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inine residue in the mechanism of
heme nitrite reductases†

Ankita Sarkar, Snehadri Bhakta, Samir Chattopadhyay and Abhishek Dey *

Heme nitrite reductases reduce NO2
− by 1e−/2H+ to NO or by 6e−/8H+ to NH4

+ which are key steps in the

global nitrogen cycle. Second-sphere residues, such as arginine (with a guanidine head group), are

proposed to play a key role in the reaction by assisting substrate binding and hydrogen bonding and by

providing protons to the active site for the reaction. The reactivity of an iron porphyrin with a NO2
−

covalently attached to a guanidinium arm in its 2nd sphere was investigated to understand the role of

arginine residues in the 2nd sphere of heme nitrite reductases. The presence of the guanidinium residue

allows the synthetic ferrous porphyrin to reduce NO2
− and produce a ferrous nitrosyl species ({FeNO}7),

where the required protons are provided by the guanidinium group in the 2nd sphere. However, in the

presence of additional proton sources in solution, the reaction of ferrous porphyrin with NO2
− results in

the formation of ferric porphyrin and the release of NO. Spectroscopic and kinetic data indicated that

re-protonation of the guanidine group in the 2nd sphere by an external proton source causes NO to

dissociate from a ferric nitrosyl species ({FeNO}6) at rates similar to those observed for enzymatic sites.

This re-protonation of the guanidine group mimics the proton recharge mechanism in the active site of

NiR. DFT calculations indicated that the lability of the Fe–NO bond in the {FeNO}6 species is derived

from the greater binding affinity of anions (e.g. NO2
−) to the ferric center relative to neutral NO due to

hydrogen bonding and electrostatic interaction of these bound anions with the protonated guanidium

group in the 2nd sphere. The reduced {FeNO}7 species, once formed, is not affected significantly by the

re-protonation of the guanidine residue. These results provide direct insight into the role of the 2nd

sphere arginine residue present in the active sites of heme-based NiRs in determining the fate of NO2
−

reduction. Specifically, the findings using the synthetic model suggest that rapid re-protonation of these

arginine residues may trigger the dissociation of NO from the {FeNO}6, which may also be the case in

the protein active site.
Introduction

Nitrite (NO2
−) is a key intermediate in the nitrogen biochemical

cycle that involves oxidations and reductions of nitrogen oxides
(NOx) by both aerobically and anaerobically respiring organisms
during energy transduction.1–3 Reduction of nitrite can be
dissimilatory, where nitrite is reduced to ammonium ion (NH4

+)
that later assembles into amino acids and is nally catalyzed by
the multi-c hemes containing nitrite reductase enzyme (CcNiR,
Fig. 1A). Assimilatory nitrite reduction generates NH4

+ by the
siroheme-containing nitrite reductase enzyme (CsNiR,
Fig. 1B).3–12 Nitrite is also reduced to N2 in a denitrication
pathway, where the rst committed step is nitric oxide (NOc)
formation from nitrite and involves either the copper-
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dependent (CuNiR)13–16 or the heme-dependent (Cd1NiR,
Fig. 1C)17–19 nitrite reductase enzyme. These heme-based nitrite
reductases not only utilize different variations of heme cofac-
tors, but also present different axial ligands and 2nd sphere
amino acid residues at their distal sites (Fig. 1). In CcNiR, distal
histidine and arginine residues anchor the approaching NO2

−

ion to the reduced iron center with strong hydrogen bonds, and
the N–O bond cleavage is facilitated by the protons provided by
these positively charged 2nd sphere residues.20–22 Two arginine
and lysine residues play a similar role at the distal site of
CsNiR.23,24 Cd1NiR also fashions two conserved distal histidine
residues.17,25–29

The mechanism of working of these heme-dependent nitrite
reductases has been extensively investigated using different
experimental and theoretical methods. These enzymes bind the
NO2

− molecule via the “nitro” mode to their ferrous
state.17,28,30–37 In addition to the hydrogen bonding interaction of
the bound nitrite with the distal amino acid residues, back-
bonding from the ferrous iron to nitrite N-atom of the NO2

