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Nitrite plays a fundamental role in the environmental nitrogen cycle and various biochemical reactions.
Heme proteins such as globins and peroxidases, often participate in nitrite-mediated pathways, sparking
interest in the coordination geometry of nitrite to the heme iron. In most cases, nitrite binds the ferric
heme iron via the nitrogen atom (N-nitro mode), while for myoglobin and hemoglobin a less common
O-nitrito ligation through one oxygen atom was reported. Our previous study on nitrite binding to the
heme-containing enzyme chlorite dismutase (Cld) using continuous-wave electron paramagnetic reso-
nance and crystal-field theory, supported by molecular dynamics simulations, suggested the coexistence
of both O-nitrito and N-nitro ligation modes. Here, we present an in-depth hyperfine sublevel correlation
(HYSCORE) analysis of NO,-ligated ferric horse heart myoglobin, a Clade-Il Cld from Cyanothece sp.
PCC7425 and a Clade-| Cld from Magnetospirillum sp. *°N-labelled nitrite was used to discriminate the
signals ascribed to the nitrogen nucleus of nitrite from the endogenous N nuclei. The O-nitrito and
N-nitro modes can be distinguished based on the nitrite nitrogen hyperfine coupling. Moreover, we
describe a distinct HYSCORE spectral fingerprint for the O-nitrito binding mode which can be used as
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direct evidence of the ligation mode without further detailed analysis. Together, these results provide a
generally applicable EPR/HYSCORE-based tool for (bio)inorganic nitrite coordination chemistry of heme
systems, enabling more reliable interpretation of nitrite reactivity and mechanism in heme-based catalysts

rsc.li/dalton and nitrite-processing enzymes.

meat, which has raised some public concern as this use was
suggested to lead to a higher incidence of cancer.' Nitrite is

Introduction

Nitrite (NO,”) is known to play a vital role in the environ-
mental nitrogen cycle and in different biochemical pathways,
including important signaling pathways.' Moreover, anthro-
pogenic use of nitrite strongly impacts our daily life. Indeed,
sodium nitrite (E249) and potassium nitrite (E250) are author-
ized and abundantly used as food additives, e.g., for curing
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also therapeutically used, e.g., as an antidote for cyanide poi-
soning.” In general, Nature’s mechanistic strategies to form,
reduce or oxidize nitrite are very diverse and still not fully
understood, as reviewed in the article from Maia and Moura."
Interestingly, many of the biological nitrite-mediated reac-
tions involve heme proteins, such as globins and peroxi-
dases."™” In the early 2000 a previously unknown nitrite
reductase (NiR) activity of deoxyhemoglobin was described for
the first time.® This finding, among others, redefined the role of
NO,™ as an active player in several mammalian biological func-
tions, with potential implications in dioxygen sensing, signaling
pathways and as an O,-independent reservoir of nitric oxide
(NO). In addition to hemoglobin, the NiR activity was later
demonstrated for other proteins in mammalian cells, including
myoglobin (Mb),” endothelial alpha globin® and xanthine
oxidase.” The relevance of nitrite in the medical field was
further highlighted by studies on its interaction with myeloper-
oxidase and eosinophil peroxidase, the most abundant heme
peroxidases in the leukocytes."®'" In addition to its importance
in the physiology of mammals, nitrite plays a fundamental role
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in the environmental nitrogen cycle, being the substrate of bac-
terial NiRs, which are copper or heme-containing enzymes that
reduce NO,”~ to ammonia in a six-electron transfer process.'**?
Furthermore, a unique disproportionation of nitrite to NO and
nitrate (NO;~) was described for nitrophorins (NPs), which are
heme enzymes found in the saliva of the blood feeding insect
Rhodnius prolixus."*® Interestingly, GLB-33, the largest known
globin of the model system Caenorhabditis elegans consisting of
a globin domain and a 7 a-helices transmembrane domain, pos-
sesses in vitro an unusually high NiR activity."”

Because of the implication of a large variety of heme proteins
in nitrite biochemistry, the coordination chemistry of NO,™ in
different heme-containing systems has been subject of numer-
ous studies which aimed at elucidating the mode of binding of
this anion to the heme iron and thus gaining mechanistic
insights."®' While in many cases nitrite was found to bind to
the ferric heme iron in the so-called N-nitro mode'® (Fig. 1A),
the crystal structures of the nitrite-bound ferric myoglobin and
hemoglobin show a less common O-nitrito ligation'*?*°
(Fig. 1B). A site-directed mutagenesis approach combined with
a structural and spectroscopic analysis revealed that in myoglo-
bin the distal E7His is responsible for the O-ligation mode®*
and suggested a possible analogue role of the conserved distal
histidine in human hemoglobin. While X-ray crystallography
gives direct proof of the nitrite ligation mode in the ferric heme-
protein case, this time-consuming technique relies on the
success of the crystal growth. Moreover, both theoretical and
experimental evidence indicates that the crystal structure may
not always reflect the situation in solution, since the computed
energy difference between the two binding modes is predicted
to be very small for certain heme systems.'®****?* Hence,
X-ray diffraction (XRD) results are often complemented with
(a combination of) optical spectroscopies,>*”**?¢ electron para-
magnetic resonance (EPR)**?*?7*® and quantum-chemical
computations>**® to elucidate the binding mode, but each tech-
nique comes with its own limitations.

