed by NO synthases [16], and thus could provide a
source of NO in tissues when oxygen supply is low [14,17].

The reaction of Ngb with nitrite has been previously studied [15,
18-20]. Some features of the reaction, such as the importance of the
distal histidine, have been also explored in an evolutionarily related
globin, cytoglobin (Cygb) [18,20-24]. In Ngb and Cygb, the kinetics of
the reaction are highly dependent on the nature of the distal residue.
Mutation of this amino acid -His64(E7)- can increase the reaction rates
by several orders of magnitude, with reaction rate constants up to 1120
M Is7! (Ngb H64A), as compared to the value for the WT protein (0.52
M lshH 5,19]. The mutation of other distal pocket positions such as
Phe28(B10) or Val68(E11) has a more limited impact on the rates [19].

Computational analysis have tried to mimic the heme environment
of dedicated nitrite reductases like cytochrome cd; Nitrite Reductase
(cyt cdiNR) using the Mb scaffold. These studies have pointed out that
mutations of residues B10 and CD1 (L29H and F43Y in Mb) could in-
crease the nitrite reductase activity of Mb by providing an electronic

Ngb
Mb

His64
His64 \

PheZBP

Phe43
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environment optimal for the stabilization of heme-bound nitrite [25]. As
Ngb shows high sequence and structural homology with myoglobin
(Fig. 1), we hypothesized that the mutations proposed for Mb could also
increase the nitrite reductase activity of Ngb. Here we study the effect of
the Ngb mutations F28H and F42Y, structurally equivalent to Mb L29H
and F43Y mutations. Unfortunately, we do not observe in any case an
increase in the reduction rate constants in the Ngb mutants. Our results
provide further indications of nitrite reductase regulation in Ngb and
highlight the minor but critical differences between the structure of
penta- and hexa-coordinate globins.

2. Materials and methods

Reagents and protein preparation — Reagents were obtained from
Sigma unless stated otherwise.

Protein expression and purification — Plasmids for the expression of
Ngb mutants were generated using standard molecular biology tech-
niques. The wild-type (WT) human Ngb protein was expressed using the
pET28-Ngb plasmid as previously described [19]. The mutations F28H,
F42Y and F28H/F42Y were introduced using the QuikChange
site-directed mutagenesis kit (Stratagene, La Jolla, CA) using adequate
primers. Purification of the proteins from SoluBL21 cells (Genlantis, San
Diego, CA) expressing the corresponding plasmids was accomplished by
DEAE anion exchange chromatography followed by centrifugation
through an Amicon Ultra centrifugal filter (Millipore) with a 50 kDa
cutoff to remove high-molecular weight contaminants. The
flow-through was concentrated using a 10 kDa cutoff Amicon Ultra
centrifugal filter (Millipore) and buffer exchanged to 100 mM phosphate
buffer (pH 7.4) as previously described [19].

Determination of melting temperatures — Thermal denaturation of WT
and mutant Ngbs in their ferric heme form was monitored by UV-Visible
spectroscopy as previously reported [27] with minor modifications. The
experiments were conducted in a Caryl100 Spectrophotometer (Agilent
Technologies, Santa Clara, CA). Reactions were carried out in 10 mM
phosphate-buffered saline (pH 7.4) with stirring. The temperature was
increased from 20 to 100 °C; for each step, the temperature was main-
tained for ~5 min and the spectra were then recorded. Melting tem-
peratures (Tp,) were determined by fitting the absorbance changes in the

Leu29 His64
His64

Fig. 1. Location of selected heme pocket residues in Ngb and Mb. The relative location of neuroglobin residues studied in this work (Phe28 and Phe 42) is shown.
The left panel presents a top view and the right panel a side view, relative to the heme plane. Heme moieties and side chains are shown as sticks: Ngb Phe 28, blue;
Ngb Phe 42, green, Ngb His64, red, Ngb His 96 and heme, yellow; Mb Leu 29, light blue; Mb Phe43, light green; Mb His64, light red, Mb His93 and Ngb heme, pale
yellow. The proximal histidines are omitted in the top view for clarity. Protein data Bank entries 10J6 (Ngb) and 2W6W (Mb) were used. Figure was generated with

PyMOL 0.99rc6 [26].
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between 2 and 20 mM) and the spectral changes were monitored in the
350-700 nm range. Absorbance changes were fit to a single or double
exponential equation as described [15,19,20].