−

makes the N–O bond weaker.38–40 The initial N–O bond cleavage
Chem. Sci., 2023, 14, 7875–7886 | 7875
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Fig. 1 The catalytic active site of (A) CcNiR (PDB file 2E80), (B) CsNiR (PDB file 2AKJ), and (C) Cd1NiR (PDB file 1NIR). (D) Bifurcation in the
enzymatic pathway of nitrite reduction for different heme-dependent NiRs.
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produces a ferric–NO complex or {FeNO}6 (Enmark–Feltham
notation), which is the rst iron-nitrosyl intermediate of the
corresponding catalytic cycle.41 The protons required for the
N–O bond cleavage, resulting in the elimination of water, are
provided by the distal residues (arginine, histidine, lysine, etc.).
From this point, the enzymatic pathways of different heme-
dependent NiRs bifurcate. The CcNiR and CsNiR retain the
bound NO to further reduce it into NH4

+. To accomplish the
reduction of NO, the enzyme's active sites “recharge” them-
selves with protons and electrons and utilize a proton-coupled
electron transfer mechanism.42,43 On the other hand, the
Cd1NiR reduces the {FeNO}6 complex by one electron to
produce the ferrous–NO complex or {FeNO}7 (Enmark–Feltham
notation) and releases NO with an exceptionally high NO
dissociation rate, relative to other heme active sites and
synthetic systems (Fig. 1D). Initially, NO has been proposed to
be released from the {FeNO}6 complex,44 but substantial proof
of kinetically competent NO dissociation from this complex is
missing thus far.1,25,38,40,45–47 However, several experimental
pieces of evidence suggest rapid NO release through the
{FeNO}7 complex,44 despite its general high affinity for the
reduced heme-Fe.25,35,38,39,48–54 The synergistic effect of the
7876 | Chem. Sci., 2023, 14, 7875–7886
unique heme d1 structure and the network of the distal amino
acid residues has been deemed important for facile NO disso-
ciation from the {FeNO}7 complex of cd1NiR.35,39,48,50,53,55–57

Recent results using synthetic analogs of heme d1 have indi-
cated that the structure of the porphyrin can indeed affect the
stability of the Fe–NO bond in {FeNO}7 intermediates and, more
specically, electron-withdrawing peripheral substituents
weakens the Fe–NO bond causing its dissociation.58 Further
reduction of the bound NO to NH4

+ requires a proton recharge
mechanism which is actualized by re-protonating the arginine
and lysine residues present in the distal site of the heme active
sites of CsNiR and CcNiR which gets deprotonated during the
reduction of NO2

− to NO. The distal arginine residues are
deemed important for substrate binding, as well as for N–O
bond activation/cleavage and proton transfer to the active site.
However, to date, the proposals regarding the roles of the
crucial distal arginine residue have not been evaluated for NO2

−

reduction in synthetic systems.
In this study, the reduction of NO2

− ion was investigated
using an iron complex of a guanidinium-armed porphyrin
ligand, [MARGH]Cl (Fig. 2A, the exchangeable protons and
counter ions are shown in bold). The crystal structure of the free
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Crystal structure of [MARGH]Cl ligand (Cl (green), O (red), C (grey), N (blue) and H (white)) and (B) schematic diagram of [FeMARGH]Cl2.
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[MARGH]Cl ligand exhibits that the pendant guanidinium
group, attached covalently to the porphyrin, is protonated
because of its high pKa and is counterbalanced by a chloride ion
(Fig. 2B).59 This protonated guanidinium pendant group
mimics the distal protonated amino acid groups in the catalytic
active sites of heme-dependent NiRs. The [FeMARGH]Cl2
complex has been recently demonstrated to be able to trans-
locate protons into the iron active site through the guanidine
group, allowing them to act as peroxidases with very facile O–O
bond heterolysis rates.59 Here, the ferrous porphyrin complex,
([FeIIMARGH]Cl), catalyzes the reduction of NO2

− to NO without
the necessity of external protons. The reduction of NO2

− can
lead to the formation of a {FeNO}7 complex or release NO from
the {FeNO}6 intermediate depending on the protonation state of
the distal guanidine group. These results suggest that “proton
recharge” may trigger the dissociation of NO from the {FeNO}6

complex.