In literature there is controversy about the interpretation of
the continuous-wave (CW) EPR data of ferric nitrite-heme com-
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plexes in terms of the nitrite-ligation mode. Some studies
relate nitrite binding to the appearance of the EPR signatures
of low-spin (LS) ferric heme complexes, although they disagree
on which LS species relates to which binding mode.**?”*
Other literature sources claim that the O-nitrito mode cannot
be associated with the observation of an LS state with EPR, but
is instead a high-spin (HS) ferric heme complex*® or even an
EPR-silent species.”®*® Furthermore, it has been observed that
nitrite may also induce greening of some heme proteins
caused by the reaction of a heme vinyl group and nitrite to
form a nitrovinyl group.*’** Resonance Raman data suggest
that Fe(u) spin-state changes from LS to HS may occur in the
O-nitrito/2-nitrovinyl form of Mb and that this is associated
with an increase in the bond length between the heme iron
and the proximal His nitrogen.>®

Chlorite dismutases are heme-containing bacterial oxido-
reductases which decompose chlorite into chloride and mole-
cular dioxygen, a reaction in which the distal catalytic arginine
plays a key role.>*>® According to the most recent classifi-
cation, Clds are divided in two clades, namely Clade I (or
“long Clds”) comprising mostly pentameric representatives,
and Clade II (or “short Clds”) containing dimeric enzymes,
such as Cyanothece sp. PCC7425 (CC1d).*’ In a recent study, we
examined the ligation of nitrite to wild-type and variants of
CCld.”? This study focused on the impact of the distal arginine
on the binding of angulate ligands, such as nitrite and chlor-
ite, by combining several experimental and theoretical
methods. While X-ray crystallography revealed an O-nitrito
binding mode (Fig. 1C), multiple LS species were observed in
the CW-EPR spectra. We tentatively ascribed these species to a
co-existence of the N-nitro and O-nitrito binding modes.
However, although the interpretations were based on the com-
parative crystal-field analysis of the parameters for different
heme proteins and were supported by molecular dynamics
simulations on CCld-NO,~ complexes, the proof of the hetero-
geneous binding modes remained indirect.

The "N hyperfine couplings of endogenous and exogenous
N-ligands of the heme iron are directly related to the electronic

His114

Fig. 1 Representation of (A) the N-nitro ligation mode in the H64 V variant of sperm whale Mb (PDB ID: 6CFO0), (B and C) the O-nitrito ligation
modes in wild-type horse heart Mb (PDB ID: 2FRF) (B) and wild-type chlorite dismutase from Cyanothece sp. PCC7425 (PDB ID: 70U5) (C).
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and geometric structure, and thus to the ligand binding
modes. Hyperfine sublevel correlation (HYSCORE) spec-
troscopy offers a powerful tool to determine these hyperfine
interactions in paramagnetic systems*®*** and can potentially
probe the nitrite coordination geometry at ferric heme centers,
which may then open further applications in (bio)inorganic
studies of nitrite activation, reduction and disproportionation
across different heme protein and their synthetic mimics. To
test this hypothesis and to clarify some of the existing ambigu-
ities in the assignments of EPR spectra of nitrite complexes of
heme proteins, we performed a detailed HYSCORE analysis of
NO, -ligated ferric horse heart Mb, Clade-II CCld and the
Clade-I Cld from Magnetospirillum sp. (MaCld). In order to dis-
tinguish the nitrite-specific HYSCORE signals from the ones of
the numerous nitrogen nuclei in the heme iron proximity (i.e.,
from the pyrrole and the proximal histidine), we used '°N-
isotope labeling. In addition to resolving the specific case of
Clds, the study reveals HYSCORE fingerprint signals that can
be transferred to other ferric nitrite-heme systems where
CW-EPR and other spectroscopic signatures are ambiguous.