Statistical Analysis — Data were analyzed using Origin 8.0 (OriginLab
Corporation, Northampton, MA) and expressed as mean + standard
deviation of the mean.

Soret peak to the Santoro-Bolen equation [28].

Determination of autoxidation rates — The autoxidation of the ferrous
dioxygen complexes was studied at 37 °C in sodium phosphate buffer
100 mM, pH 7.4 as previously described [19]. Briefly, the ferrous
dioxygen complexes were prepared by reduction of the globins with
excess sodium dithionite (Acros Organics) to form the reduced, ferrous
deoxy form (Fe'l) of the protein, followed by gel filtration through a
Sephadex G25-column (PD10, GE Healthcare) equilibrated with aerobic
buffer. As the protein is eluted in the column and dithionite is removed
from the sample, the ferrous deoxy globin binds dissolved oxygen from
the buffer to yield a final elution sample containing mostly the ferrous
dioxygen species. These concentrated protein samples were mixed with
prewarmed buffer at 37 °C and the spectral changes were monitored for
30-60 min in a Cary-50 spectrophotometer (Agilent Technologies, Santa
Clara, CA). In the case of the F28H and F28H/F42Y mutants, the fast
autoxidation yields an almost completely oxidized, ferric protein (Fe'™)
after the G25-column. In these cases, a modified procedure was used

3. Results

Mutant selection — We selected the mutations F28H, F42Y and the
double mutant F28H/F42Y by analogy with the mutants selected for Mb
in the computational study by Lin et al. [25]. In Ngb, F28 and F42 are the
structural equivalent of myoglobin residues L29 and F43, respectively
(Fig. 1). Heterologous expression of the WT protein and mutants were
performed as described [19]. There were no obvious differences in yield
or stability for the mutants studied.

Spectral properties - The three mutant Ngbs (F28H, F42Y, F28H/

[19]. The ferrous deoxy Ngb species was prepared by titration of the
ferric protein with dithionite in a closed cuvette. The reaction was then
started by addition of aerobic buffer in a 1:4 (v:v) ratio. All the reaction
rates were determined at 37 °C using a Cary 50 spectrophotometer with
a thermostated cell holder. Spectral changes were monitored between
450 and 700 nm for slower reactions, or between 380 and 480 nm (Soret
peak) or 500 and 600 nm (Q bands) for fast reactions. Scans were taken
every 12 or 6 s at a scan rate of 2400 nm/min. The wavelengths showing
maximal absorbance changes between ferrous dioxygen and ferric Ngb
species were used to determine the autoxidation rates. Spectral changes
were fit to a single-exponential equation using Origin 8.0 software
(OriginLab Corp., Northampton, MA).

Nitrite reduction experiments — Nitrite reduction experiments were
performed in 100 mM sodium phosphate buffer, pH 7.4, at 37 °C. The
reactions were followed in the presence of 2.5 mM sodium dithionite as
described previously [15,19,20]. The presence of excess dithionite
generates quantitatively the ferrous deoxy heme species, reduces the
ferric species formed during the reaction back to the ferrous deoxy form,
and consumes oxygen avoiding side reactions between nitrite and
ferrous dioxygen heme [29]. In these conditions, ferrous deoxy heme
reacts with nitrite producing NO and ferric heme. The ferric species is
reduced to ferrous deoxy heme by dithionite, and the NO binds to
ferrous deoxy heme until all the heme is bound to NO, with the ferrous
nitrosyl species (Fe'-NO) being the final product. Samples of Ngbs
(5-10 pM) were mixed with different concentrations of nitrite (typically