Results
Reactivity of [FeIIMARGH]Cl

The [FeIIIMARGH]Cl2 is reduced in situ to the corresponding
[FeIIMARGH]Cl complex and is characterized by its absorption
Fig. 3 Absorption spectra of [FeIIIMARGH]Cl2 (violet) and [FeIIMARGH]
Cl (red). The green spectra correspond to the {FeNO}7 species
generated in the reaction of [FeIIMARGH]Cl with [NBu4]NO2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
bands at 428 nm (Soret) and 545 nm (Fig. 3, red). The Soret band
shis to 408 nm, and the Q band shis to 540 nm (Fig. 3, green)
when 5 equivalents of [NBu4]NO2 are added to [FeIIMARGH]Cl,
indicating the formation of the corresponding ferrous nitrosyl
complex, {FeNO}7. The nN–O of the {FeNO}7 complex is observed
at 1680 cm−1 (Fig. S1†). A protonated guanidinium arm shows
characteristic FTIR vibrations at 1727 cm−1 and 1780 cm−1

which disappear upon deprotonation (Fig. S2†). The FTIR data
on the product from the reaction of [FeIIMARGH]Cl with [NBu4]
NO2 shows a nN–O at 1680 cm−1 for {FeNO}7 species, but no
peaks are observed corresponding to the protonated guanidi-
nium group indicating that these protons are consumed during
the reduction of NO2

− by [FeIIMARGH]Cl to form a {FeNO}7

species.
The X-band EPR spectrum of [FeIIIMARGH]Cl2 exhibits an

axial signal at g = 5.7 (Fig. 4A, violet), while the [FeIIMARGH]Cl
complex is EPR silent at 77 K (Fig. 4A, red). Addition of 5
equivalent of the [NBu4]NO2 solution to the ferrous complex
results in two distinct EPR signals. First, a set of rhombic
signals was observed with g= 2.06 and g= 1.97 representing the
formation of a {FeNO}7 species and, second, an axial signal was
observed at g = 5.7 indicating a ferric complex resulting from
the oxidation of a free ferrous porphyrin (Fig. 4A, green). The
axial EPR signal and lack of super-hyperne structure on g3
suggests that the {FeNO}7 species is 6C likely co-ordinated
weakly by a solvent molecule. Thus, a ferrous porphyrin with
a protonated guanidium arm at the distal site reduces NO2

− to
generate a {FeNO}7 species (S = 1/2, g = 2.06, 1.97; nN–O =

1680 cm−1) and a ferric porphyrin (S = 5/2, g = 5.7) mimicking
the reaction at the active site of Cd1NiR, where the protons
needed, is provided by the distal residues and the electrons are
provided by other heme sites. Here, the EPR data collected
during the course of the reaction show the simultaneous
formation of {FeNO}7 species and FeIII species (Fig. 4B). While
the EPR signal of S = 5/2 Fe(III) species cannot be quantied at
77 K, spin quantication of the S= 1/2 {FeNO}7 signal relative to
Cu(II) standard at 77 K indicated a 45% yield of the {FeNO}7

species, suggesting that 50% of the product was {FeNO}7 species
and the remaining 50% was the Fe(III) porphyrin. Note that NO
stays bound to the iron porphyrin even in the presence of 100
equivalents of NO2

− in the solution. Thus, even though the
Chem. Sci., 2023, 14, 7875–7886 | 7877
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Fig. 4 (A) X-band EPR spectra of [FeIIIMARGH]Cl2 (violet) and [FeIIMARGH]Cl (red). The green spectra correspond to the {FeNO}7 species and the
ferric porphyrin generated in the reaction of [FeIIMARGH]Cl with [NBu4]NO2. (B) The corresponding spectra in different time intervals upon
addition of [NBu4]NO2 to [FeIIMARGH]Cl and a plot of normalized EPR intensities of the axial (violet) and rhombic (green) signals with time.
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mechanism of NO2
− reduction by [FeIIMARGH]Cl resembles

that of Cd1NiR, it is not a functional model of Cd1NiR as NO is
not released from the reaction center. It is important to note
that the corresponding FeTPP complex (which does not bear the
protonated guanidinium arm) does not produce {FeNO}7

species under the same reaction conditions and remains
unreacted (Fig. S3 and S4†). These observations suggest that the
local proton source is pivotal for the cleavage of the N–O bond of
the NO2

− to result in the formation of {FeNO}7 species.
The formation of 1 : 1 [{FeNO}7] : [FeIII] from FeII-porphyrin

and NO2
− requires binding of NO2

− to the FeII-porphyrin fol-
lowed by N–O bond cleavage to form a {FeNO}6 species and then
the reduction of the {FeNO}6 species to the {FeNO}7 species by
an electron transfer (ET) from another ferrous porphyrin
present in the solution. Following the absorption spectra of the
reaction of [FeIIMARGH]Cl and 100 equivalents of [NBu4]NO2

with time, at least one intermediate species was observed with
Soret at 428 nm and Q bands at 531 nm and 569 nm (Fig. 5A,
blue) which is distinct from both the reactant and the product.
Fig. 5 (A) Intermediate absorption spectrum (blue) upon addition of [NBu
{FeNO}7 species (green). (B) Kinetic trace followed at 540 nm for the form
NO2 to [FeIIMARGH]Cl.