Experimental

Standard and '°N-labelled sodium nitrite (NaNO,) were pur-
chased from Sigma Aldrich. Tris-HCI pH 7.0 was prepared at a
concentration of 100 mM. The “temperature independent (TIP)”
buffer was prepared by mixing 45% HEPES pH 7.0 and 55%
sodium phosphate buffer pH 7.0 in order to minimize the vari-
ation in pH upon freezing.*> Both buffers were filtered and
degassed prior to use. Myoglobin (Mb) from horse heart muscle
(95-100% pure, essentially salt-free, lyophilized powder) was
also purchased from Sigma-Aldrich and used without further
purification. Wild-type chlorite dismutase from Cyanothece sp.
PCC7425 was recombinantly produced in E. coli BL21 Gold
(DE3) cells (Agilent) and purified as previously described.*®
Wild-type Cld from Magnetospirillum sp. was purified up to elec-
trophoretic grade from Mangetospirillum sp. cells as described
before.”” Myoglobin samples were prepared as follows: sodium
nitrite (either standard or '°N-labelled) was dissolved in
100 mM Tris-HCI pH 7 to a final concentration of 1 M. Then,
50 pL of this solution were mixed with 50 pL of glycerol in order
to obtain a solution containing 50 mM Tris-HCl, 500 mM
NaNO, and 50% (v/v) glycerol. The solutions of NaNO, were
freshly made before each sample preparation. Next, ~2 mg of
lyophilized Mb were dissolved in the buffered nitrite solution to
reach a final protein concentration of ~1 mM. Samples of
MaCld were prepared by adding glycerol to the protein solution
in 50 mM Tris-HCI buffer already containing NaNO,. Similarly,
samples of wild-type CCld and mutant R127A were prepared by
mixing 50 pL of glycerol and 50 pL of a solution containing
100 mM TIP buffer pH 7.0, 1 M NaNO, and 2 mM CCId in
order to obtain the same final concentrations and nitrite-to-
protein ratio as in the Mb samples. TIP buffer was used in the
case of CCld following the strong pH dependency of the heme
cofactor spin state that we observed earlier.*®

This journal is © The Royal Society of Chemistry 2026
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Both CW and pulsed EPR measurements were performed
on a Bruker ELEXSYS E580 X-band spectrometer equipped
with an Oxford CF935 continuous-flow cryostat and either a
Bruker ER4118 SPT-N1 resonator or a Dielectric Ring
Resonator ER4118X-MD5, both operating at a MW frequency
of ~9.7 GHz. CW-EPR spectra were recorded at 10 K under
non-saturating conditions, with modulation amplitude of
1 mT and a modulation frequency of 100 kHz. For field-swept
ESE-detected EPR measurements, a Hahn echo sequence n/
2-7-n-7—echo with 2-step phase cycling was used. /2 () pulse
length was 16 (32) ns. Other settings are mentioned in the
figure legends. The HYSCORE experiments were performed at
10 K using the sequence n/2-7-n/2-t;-n—t,-n/2-7—echo with m/2
(m) pulse length of 16 (32) ns. In the case of MaCld, the initial
t, and ¢, were 96 ns and they were increased in steps of 16 ns.
For wild-type CCld and mutant R127A, ¢, and ¢, varied from
112 to 4284 ns in steps of 28 ns or 32 ns, respectively. A 4-step
phase cycling was used in all cases.*® For all pulsed experi-
ments, the shot repetition time was of 1 ms. Simulations of
CW and pulsed EPR spectra were performed with the EasySpin
software implemented in MATLAB (v. 6.0.0-dev.41).*°

Results and discussion

CW-EPR signatures of the low-spin nitrite-ferric heme
complexes under study

The CW-EPR and electron-spin-echo (ESE)-detected EPR
spectra of NO, -ligated forms of ferric wild-type Mb and CCld
are depicted in Fig. S1 and S2 of the SI and show typical EPR
features of LS heme complexes, in line with earlier results.”*>°
Fig. S3 depicts the EPR spectrum of the ferric MaCld-NO,™
complex, with Table 1 showing the related principal g values in
comparison with literature data of other nitrite-ligated heme
systems and known information from other techniques (if

Table 1 Principal g values of the nitrite complexes of the ferric heme
proteins under study in comparison with reported EPR data and knowl-
edge on the nitrite ligation binding mode from other techniques

Protein LS# g g pos Ref. Ligation mode
CCld wt LS1 1.64 224 287 22 O (XRD)*

LS2 1.62 240 2.73

LS3 1.62 2.42 2.69
CCId R127A HS 6.00 5.61 1.99 O (XRD)*?

LS1 158 2.23 2.88 22

LS2* 1.60 2.38 2.78
MacCld LS4 1.555 2.195 2.958 This work
Mb LS5 1.57 220 295 22 O (XRD),"® RR*®
AoCld 155 218 293 51
NP4 1.51 241 272 16 N (XRD)"®
Cytc'L16G 1.56 2.36 2.84 23 N (XRD), N (FTIR)*?