F42Y) did not present major changes in the spectra of their ferrous deoxy
or ferric species (Fig. 2). The spectrum of the ferrous deoxy heme is
similar for all the Ngb mutants, showing a double peak with maxima
around 530 nm and 560 nm. These spectra are consistent with distal
histidine coordination to yield a hexacoordinate, ferrous deoxy heme
species similar to those observed for WT Ngb and Cygb. The F28H
mutant spectra were the most similar to the WT spectra, with shifts of 1
nm or less for the peaks of both ferrous and ferric species. Soret and Q-
band maxima for ferrous deoxy and ferric F42Y and F28H/F42Y species
showed hypsochromic (blue) shifts of 1-2 nm for both ferrous deoxy and
ferric species, except for the ferric Q band (537 nm), which presented a
bathochromic (red) shift of 4 nm vs the WT spectra (Fig. 2). These
changes in the Soret peak are smaller, but comparable to those observed
in F43Y and L29H/F43Y Mb [30].

Thermal stability of Ngb mutants - In the study of Mb mutant L29H/
F43Y, unfolding data revealed that the substituted tyrosine residue can
form a covalent cross-link with a vinyl group of the heme porphyrin ring
[30]. These changes were apparent during chemical denaturation
studies, as denaturation of the native-like Mb species results in absor-
bance decrease in the protein-bound Soret peak at 406 nm with
concomitant increase in a Soret feature at around 370 nm, consistent
with heme release. In contrast, chemical unfolding of cross-linked
L29H/F43Y Mb resulted in a decrease in Soret intensity and blue shift
to 410 nm without absorbance increase at 370 nm [30]. To determine if
such a cross-link forms in the analogous Ngb mutations, we performed
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Fig. 2. Spectral properties of wild type Neuroglobin and mutants. UV-Vis spectra for the ferric (Fe'") and ferrous deoxy (Fe") species are shown in black and red

respectively. Q-band region (500-700 nm) is expanded for clarity.
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thermal denaturation studies of the F28H, F42Y and F28H/F42Y mu-
tants. Spectral changes during the thermal denaturation of F28H, F42Y
and F28H/F42Y are shown in Fig. 3. The three mutants show a very high
thermal stability (T, > 90 °C, Fig. 3, Table 1), that is only slightly lower
than that observed for the WT protein [31]. Indeed, the denaturation is
not completed in any of the mutants by the experimental upper limit of
the instrument (around 98 °C), likely giving rise to higher than usual
experimental error in the Ty, values as indicated in Table 1. We do not
observe spectral differences in the denaturation process of the F42Y or
F28H/F42Y Ngb mutants compared to those observed for F28H or WT,
suggesting that in the Ngb mutants the tyrosine does not form a covalent
cross-link with the heme, as reported for the Mb L29F/F43Y mutant
[301.

Autoxidation of neuroglobin mutants — Like other globins, ferrous
deoxy WT Ngb can bind molecular oxygen to form a ferrous dioxygen
complex. However, unlike bona fide oxygen carriers like Mb or Hb, the
ferrous dioxygen complex of WT Ngb decays quickly with formation of
superoxide and ferric Ngb (k = 0.23 min !, corresponding to a half-life
of 3 min for WT Ngb [19]). We determined the autoxidation rates for all
the Ngb mutants generated in this work. Our previous work indicates
that for hexacoordinated globins, these rates are very sensitive to mu-
tations around the heme pocket [19] but usually not altered by changes
far from the heme moiety [8,22]. In addition, we have observed that the
autoxidation rates in hexacoordinate globins depends mainly on the
heme redox potential, with more negative potentials corresponding to
faster autoxidation rates. Therefore we can also use the autoxidation
rates as a surrogate for changes in redox potential [19]. The spectral
changes for the reaction of the Ngb mutants are shown in Fig. 4 and our
calculated rates are shown in Table 2.