7878 | Chem. Sci., 2023, 14, 7875–7886
The kinetic trace followed at 540 nm, indicated that there are
two steps in the reaction where the rst step results in the
formation of the intermediate, and the second step results in
the formation of the {FeNO}7 species and is rate-determining
(Fig. 5B). In EPR, the timescale (∼30 s) for the simultaneous
formation of {FeNO}7 species and FeIII-porphyrin in a 1 : 1
distribution indicated that the second step corresponded to an
ET from a free ferrous porphyrin in solution to the interme-
diate, which was also the rate-determining step of the reaction.
Here, the intermediate could either be a FeII–NO2

−, FeII–NO2H,
or a {FeNO}6 species, and its exact determination is beyond the
scope of this work. However, both the formation and decay of
the intermediate showed a substantial H/D KIE (Fig. 6) indi-
cating that the local protons are involved in the TS of formation,
as well as in the decay of this intermediate. Since the reaction
requires two protons for the N–O bond cleavage, and the second
proton is obtained from another [FeIIMARGH]Cl, both the steps
of N–O bond cleavage and bimolecular ET are likely coupled to
this proton transfer resulting in a substantial KIE in the kinetics
4]NO2 to [FeIIMARGH]Cl (red) and the corresponding final spectrum of
ation of {FeNO}7 complex upon addition of 100 equivalents of [NBu4]

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Kinetic trace followed at 540 nm regarding the formation of {FeNO}7 complex upon addition of 100 equivalent of [NBu4]NO2 to [FeII-

MARGH]Cl (green) and to [FeIIMARGD]Cl (orange).
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(Scheme 1). Logically, the concentration of local protons is
likely to affect the rate of the reaction.
Reactivity of [FeIIMARGH]Cl with NO2
− in the presence of an

external proton

The NiRs require “proton recharge” in the enzyme as the
protons in the active site are consumed during turnover.20 The
distal residues get re-protonated either during the catalytic
cycle, for example in CcNiR that requires a total of 8H+ to reduce
NO2

− to NH4
+, or at the end of the catalytic cycle as is the case

for Cd1NiR, which requires 2H+ for turnover. To enable the re-
protonation of the pendant guanidine residue, 2,6-xylidinium
chloride (as a source of the proton) was added to [FeIIMARGH]Cl
simultaneously with 5 equivalents of [NBu4]NO2 at a ratio of
[H+]/[NO2

−] = 1. The kinetic trace of the reaction leading to the
formation of {FeNO}7 species at 540 nm was signicantly faster
than that obtained without the addition of any external protons;
also, the reaction no longer showed the intermediate species
(Fig. S5†). Interestingly, the reaction completely changed when
2,6-xylidinium chloride was increased to 20 equivalents such
Scheme 1 A tentative description of the rate-determining ET step in the r
of external protons. The Cl− counter ion on the NO2

− bound heme is n

© 2023 The Author(s). Published by the Royal Society of Chemistry
that the [H+]/[NO2
−] was 4. Here, the absorption spectrum

rapidly changed to the FeIII–Cl species (Fig. 7A, grey) and no
{FeNO}7 species were observed. A single axial signal at g= 5.7 in
the corresponding EPR spectrum conrmed the formation of
a high spin FeIII species (Fig. 8, grey), and the S = 1/2 signal for
{FeNO}7 was almost absent. Note that, the formation of ferric
porphyrin from the reaction of ferrous porphyrin and NO2

−

requires one equivalent of NO to be released. NO can be trapped
using CoIITPP, which is EPR active, but forms an EPR-silent
{Co(TPP)NO}7 species with NO. When the reaction mixture of
1 equivalent of [FeIIMARGH]Cl, 5 equivalents of [NBu4]NO2, and
20 equivalents of 2,6-xylidinium chloride solution was incu-
bated with 1 equivalent CoIITPP, the corresponding absorption
spectrum exhibited a Q band at 541 nm which is a characteristic
of NO-bound CoIITPP complex, [CoTPP(NO)] (Fig. S6,† dark
blue).60,61 Similarly, the characteristic EPR signal from 1 equiv-
alent of CoIITPP was mostly diminished at the end of the reac-
tion, conrming the formation of 1 equivalent of the
diamagnetic [CoTPP(NO)] complex from the reaction of CoIITPP
with the NO released (Fig. S7†). These results conrm that
[FeIIMARGH]Cl reduces NO2

− to NO in the presence of 20
eduction of NO2
− to {FeNO}7 species by [FeIIMARGH]Cl in the absence

ot shown for clarity.