O = O-nitrito mode, N = N-nitro mode, XRD = X-ray diffraction, FTIR =
Fourier Transform infrared spectroscopy, RR = Resonance Raman
spectroscopy, wt = wild-type, AoCld = Clade-I chlorite dismutase from
A. orizae, NP4 = Nitrophorin 4 from Rhodnius prolixus, CytcL16G = L16G
mutant from Alcaligenes xylosoxidans cytochrome c'. At pH 7.0, the ratio
of LS1:LS2:LS3 in wt CCld is 58:29: 13, while the ratio HS : LS1:LS2 in
CCld R127Ais 9:35:56.%*
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available). While three low-spin forms are detected for the
nitrite complex of CCld (LS1-3), only one is found for MaCld
(Ls4) with principal g values very close to those of the O-nitrito
bound nitrite complex of Mb (LS5) and of AoCld (Table 1). Our
previous crystal-field analysis of the principal g values of LS1-3
of CCld-nitrite®® suggested the presence of both O-nitrito
bound (LS1) and N-nitro bound (LS2-3) nitrite complexes for
CCld, but the species identification was far less clear-cut than
in the LS4 case. While molecular dynamics simulations sup-
ported the potential co-existence of the two binding modes,
only the O-nitrito form was observed for CCld using X-ray crys-
tallography.>®> To strengthen the interpretation of the EPR
spectra of the nitrite-ligated Cld proteins, "*N/*>N HYSCORE is
performed, with the analysis of the Mb-nitrite complex used as
a methodological benchmark.

HYSCORE analysis of the nitrite-binding mode in ferric
myoglobin (LS5)

Using density functional theory (DFT) computational
methods, Sundararajan and Neese predicted that the hyperfine
coupling to the N nucleus of the nitrite ligand of nitrite-
ligated Mb will differ of an order of magnitude depending on
whether the ligand is O-nitrito bound or N-nitrito bond, with
the predicted values falling within the typical frequency range
probed by hyperfine spectroscopy, such as HYSCORE.** Given
that nitrite binding to the ferric (wild-type) myoglobin is
known to occur through the uncommon O-nitrito mode,"**°
this system is used as a model for this nitrite-binding mode in
HYSCORE spectra. In order to distinguish the HYSCORE
signals from the multiple nitrogen nuclei in the heme iron
proximity from those of nitrite, >N-labelled nitrite was used in
addition to standard (**N-rich) nitrite. The isotope exchange
has no significant influence on the position or linewidth of
the spectral features of the CW-EPR spectrum (see Fig. S1A),
indicating that the hyperfine coupling to the nitrite N nucleus
is small. In contrast, the corresponding ESE-detected EPR
spectra (Fig. S1B) are affected by the isotope exchange due to
nuclear modulation effects.’” This is a first indication that the
interactions between the unpaired electron and the nitrite
nucleus can be detected by hyperfine spectroscopy.

Fig. 2 shows the superimposed X-band HYSCORE spectra
of the "NO,™- and >NO, -bound myoglobin, in black and
magenta respectively, taken at the observer position corres-
ponding to g,. While the cross peaks in the (—,+) quadrant
can be easily superimposed, considerable differences are
observed in the (+,+) quadrant. Two well-resolved cross peaks
centered around the Larmor frequency of °N are found for
the ’NO, ™ case (Fig. 2, Fig. 3B(left)), revealing the weak coup-
ling to the nitrogen of the isotope-labelled nitrite in line with
what is expected for the O-nitrito binding mode. In the (—,+)
quadrant the characteristic spectral shape of the HYSCORE
spectra of a ferric heme system can be easily recognized with
prominent double-quantum (DQ) cross peaks ascribed to two
pairs of pyrrole nitrogen nuclei and the single-quantum (SQ)
and DQ cross peaks of the strongly coupled N from the
proximal histidine (His93) (Fig. 2 and Fig. S4A-C).****%% In
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Fig. 2 X-band HYSCORE spectra of 1 mM ferric horse heart myoglobin
in presence of 500 mM of either **NO,~ (black) or *NO,~ (magenta),
taken at the observer position corresponding to g = g.. The figure rep-
resents the sum of spectra taken with z = 96, 176 and 208 ns, normal-
ized to the noise level. The antidiagonal drawn in the (+,+) quadrant
crosses the main diagonal at the Larmor frequency of °N at the selected
magnetic field position (234.7 mT).

the high-frequency region of the (—,+) quadrant, as typically
reported in other LS ferric heme centers, combination peaks of
the "N DQ nuclear frequencies of two heme nuclei and of the
heme and His DQ frequencies are visible. These peaks are
clearly resolved at both the observer positions g = g, and g = gy,
the latter depicted in Fig. S4D and can be used to experi-
mentally determine the relative sign of the hyperfine coup-
lings.** Note that at the observer positions corresponding to g =
g and g = g, the spectral features in both (—,+) and (+,+) quad-
rants are almost completely superimposable (Fig. S5A and B).
All spectral simulations are depicted in Fig. S6 and S7, while
the final simulation parameters obtained for the porphyrin, His
"N and "*N/*°N nitrite, are presented in Table 2 in comparison
with values reported in literature for other globin-ligand
complexes.’*> Note that the absolute sign of the parameters
cannot be determined experimentally, but it was taken based on
the theoretical predictions and comparison with similar
systems.>**!