The F42Y mutant shows a faster autoxidation than for the WT
enzyme, with a 3.5-fold increase in the autoxidation rate. Notably, there
is no significant formation of a ferrous dioxygen species, and the reac-
tion seems to involve the direct outer sphere oxidation of the ferrous
deoxy heme, without transient formation of a ferrous dioxygen species.
This behavior is unusual in Ngb, which usually favors inner sphere
oxidation of the ferrous dioxygen complex, but has been observed for the
Ngb F28H and V68A mutants [19]. Both autoxidation mechanisms,
involving ferrous dioxygen or ferrous deoxy species usually coexist in
heme proteins, albeit the outer sphere mechanisms is, in most cases, only
apparent at low oxygen concentrations [32].

The effect of the F28H mutation on autoxidation rates is more dra-
matic, as already observed [19] and consistent with similar trends re-
ported for myoglobin B10 substitutions [32,33]. The replacement of the
phenylalanine in position B10 causes 50-fold (F28H) and 22-fold
(F28H/F42Y) increases in the autoxidation rates. Similar to the
changes observed during the reaction of F28H [19], and F42Y, the re-
action for F28H/F42Y mutant does not show significant buildup of a
ferrous dioxygen complex, and also appears to proceed via direct outer
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Table 1
Melting temperatures of wild-type and mutant
neuroglobins.
Neuroglobin Tm (°C)
Wild-type 100°
F28H 90.3 + 1.6
F42Y 93.6 + 4.2
F28H/F42Y 93.4 £ 5.0

Values determined in 10 mM phosphate buffered
saline, pH 7.4. * WT value from Ref. [31] in 10 mM
phosphate buffer, pH 7.0.

sphere oxidation of the ferrous deoxy heme.

Nitrite reduction by Ngb mutants — The ferrous deoxy heme reacts with
nitrite yielding ferric heme and ferrous nitrosyl heme as final products
[13,14,34]. The reaction can be described according to the equations:

Fe' + NO7 + H' - Fe!' + NO + OH™ (equation 1)

Fe!l + NO — Fe''NO (equation 2)

Where reaction 1 is rate limiting. We monitored nitrite reduction using
excess dithionite as described previously [15,19,20]. Under these con-
ditions, the ferric heme species is reduced to ferrous deoxy heme, with
the overall reaction yielding 100% ferrous-nitrosyl species as final
product. The spectral changes during the reaction and the observed rate
constants at pH 7.4 are shown in Fig. 5 and Table 3.

The Ngb F28H mutant has a slightly slower nitrite reduction rate
than WT, as shown previously [19] (Table 3). The F42Y and F28H/F42Y
mutants show even slower bimolecular rate constants, with a 3-fold
decrease for F28H/F42Y and a 7-fold decrease for F42Y. It is also
apparent in Fig. 5 that a very small fraction of the protein has reacted for
F42Y, whereas the reaction of F28H and F28H/F42Y, although incom-
plete, has progressed substantially. The decay of the ferrous deoxy
species for F28H and F28H/F42Y follows kinetics consistent with a
pseudo-first order process, as generally observed for this reaction [15,
19,20]. However, the F42Y mutant consistently shows a more complex
pattern. We fitted the decay for F42Y to a double exponential fit, which
provided a better fit of the observed data (Figs. 5-7).

pH dependence of the nitrite reduction reaction - As noted in equation
(1), the reduction is dependent upon the concentration of protons, as the
reacting species is usually HNOy [34,36]. To determine if the mutants
show a similar pattern, we studied the reaction for the three Ngb mu-
tants in the 6.2-8.0 pH range. The observed values are shown in Fig. 6.
For F28H and F28H/F42Y mutants, the observed bimolecular reaction
rate constants vary linearly with [H'] and the calculated slope is within
experimental error of the expected value of —1 according to equation
(1). This is similar to the behavior observed for the nitrite reduction
process in most heme proteins [15,20,34,37]. As noted above for the
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300 320 340 360 300 320 340 360
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0.0 o =
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Fig. 3. Thermal denaturation of WT Ngb and mutants. The spectra for the ferric heme species determined at increasing temperatures are shown. The initial
spectrum (20 °C) is denoted by a thick black line, and the final spectrum (approx. 98 °C) is denoted by a thick red line. Intermediate spectra are shown as thin black
lines. The insets show the changes in the Soret peak absorbance with the temperature and the fit of the absorbance changes to the Santoro—Bolen equation (red lines).