Chem. Sci., 2023, 14, 7875–7886 | 7879
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Fig. 7 (A) Absorption spectra of [FeIIMARGH]Cl (red) upon simultaneous addition of 5 equivalents of [NBu4]NO2 and 20 equivalents of 2,6-
xylidinium chloride (dark grey). (B) Kinetic trace followed at 692 nm regarding the formation of FeIII–Cl species when nitrite and 20 equivalents of
2,6-xylidinium chloride are added to [FeIIMARGH]Cl simultaneously.

Fig. 8 X-band EPR spectra of [FeIIMARGH]Cl (red) upon simultaneous
addition of 5 equivalents of [NBu4]NO2 and 20 equivalents of 2,6-
xylidinium chloride (dark grey).
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equivalents of an external proton source, establishing this
complex to be a functional model of Cd1NiR.

The 1st order rate of the reaction of [FeIIMARGH]Cl with
[Nbu4]NO2 in the presence of 20 equivalents of 2,6-xylidinium
chloride was obtained to be 0.29 ± 0.05 s−1 (Fig. 7B), and it was
independent of the concentration of NO2

− (Fig. S8†). The
reaction did not show appreciable H/D KIE (Fig. S9†). The
reaction with 2,6-xylidinium p-toluene sulfonate (different
counter anion) yielded a ferric porphyrin species featuring
different charge transfer bands (no Cl− counter-ion) with
slightly lower rates, suggesting that NO dissociation is likely to
be the rate-determining step (Fig. S10,† orange). Here, it is
important to note that the reactivity of FeIITPP remains unal-
tered even if 20 equivalents of 2,6-xylidinium chloride solution
are added to it simultaneously with [NBu4]NO2 i.e., it produces
a mixture of {FeNO}f7 species and FeIII–Cl of TPP species
(Fig. S11,† blue). These results indicate that the fate of the
reaction between [FeIIMARGH]Cl and NO2

− in the presence of
external protons depends mostly on the availability of protons.
In the presence of an excess external proton source, the reaction
does not produce the {FeNO}7 species, but produces a ferric
porphyrin species and releases NO instead.
7880 | Chem. Sci., 2023, 14, 7875–7886
To further evaluate if a {FeNO}7 species of [MARGH]Cl
porphyrin could be involved in the release of NO in the presence
of an excess proton source, a {FeNO}7 complex of that porphyrin
was generated by bubbling dry NO gas into an aprotic solution
of [FeIIMARGH]Cl, which was conrmed by the corresponding
absorption (Fig. 9A, green) and EPR spectra (Fig. 10, green), and
20 equivalents of 2,6-xylidinium chloride were added to it. A
very slow reaction yielded a FeIII–Cl species (Fig. 9A, violet, and
Fig. 10, purple, respectively). The corresponding EPR spectra
showed that the intensity of the rhombic signal at g = 2 corre-
sponding to the {FeNO}7 species gradually decays with
a concomitant growth of the axial S = 5/2 high spin ferric
porphyrin signal at g = 5.7 (Fig. S12, A and B†). However, the
rate of this reaction, as monitored by the formation of FeIII–Cl
species at 692 nm, was substantially slower than the rate of NO
release from the reaction of [FeIIMARGH]Cl with [NBu4]NO2 in
the presence of 20 equivalents of 2,6-xylidinium chloride solu-
tion (Fig. 9B). These data indicate that the presence of excess
protons can induce the cleavage of the iron–nitrosyl bond of the
{FeNO}7 complex of the [MARGH]Cl ligand to result in a ferric
porphyrin species – albeit at a very slow rate. However, no free
NO was detected here. Instead, analysis of headspace in gas
chromatography (GC tted with TCD) revealed that N2O gas was
liberated. This suggests that, in the presence of excess protons,
the {FeNO}7 species of the [MARGH]Cl ligand results in a ferric
species and HNO, which eventually leads to the formation of
N2O. Similar protonation of {FeNO}7 species leading to the
liberation of N2O via an HNO intermediate is commonly
observed in the active site of myoglobin62–64 and the synthetic
heme d1 complexes.58,65,66 N2O is also frequently encountered as
a product of NO2