As it can be seen from Table 2, the A, and Q,, values which
describe the coupling with the heme nitrogen nuclei are in
line, at least in absolute value, with the ones previously
reported for myoglobin in complex with other ligands, such as
imidazole or azide. However, because the full characterization
of the coupling tensor is missing for the reported myoglobin
complexes, the comparison has to be considered with appro-
priate caution. The features ascribed to the N nucleus from
the coordinating proximal histidine can be simulated with
similar |A,,| as the myoglobin-imidazole complexes,”**> but
differ from the values reported for a myoglobin-azide
complex.’” This may be because the coordination of the proxi-
mal histidine is affected by the nature of the sixth ligand;
however, the values reported for the myoglobin-azide complex
need to be taken with caution since they were determined by
3-pulse ESEEM only, which are normally less accurate than
HYSCORE.”® Furthermore, the full **N A and Q tensors of the

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Experimental (black) and simulated (red) X-band HYSCORE spectra ((+,+)-quadrant only) of 1 mM ferric horse heart myoglobin in presence
of 500 mM of “*NO,™ (A), or **NO,™ (B), recorded at the observer positions corresponding to g = g, g = g,, and g = g,, as indicated above the
panels. The figures represent the sum of spectra taken with z = 96, 176 and 208 ns, normalized to the noise level. The simulation includes exclusively

one weakly-coupled nitrogen nucleus from nitrite.

Table 2 Principal hyperfine (A) and quadrupole (Q) values (in MHz) of the nitrogen nuclei in nitrite-bound ferric myoglobin in comparison with lit-

erature data for other myoglobin complexes and for ferric cytoglobin

Az Ayy Asx Q2 ny Qxx a, By (o) Ref.
hhMb-NO,~
Heme 1 —5.64 —-4.70 —4.70 —0.45 —0.40 0.85 70,0, 0
Heme 2 —6.37 -5.00 -5.00 —-0.45 —-0.40 0.85 -20, 0,0
His —4.95 —6.15 —5.50 —-0.90 0.10 0.80 0,0,0 This work
1N-NO,~ -1.35 —0.57 —0.11 —-0.95 0.05 0.90 90, 20, 90
N-NO,~ 1.90 0.80 0.15 — — — 90, 20, 90
hhMb-Im*
Heme 1 5.60° n.d. n.d. 0.50° n.d. n.d. n.d.
Heme 2 6.20° n.d. n.d. 0.50° n.d. n.d. n.d. 54
His/Im 5.00° n.d. n.d. 0.85° n.d. n.d. n.d.
swMb-Im*
Heme 1 5.80° n.d. n.d. 0.46° n.d. n.d. n.d.
Heme 2 6.40° n.d. n.d. 0.537 n.d. n.d. n.d. 55
His/Im 5.70° n.d. n.d. n.d. n.d. n.d. n.d.
hhMb-N;~¢
Heme 1 —5.64 n.d. n.d. n.d. n.d. —0.55 n.d. 56
Heme 2 —6.14 n.d. n.d. n.d. n.d. —0.62 n.d.
His -3.00 —4.60 —4.60 -0.80 0.36 0.44 0,10, 0 57
CYGB
Heme —5.45 —4.10 —4.00 —-0.42 0.92 —0.50 0,0,0 58
His -5.00 —-4.70 -5.90 -0.90 0.56 0.34 0,0,0

a, 3, and y are the Euler angles (in degrees) applied to both the A and Q tensors frames for each nucleus. Errors on A values: +0.05 MHz; errors on Q
values: +0.05 MHz; errors on Euler angles: +10 deg. hhMb = horse heart myoglobin, swMb = sperm whale myoglobin, CYGB = cytoglobin, Im =
imidazole, N; = azide, n.d. = not determined. “ The errors on these values are reported on original papers. ” Originally reported as absolute values.

This journal is © The Royal Society of Chemistry 2026
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coordinating distal and proximal His in cytoglobin are in line
with the couplings observed here for hhMb-NO, ™, further cor-
roborating our assignment.”®