M.D. Williams et al.

0.10 4

0.08 -

Absorbance (AU)

0.04 -

0.02 4

Biochemistry and Biophysics Reports 36 (2023) 101560

0.4- E
~ -0.05
o
I 010
0.3 9
% -0.15
e)
< 0 50 100 150

Time (s
0.2 (s)

0.1 J
F28HIF42Y

500 520 540 560 580 600 620
Wavelength (nm)

0.0 T T T T 1
380 400 420 440 460 480
Wavelength (nm)

Fig. 4. Autoxidation of Ngb mutants. The plots show selected spectra during the course of the autoxidation reaction for each mutant. As changes for Ngb F28H/
F42Y in the Q-band were very small, the Soret band is shown instead. The insets show the fitting of the decay to a single exponential equation. The initial spectrum is
denoted by a thick black line, and the final spectrum is denoted by a thick red line Arrows indicate the direction of the spectral change.

Table 2

Autoxidation rates of wild-type and mutant

neuroglobins.
Neuroglobin Rate (min 1)
Wild-type 0.23 + 0.03°
F28H 11.3 + 0.7¢
F28H/F42Y 5.03 £ 0.47
F42Y 0.82 + 0.24

Values determined at 37 °C in 100 mM sodium
phosphate, pH 7.4. @ values from Ref. [19].

F42Y mutant, the traces do not fit well to a single exponential equation
and are better fit to a double exponential equation. The fast phase rep-
resents around 25% of the absorbance change at pH 6.2 and its contri-
bution decreases as the pH increases; a single exponential fit describes
the decay accurately at pH 8.0 (Fig. 7). Also, the observed rate for the
fast phase decreases at increasing pH, whereas the slow phase is not
sensitive to the pH changes. The dependence of the fast phase does not
yield a slope of —1 as expected from equation (1) (Fig. 6), but that may
be due to the larger experimental error given the smaller contribution of
the fast phase to the absorbance change observed. Altogether, it appears
that the reaction of the F42Y mutant with nitrite involves mainly the

0.20

0.3
0.15

Abs 427-412nm

0.2
0 500 1000 1500

Time (s)

Absorbance (AU)

Ngb F28H/F42Y pH 7.4

reaction with the anion NO3 species, and only a small population of the
protein, lost at high pH, can react via the nitrous acid species.

4. Discussion

Nitrite reduction is a notable process in biology. In bacteria, this step
is a critical element of the denitrification process [38]. Plants and cya-
nobacteria may use non symbiotic hemoglobins to produce NO from
nitrite in hypoxic conditions [39,40]. Finally, substantial evidence in-
dicates that nitrite reduction supports vasodilation in mammalian cir-
culation [41,42], a reaction with important physiological and clinical
ramifications [14,17].