− reduction in cd1NiR under different assay
conditions.67–69 A pure {FeNO}7 complex of TPP is also similarly
generated. The {FeNO}7 species generated from FeIITPP do not
show any change even with 20 equivalents of 2,6-xylidinium
chloride solution at the same time scale indicating that the
protonation of the corresponding {FeNO}7 species does not
occur under the same reaction conditions. Similarly, NO satu-
rated dry and degassed THF solution was added to an aprotic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Absorption spectra of {FeNO}7 species of [MARGH]Cl (green) and the FeIII–Cl species generated upon addition of 2,6-xylidinium
chloride to it (violet). (B) Kinetic trace at 692 nm when 2,6-xylidinium chloride is added to the {FeNO}7 complex (violet) and that of the reaction
when 20 equivalents of 2,6-xylidinium chloride and 5 equivalents of [NBu4]NO2 are added simultaneously to [FeIIMARGH]Cl (orange).

Fig. 10 X-band EPR spectra of {FeNO}7 species of [MARGH]Cl (green)
and FeIII–Cl species upon addition of 2,6-xylidinium chloride to it
(purple).
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solution of [FeIIIMARGH]Cl2 till its corresponding EPR signal at
g = 5.7 disappeared completely. The EPR silent spectrum was
consistent with the formation of a diamagnetic {FeNO}6 species
(Fig. S13†). The addition of 2,6-xylidinium chloride solution
resulted in a regeneration of the starting ferric porphyrin
complex with the axial signal at g= 5.7 (Fig. S13†) mirroring the
reactivity observed during the reduction of NO2

− by [FeII-

MARGH]Cl in the presence of 20 equivalents of 2,6-xylidinium
chloride in the solution.

The reduction of NO2
− to NO in the presence of 20 equiva-

lents of 2,6-xylidinium chloride catalyzed by [FeIIMARGH]Cl
likely follows amechanism that involves a {FeNO}6 intermediate
(Scheme 2). The rate of dissociation of NO from {FeNO}6 species
is 0.29± 0.05 s−1, which is two orders of magnitude higher than
the rate of NO dissociation observed for that of {FeNO}6

complex of TPP in the presence of halide anion.70 The binding
of an anionic Cl− (counter anion) or NO2

− (excess) ligand to the
ferric center of the porphyrin in preference to a neutral NO
ligand, driven by direct hydrogen bonding and electrostatic
interaction of the anion with the protonated guanidinium
pendant arm is likely to be the driving force behind NO disso-
ciation from the {FeNO}6 species of [MARGH]Cl. Such
© 2023 The Author(s). Published by the Royal Society of Chemistry
protonated guanidinium pendant arm mimics the 2nd sphere
amino acid residues (like arginine/lysine) in the catalytic active
sites of heme NiRs which are protonated at physiological pH.
Geometry-optimized density functional theory (DFT) calcula-
tions are used to gain insight into the effect of the protonated
guanidinium pendant arm on the overall energy of the
replacement of NO by NO2

− in ferric porphyrins.
DFT optimized structures (BP86/6-311g*) are obtained for

hypothetical models of {FeNO}6 species and FeIII–NO2
−/FeIII–Cl

species for the TPP ligand, as well as the [MARGH]Cl ligand,
which carries a protonated guanidinium arm. The choice of
NO2

− along with Cl− is justied by the fact that the former is
more relevant to the mechanism of heme NiRs. The reaction is
presented in Scheme 3; the free energies (BP86/6-311 + g*) are
calculated using a polarized continuum model (PCM) with THF
as solvent. The DG of the reaction in the case of [MARGH]Cl was
calculated to be 11.8 kcal mol−1, and the same reaction was
calculated to be 20.3 kcal mol−1 in TPP. Thus, the pendant
guanidinium arm lowers the energy of NO displacement by
NO2

− by ∼8.5 kcal mol−1. Similarly, the displacement of NO by
Cl− was computed to be 16.3 kcal mol−1 in [MARGH]Cl relative
to 22.9 kcal mol−1 in TPP. The optimized geometry of the NO2