The contribution from a weakly-coupled nitrogen atom
from nitrite was simulated independently using the pro-
cedure outlined in the SI (values in Table 2) and the obtained
simulated spectra are shown in Fig. 3. Note that although the
ridges appear in the low-frequency range, the position and
lineshape of "N and '’N signals scale according to their
nuclear magnetic moment, excluding relevant distortions
caused by base-line subtractions in the time domain. A satis-
factory simulation is obtained with |e*Qqg/h| = 1.9 MHz and
an almost completely axial Q tensor for the nitrite '*N
nucleus. The value is unexpectedly low in comparison to the
value obtained from nuclear quadrupole resonance (NQR)
spectroscopy for NaNO, (|e*Qq/k| values in range of
5.5-5.79 MHz are reported®”®!). The z-axis of the Q tensor
appears to be tilted by about ~20° with respect to the g,-axis,
which is in turn expected to be collinear with the Fe-O bond.
This is consistent with the angulate structure of the nitrite
molecule, which possesses an O-N-O bond angle of ~113°
and with an O-Fe-N angle of ~26° estimated from the PDB
structure of the nitrite-bound myoglobin (PDB ID: 2FRF,
Fig. 1B). Sundararajan and Neese theoretically considered
two possible arrangements of the O-nitrito bound ligand in
the heme pocket.>* One is the -ONOy configuration with the
nitrite in the orientation as found by XRD (Fig. 1B). In the
second form, -ONOg, the nitrite molecule is more bent
towards the heme pocket and the outer oxygen is much
closer to the heme plane. The predicted A, values for the '*N
of nitrite were —1.2 MHz and —-3.3 MHz for —-ONO; and
-ONOg, respectively. Comparison with the experimental
value (Table 2) shows that the -ONO; data match very well
with our observations and further corroborates the match
between the XRD and EPR results. Furthermore, the isotropic
hyperfine values, i.e., the average of the principal hyperfine
values, of the heme and His93 nitrogen nuclei were also com-
puted and found to be very similar and approximately 7 MHz
for both models.>* This is matching the trend and order of
magnitude found experimentally (heme: —5.0 and —5.5 MHz;
His93: —5.5 MHz). To the best of our knowledge, the only
other pulsed EPR investigation of nitrite-ligated myoglobin
was performed by Bawn and McMillan (non-peer reviewed
report®®). Upon addition of nitrite to ferric Mb, they observed
the formation of a LS complex with g values comparable to
the ones we reported above (LS5, Table 1), but the nitrite **N
hyperfine and quadrupole parameters that they obtained
from the simulation of 3-pulse ESEEM spectra differ from the
ones we reported here from HYSCORE data (Table 2). It has
to be noted that the simulations were performed only for the
observer position g = g, and neither the Euler angles nor a
figure depicting the simulations were presented. Moreover,
the authors very briefly describe a matched HYSCORE spec-
trum by simply highlighting the presence of a weakly-
coupled "N which they assign to nitrite, without further
analysis.
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HYSCORE fingerprint for O-nitrito binding in nitrite-bound
ferric MaCld

The above HYSCORE analysis of the "*NO, -bound myoglobin
suggests that the appearance of the sharp, elongated ridges in
the (+,+) quadrant of the HYSCORE spectrum at the magnetic
field position corresponding to g = g, (Fig. 2 and 3A) may be
used as a fingerprint for O-nitrito binding in other nitrite-
binding heme proteins. In order to confirm this hypothesis, a
similar approach is used for nitrite-bound ferric MaCld (LS4),
a complex with very similar principal g values (and thus lig-
ation mode) as nitrite-bound Mb (Table 1). The HYSCORE
spectrum at this observer position indeed shows these charac-
teristic features (Fig. S8), corroborating the potential of using
this as a fingerprint for the O-nitrito binding mode.

The complex HYSCORE profile of nitrite-bound CCld: O-nitrito
versus N-nitro binding mode

As discussed in section 3.1, the EPR spectrum of nitrite-bound
CCld shows multiple LS species (LS1-3), with a less clear-cut
identification of the ligation modes. Similar to what has been
observed for myoglobin, the X-band CW-EPR measurements of
wild-type CCld bound to either *N or '°N-labelled nitrite
showed no significant differences (Fig. S2), indicating that for
all three LS forms (LS1-3) the hyperfine couplings of the
nitrite nitrogen nucleus is small compared to the typical line
broadening for these systems. The interpretation of the
HYSCORE spectra is hampered by the large spectral overlap of
the EPR signals of LS1-3. Since all three values for g, are very
similar, only at the magnetic field range between the positions
corresponding to g = 2.87 (g, of LS1) and g = 2.74 (g, of LS2) a
single species (LS1) contributes. At all other magnetic-field
positions, there is signal overlap of different species and
hence multiple species contribute to the HYSCORE spectra for
those observer positions. Therefore, we initially focused on the
HYSCORE spectrum taken at the magnetic field position
corresponding to g = g, of LS1, herein referred to as “g,(1)”,
which only includes contributions of LS1 (Fig. 4). Again, the
sharp ridges attributed to '*NO,” in the O-nitrito mode are
observed in the (+,+) quadrant, with its assignment confirmed
by experiments performed with '>NO,~ (Fig. S9A). Therefore,
the dominant component of the EPR spectrum of nitrite-
bound CCld, LS1, can be linked to the O-nitrito binding mode,
as hypothesized by the crystal-field analysis of the g values and
observed by XRD.>?