As nitrite reduction is one of the possible roles of Ngb in vivo, we have
conducted several studies trying to elucidate the role of the heme pocket
on the regulation of nitrite reduction rates [15,19,20]. In this context,
we wanted to determine if the modifications proposed by Lin et al. to
modify the heme pocket of myoglobin to create a distal pocket envi-
ronment similar to that of cyt cdiNR [25] would have the same effect in
Ngb. These changes involve the replacement of the B10 residue (Leu29
in Mb, Phe28 in Ngb) with a histidine and the amino acid in position
CD1 (Phe43 in Mb, Phe42 in Ngb) with a tyrosine residue. The intro-
duction of the H-bond donor side chains would, in theory, improve the
stability of the intermediate heme-bound nitrite species.
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Fig. 5. Absorbance decay for the reaction of neuroglobin mutants with nitrite at pH 7.4. Traces correspond to the reaction of F28H (10 pM) with 5 mM nitrite; F28H/
F42Y (6 pM) with 10 mM nitrite and F42Y (9 pM) with 10 mM nitrite. The fit of the observed data to a single exponential equation is indicated by a solid red line for
the F28H and F28H/F42Y mutants. In the case of the F42Y mutant, the fit to a double exponential equation is denoted by solid red line and the fit to a single

exponential equation is indicated by a solid blue line.
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Table 3
Nitrite reductase rates of selected wild-type globins and mutants.
Protein Protein Reaction rate constant (M~ 's™) Reference
Myoglobin WT 5.6 + 0.6" [15]
H64A 1.8 +0.3° [15]
F43H 1.4 +0.1¢ [35]
F43H/H64A 49.8 + 1.5¢ [35]
Neuroglobin WT 0.52+0.19¢ [19]
H64A 1120 + 1409 [19]
F28H 0.37 £ 0.05 [19]
F42Y 0.071 + 0.006 This work
F28H/F42Y 0.184 + 0.043 This work

Reaction rate constants for wt Ngb and mutants determined at 37 °C in 100 mM
sodium phosphate, pH 7.4. Rate constants for Mb determined at 25 °C in 100
mM sodium phosphate [15] or 100 mM potassium phosphate [35].

The replacement of these amino acids did yield a functional protein,
with minor spectral and stability changes. However, we did not observe
an increase in the nitrite reductase rates for the F28H/F42Y mutant. Of
note, the same group encountered problems with the function of these
mutations in Mb, as the F43Y mutation caused the formation of a co-
valent bond between the tyrosine side chain and the vinyl group of the
heme [30]. We did not observe this phenomenon in Ngb, even though
the orientation of Ngb F42Y could place the tyrosine in the proximity of
one of the heme vinyl groups (Fig. 8). Studies by the same group noted
that further modifications were required to actually increase Mb nitrite
reductase activity, and only the mutations L29H, F43H and H64A in Mb
increased nitrite reductase rates by 8-fold [35] (Table 3).

Biochemistry and Biophysics Reports 36 (2023) 101560

The comparison of the cyt cdiNR, Mb and Ngb structures indicates
that the distal pocket -where oxygen or other ligands like nitrite/nitrous
acid will bind-is more constricted in Ngb (Fig. 8). In fact, the dissociation
equilibrium of Ngb His64 is the main limitation to ligand binding in Ngb
[4,6,15,19,43]. We and others have studied the His64(E7) role in Mb
nitrite reductase activity, and observed that Mb H64A, H64L and H64V
mutations decrease nitrite reduction in Mb, whereas the H64L and H64A
replacements vastly increase the rate constants for Ngb [15,44]. This
fact is likely related to the more crowded distal pocket in Ngb, whereas
in WT myoglobin the distal heme pocket is already large enough to
accommodate the nitrite molecule (Fig. 8). In fact, in Mb His64 side
chain is too far to coordinate the heme directly, but optimally placed to
stabilize polar ligands [45,46]. As noted above, the H64A mutation in
Mb can lead to an increase in nitrite reduction rate constants when
combined with L29H and F43H mutations [35]. It is possible that the
similar combination F28H/F42H/H64A mutant could increase reac-
tivity in Ngb, but this effect is probably modest compared to the effect of
H64A alone [19]. Notably, the Mb F43H/H64A mutant introduces a
large network of water molecules in the Mb pocket that could be dis-
placed by the nitrite without disturbing the distal pocket side chains
[35], which seems unlikely to happen in the more closed Ngb pocket,
even for the F28H/F42H/H64A mutant (Fig. 8).