−-
bound [FeIIIMARGH]NO2 showed a direct H-bonding interac-
tion between the NO2

− and the protonated guanidine group
(Fig. 11A). Additionally, the electrostatic potential map of the
structure shows positive potential on the protonated guanidi-
nium residue and negative potential on the bound NO2

− sug-
gesting the presence of electrostatic attraction between the two
centers (Fig. 11B). Both hydrogen bonding and electrostatic
stabilization together resulted in an additional ∼8.5 kcal mol−1

stabilization for NO2
− displacing NO in [MARGH]Cl relative to

TPP.
Discussion

The FeTPP does not reduce NO2
− in the absence of external

protons but produces {FeNO}7 species when external protons
are supplied. The {FeNO}7 complex generated is kinetically inert
and does not release NO. In contrast, the [MARGH]Cl ligand
Chem. Sci., 2023, 14, 7875–7886 | 7881
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Scheme 2 Schematic representation of NO displacement from {FeNO}6 species of [MARGH]Cl by Cl− ligand upon simultaneous addition of 20
equivalents of 2,6-xylidinium chloride with [NBu4]NO2 to [FeIIMARGH]Cl complex.
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framework allows the reduction of NO2
− to {FeNO}7 species in

the presence of 2nd sphere protonated guanidinium residue,
which provides the necessary protons, and thus, it does not
require any external protons. Importantly, [FeIIMARGH]Cl can
release NO from the {FeNO}6 state when an external proton is
present in excess (20 equivalents), in addition to the NO2

− ion.
The rate of NO dissociation (k = 29 ± 5× 10−2 s−1) under these
conditions favorably compares with the values derived for NO
dissociation in the NiR proteins (koff z 10−1–10−2 s−1).39,54,71,72

Alternatively, the rate of NO dissociation from a {FeNO}6

complex of TPP has substantially slower rates (10−4–10−5 s−1)
irrespective of the axial ligand.70 The rate of NO release from the
{FeNO}6 complex of [MARGH]Cl is much faster due to more
favorable binding of anions present in the reaction medium
(e.g. Cl−, NO2

−) relative to the neutral NO ligand in the presence
of a protonated cationic guanidine in the second sphere. The
key to facile NO release from {FeNO}6 species of [MARGH]Cl lies
in recharging the distal guanidine (which gets deprotonated
during the reduction of NO2

− to NO) with external proton
source at the end of turnover. In an enzyme active site, these
protons may be obtained from the solution or stored inmultiple
such second sphere residues. This situation presents itself in
both CcNiR and CsNiR enzymes, which reduce NO2

− to NH4
+,

where the distal site contains protonated basic residues, such as
arginine (multiple in CsNiR) and lysine. In CcNiR, the reduction
of {FeNO}6 to {FeNO}7 competes with NO dissociation, when
weak reductants are used, and the dissociation of NO from
{FeNO}6 species is indeed observed at rates comparable to the
rates observed here.73 However, with stronger reductants, the
NO dissociation is avoided by rapid reduction of the {FeNO}6

species to the kinetically inert {FeNO}7 species, which is
reasonably slow to react with a protonated guanidine present in
the 2nd sphere. In CsNiR, the additional reducing equivalent
present in the Fe4S4 cluster ensures rapid reduction of {FeNO}6

species produced aer the N–O bond cleavage to {FeNO}7,
which likely avoids NO dissociation before further reduction.
Scheme 3 Schematic representation of NO displacement from {FeNO}6

7882 | Chem. Sci., 2023, 14, 7875–7886
In the Cd1NiR active site, the protonation state of the distal
histidine residues can affect the dynamicH-bonding network with
NO of the iron–NO complex synergistically with the unique
properties of the d1 heme structure to facilitate the release of NO
from the {FeNO}7 intermediate.35,39,48,53,54 Previously, we and others
have demonstrated that the structure of the heme can weaken the
Fe–NO bond allowing NO dissociation from {FeNO}7 species,
which is generally assumed to be kinetically inert, e.g., the {FeNO}7

complex of TPP. In this study, we have demonstrated that NO
dissociation occurs from {FeNO}6 complex of [MARGH]Cl aided by
the protonated distal guanidinium moiety and not from its
{FeNO}7 species. This observation strongly indicates that while the
heme structure is likely to contributemore to the lability of the Fe–
NO bond in the {FeNO}7 intermediate of Cd1NiR, NO dissociation
from {FeNO}6 species, on the other hand, is driven by the binding
of counter anions to the ferric center of that species (Cl−/p-tol-
uenesulfonate or NO2