In the HYSCORE spectrum depicted in Fig. 4, the DQ cross
peaks typical of the heme nitrogen nuclei are visible, as well as
the SQ transitions univocally attributed to the Fe-binding
nitrogen of the proximal histidine (His114). The DQ cross
peaks of the latter interaction are not clearly resolved at this
magnetic field position, in contrast to the case of myoglobin
(Fig. 2 and Fig. S4). Comparison of the HYSCORE spectra of
the complexes of ferric CCld with **N-labeled and *°N-labeled
nitrite taken at different observation positions (Fig. S9-S11)
indicates that N-related signals are present in the low-fre-
quency area of the (+,+)-quadrant of all spectra. Given that LS1

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 X-band “N-HYSCORE spectrum of 1 mM wild-type CCld in
presence of 500 mM of **NO,~, pH 7.0, taken at the observer position
corresponding to g.(1) (243 mT). The figure represents the sum of
spectra taken with two r-values (176 and 208 ns), normalized to the
noise level.

contributes to all observer positions, we attribute them to the
coupling of the distal nitrite nitrogen nucleus of the O-nitrito
ligated species LS1.

Interestingly, HYSCORE spectra in the region of magnetic
field where LS2 and LS3 contribute show a pair of cross peaks
which are absent in the ">NO, -bound protein. The superim-
posed (—,+) HYSCORE quadrant of NO,- and *NO,-bound
CCld for magnetic field settings corresponding to gy(1) and
£(2) = g(3) is shown in Fig. 5, where these specific peaks have
been indicated by red arrows. These correlation peaks cannot
be found in the »NO, -bound spectrum, even using a low
contour cutoff level, and they lie close to the double quantum
lines of the spectrum since the nuclear frequencies are spaced
~3.7-3.9 times the Larmor frequency of *N at the relative mag-
netic field positions. As they correspond to a coupling of about
9 MHz (4,,), they do not match what is expected for signals of
a weakly coupled "N nucleus. Moreover, since these peaks
were not observed in the corresponding spectra of nitrite-

0 = 0 - -
-8 15 .12 9 6 0 -8 15 .12 9 6 3 0

2 (MHz] v MHz]

Fig. 5 X-band HYSCORE spectra ((—,+) quadrant) of 1 mM wild-type
CCld in presence of 500 mM of either ¥*NO,~ (black) or *NO,~
(magenta), taken at the observer position corresponding to (A) g = g,(2)
~ g,(3) (288.4 mT) and (B) g = g,(1) (310 mT). The spectra are the sum of
spectra taken with z = 176 and 208 ns, normalized to the noise level.
The red arrows indicate the additional peaks exclusively observable in
the *NO,~ spectrum.
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ligated Mb and they do not correspond to combinations of
other nuclear frequencies (see below), we assign them to DQ
cross peaks of a strongly-coupled N nucleus from a molecule
of nitrite coordinating through the N-nitro mode. This sub-
stantiates the indication from the ligand-field analysis of the g
tensors that LS2 and LS3 represent species with this form of
ligation.*

The simulations of the nitrite-bound CCld HYSCORE
spectra were performed with a similar approach as used for
myoglobin in section 3.2. Initially, the observer positions
corresponding to g,(1), g,(1) and g, were considered and only
the contributions for the heme and His114 "N were simu-
lated. While at the g,(1) position a 4-spin system (S = 3, 2 x
heme N, 1 x His114 N) was sufficient to describe the “single
species” spectrum and resulted in a rather satisfactory simu-
lation (Fig. S12A), this was not the case for the intermediate
positions, where HYSCORE signals stemming from LS1, LS2
and LS3 are simultaneously present (Fig. S12B and C). The
corresponding spectra obtained with >NO,~ have been simu-
lated with the same parameters (Fig. S13). An additional
weakly-coupled N from nitrite was simulated separately, using
the same approach already described for the myoglobin case
(Fig. S14).

Obtaining the full set of parameters of the strongly-coupled
nitrite N nucleus for LS2 and LS3 is a hard task, since the
peaks assigned to "*NO, in the N-nitro mode of ligation have
only been detected in the central region of absorption spec-
trum. Fig. S15 shows a tentative simulation of the spectra
taken at the magnetic field positions of g(1) and g = g,(2) =
%(3), which includes the contribution of the heme N nuclei
and one additional strongly-coupled N nucleus. The hyperfine
and nuclear quadrupole principal values used for the simu-
lation need to be taken with caution, since the peaks (treated
here as DQ) are visible only in a limited range of the magnetic
field. In any case, a simulated spectrum without unrealistic
extra peaks at all the magnetic field positions could be
obtained with the parameters 4,, = —16 MHz, A4,, = -9 MHz
and 4,, = —7.7 MHz; Q,, = 2 MHz, Q,, = —1.5 MHz and Q,, =
—0.5 MHz, taking the A and Q tensor frames collinear with the
g tensor one. When a "N signal is simulated with the values
used for "N multiplied times vy (isn)/v1(an) to obtain the corres-
ponding hyperfine (Fig. S16), the features assigned to the DQ
of "NO, disappear, indicating that the peaks do not stem
from combination frequencies and supporting the assignment
to a strongly-coupled N from NO, . Sundararajan and Neese
predicted a value of —19 MHz for A,, in the case of an N-nitro
ligation mode.>* Unfortunately, they did not report the other
principal values. All the simulation values are reported in
Table 3, in comparison with the hyperfine values previously
found for ferric MaCld forming a LS complex with either imid-
azole or azide.*?