In globins, the residue in position CD1 has an important role in heme
binding and stability. It has been shown that even conservative muta-
tions to hydrophobic, non-aromatic amino acids cause fast heme loss
[47]. Also, as noted above, F43Y Mb can undergo a reaction with one of
the heme vinyl groups forming a covalent adduct [30]. We do not
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of the F42Y mutant, red lines indicate the fit of the slow phase, and blue lines denote the fit of the fast phase rate constants. The slope of the linear fit is indicated in
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observe this effect in our Ngb mutants, but there is an interesting effect
on nitrite reduction. In this case, the pH dependence of the reaction is
largely diminished, indicating a reaction mainly through the nitrite
species and less dependent on nitrous acid. The deviation of the reaction
rates from the expected linear dependence has been noted for Ngb at
high pH, and it is more noticeable in Cygbs [20], but is notably exac-
erbated for the F42Y mutant (Figs. 6 and 7). Given the slow reaction
rates for the F42Y mutant, it seems plausible that this state is reached
due to a much slower reaction with nitrous acid, rather than due to an
increase in the rate of reaction for nitrite. In the absence of structural
data, we speculate that this can be due to a further stabilization of the
His64 binding to the heme iron, perhaps through a hydrogen bond
interaction of the tyrosine hydroxyl with the histidine, directly or via a
water molecule. The presence of a histidine in position B10 avoids this
effect in the F28H/F42Y mutant, probably by providing some electro-
static repulsion with His64 that leads to a faster dissociation rate of the
distal histidine. In support of this hypothesis, Smagghe et al. have shown
that different mutations of the native Phe(B10) residue in rice hex-
acoordinate hemoglobin cause an increase of the distal histidine disso-
ciation rate, and overall dissociation constants for the distal histidine
[48].

The effects of B10 mutations in globins have been widely studied.
This side chain is critical in regulating binding to the distal heme side,
and in particular autoxidation rates in both penta- [32,33,49,50] and
hexacoordinated globins [19,48,51,52]. We observe a mildly destabi-
lizing effect, with a decrease of 10 °C in the Ty, values, but other than the
large increase in autoxidation rates, the effect on the nitrite reduction
reaction is small. It is possible that in Ngb, the contribution of the B10
residue is mainly transduced by a gating effect due to the steric bulk of
the native Phe, and that this gating regulates the binding of gaseous li-
gands [51]. Moreover, the F28H Ngb mutant apparently does not form
stabilizing interactions with the bound nitrite molecule, directly or
through H-bonding (Fig. 8).

Another possible limitation in the redesign of nitrite reductase ability
of Ngb is the starting heme redox potential. A higher redox potential of
the heme seems to favor the reaction, at least in the bacterial nitrite
reductases. The cd; heme of Thiosphaera pantotropha cyt cdiNR has a
redox potential of around +250 mV [38], compatible with the potentials
of its physiological redox partners [53]. The cyt cdiNR redox potential
may be also optimal for a fast nitrite reduction process. The value re-
ported for cyt cd;NR is still considerably more positive than the potential
of Mb (+59 mV) [54] and higher than Ngb (—118/—129 mV) [4,19]. Itis
unclear, however, if this factor is a main driver of the nitrite reduction
process for globins. In the case of Ngb, large changes in the reaction rate

constant are achieved by mutation of the His64 residue, whereas the
redox potential of the heme was almost unchanged for the His64 mu-
tants studied, indicating that other aspects can also influence the reac-
tion [19].

Altogether, even though we did not generate Ngb mutants with
increased nitrite reductase activity, we present important observations
about Ngb reactivity in the context of related globin proteins. We found
that the Ngb F42Y mutation can further stabilize the distal histidine
binding, rendering the protein almost inactive towards nitrite while
keeping other properties such as thermal stability and autoxidation
relatively intact. Our results showcase the specific features and differ-
ences between the long studied, pentacoordinate globins and the
growing family of hexacoordinated globins.
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