−) aided by the protonated distal resi-
dues.70,74 For [FeIIIMARGH]Cl2 porphyrin, these rates are higher
than FeTPP by three orders of magnitude due to direct hydrogen
bonding and electrostatic interactions of an anionic ligand with
the protonated guanidinium moiety. The presence of the
protonated guanidium moiety does not lead to NO dissociation
from the {FeNO}7 species of [MARGH]Cl and a sluggish proton-
ation is observed instead. Thus, the heme structure is the major
factor resulting in the lability of the Fe–NO bond in the {FeNO}7

species, while the 2nd sphere protonated amino acid residue is
the major factor contributing to the lability of the Fe–NO bond in
the {FeNO}6 species.
Summary

An iron porphyrin complex, [FeIIIMARGH]Cl2, which possesses
a covalently attached protonated pendant guanidinium arm,
mimicking the arginine residues present in the active sites of NiR,
can catalyze the reduction of NO2

− to NO in the presence of excess
external protons, whereas, in the absence of external protons, it is
species of [MARGH]Cl by the p anisotropic NO2
− ligand.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (A) DFT optimized structure of the NO2
− bound [FeIIIMARGH]Cl2 species. Fe: green, N: blue, O: red, H: off-white. Fe–N(NO2

−), N–O, and
the MARGH–O distances are shown here. (B) Electrostatic potential surface (blue: positive and red: negative) of the same species. This was
generated using the cubegen utility of Gaussian 16 software with an iso value of 0.0004. (C) DFT optimized structure of the NO2

− bound FeIIITPP
species where Fe: green, N: blue, O: red, H: off-white.
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reduced to kinetically inert {FeNO}7 species. External protons
present in the solution can “recharge” the distal deprotonated
guanidine moiety of corresponding {FeNO}6 intermediate, facili-
tating the dissociation of NO from the ferric center of the complex
by favoring the binding of anionic ligands, such as Cl−/NO2

−

assisted by hydrogen bonding and electrostatic interaction with
the protonated guanidinium residue in the 2nd sphere. These
results strongly suggest that the state of protonation of the distal
guanidinium group of the iron porphyrin complex is crucial (a) to
the reactivity of reducing NO2

− to either NO (via {FeNO}6 inter-
mediate) or N2O (via {FeNO}7 intermediate) and (b) in the release
of NO, the product, from the {FeNO}6 intermediate by preferably
binding NO2

−, the substrate, during the reduction of nitrite
making it a functional model of cd1NiR. Overall, the results pre-
sented here show that the 2nd sphere protonated arginine residue
can be amajor factor contributing to the lability of Fe–NO bond in
the {FeNO}6 species formed in the active site of NiRs.
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C. Näther, C. D. Sulok and N. Lehnert, Electronic Structure
of Six-Coordinate Iron(III)−Porphyrin NO Adducts: The
Elusive Iron(III)−NO(radical) State and Its Inuence on the
Properties of These Complexes, J. Am. Chem. Soc., 2008,
130(46), 15288–15303.

47 S. J. George, J. W. A. Allen, S. J. Ferguson and
R. N. F. Thorneley, Time-resolved Infrared Spectroscopy
Reveals a Stable Ferric Heme-NO Intermediate in the
Reaction of Paracoccus pantotrophus Cytochrome cd 1
Nitrite Reductase with Nitrite, J. Biol. Chem., 2000, 275(43),
33231–33237.

48 M. R. Cheesman, S. J. Ferguson, J. W. B. Moir,
D. J. Richardson, W. G. Zum and A. J. Thomson, Two
Enzymes with a Common Function but Different Heme
Ligands in the Forms as Isolated. Optical and Magnetic
Properties of the Heme Groups in the Oxidized Forms of
Nitrite Reductase, Cytochrome cd1, from Pseudomonas
stutzeri and Thiosphaera pantotropha, Biochemistry, 1997,
36(51), 16267–16276.

49 K. A. Sam, M. J. F. Strampraad, S. de Vries and S. J. Ferguson,
Very Early Reaction Intermediates Detected by Microsecond
Time Scale Kinetics of Cytochrome cd1-catalyzed Reduction
of Nitrite, J. Biol. Chem., 2008, 283(41), 27403–27409.

50 S. Rinaldo, K. A. Sam, N. Castiglione, V. Stelitano,
A. Arcovito, M. Brunori, J. W. A. Allen, S. J. Ferguson and
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