In our previous work, we showed that the nitrite-bound
form of a CCld mutant in which the catalytic arginine was
replaced by an alanine (R127A), displays both the LS1 species
and an additional LS species with principal g values very
similar to LS2-LS3. This species, that here we refer to as LS2*
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Table 3 Principal hyperfine (A) and quadrupole (Q) values (in MHz) of the nitrite-bound CCld in comparison with other LS complexes of MaCld

with different axial ligands

Azz Ayy Axx sz ny QXX a, ﬁ ¥ (o) Ref.
CCld-NO,™ (LS1)
Heme 1 —5.70 —5.10 —4.90 —-0.30 —0.45 0.75 60, 0, 0
Heme 2 —6.33 —5.95 —4.90 —0.30 —0.45 0.75 -30,0,0
His —5.65 —6.30 —6.45 -0.87 0.55 0.32 30, 0,0 This work
MN-NO,~ 1.07 1.14 —0.14 —0.95 0.05 0.90 90, 20, 90
PN-NO,~ 1.50 1.60 —0.20 — — — 90, 20, 90
MacCld-Im ¢
Heme 1 —5.70 —4.70 —4.70 —0.33 0.85 —0.52 10, 0,0
Heme 2 —6.40 —5.40 —-5.30 —-0.33 0.85 —-0.52 110, 0, 0 42
His/Im —5.10 —5.20 —6.00 —0.90 0.38 0.32 40, 0,0
MaCld-N;~ ¢
Heme 1 —5.80 —5.00 —5.40 —-0.33 0.85 —-0.52 45,0,0
Heme 2 —6.30 —5.00 —5.40 —0.33 0.85 —0.52 —45,0,0 42
His/Im —4.80 —5.70 -5.30 —0.80 0.12 0.68 90, 0, 0

a, f, and y are the Euler angles (in degrees) applied to the A and Q tensors frames for each nucleus. Errors on A values: +0.05 MHz; errors on Q
values: +0.05 MHz; errors on Euler angles: +10 deg. Im = imidazole, N5~ = azide. “ The errors on the literature values are reported in the original
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Fig. 6 X-band HYSCORE spectra ((—,+) quadrant) of 1 mM wild-type
CCld (black) or CCld R127A (orange) in presence of 500 mM of **NO,",
taken at the observer position corresponding to g = g,(2) (A) and g =
g,(1) (B). Only the spectra recorded at r = 208 ns are displayed. The red
arrows indicate the peaks attributed to the strongly coordinated **N
from nitrite.

(Table 1),%* accounts for about 60% of the total spectral signal,
being therefore in excess compared to LS1. Interestingly, in the
"N-HYSCORE of the R127A variant recorded at the field posi-
tions g,(1) and g = g,(2*) (Fig. 6), the peaks that we assigned to
the strongly coordinated nitrite "*N are clearly visible. This evi-
dence provides a further confirmation that the peaks are
indeed associated with this binding mode. Indeed, if they
belonged to the O-nitrito mode, their intensity would have sig-
nificantly decreased, considering the smaller contribution of
LS1 in the CW-EPR spectrum of the R127 mutant. Note that
the relative EPR intensity of LS1-3 also changes with pH for
wild-type CCld,>* but the changes are weaker than in the
R127A variant, making the latter variant better suited to prove
the relation between binding mode and HYSCORE features.
R127 is known to be H-bonded to Q74 in wild-type CCld**

Nitrite-binding in chlorite dismutases versus myoglobin

The above analysis shows that while for the nitrite complexes
of Mb (LS5) and MaCld (LS4), the O-nitrito ligation form is the

Dalton Trans.

sole observed binding mode, for CCld also the N-nitro ligation
(LS2/LS3) is possible besides the dominant O-nitrito form
(LS1). The principal g values of the O-nitrito complexes LS4
and LS5 are nearly identical, while those of LS1 differ consider-
ably (Table 1). This is surprising given that the heme-pocket
structure of Mb and MaCld differ considerably, while MaCld
and CCld belong to the same protein family. The crystallo-
graphic structure of Mb and CCld in complex with nitrite
(Fig. S17) reveals a different orientation of the imidazole
residue of the proximal histidine with respect to the heme
plane for the two proteins. While in Mb the imidazole plane is
oriented along one of the Npeme—Fe-Npeme directions, it is
~40°-45° turned for CCld. The latter arrangement of the proxi-
mal histidine is also found for MaCld in complex with azide
and thiocyanate.*” Interestingly, also the orientation of the
nitrite ligand versus the heme ligand is markedly different in
the O-nitrito complex of CCld compared to Mb, but since no
XRD structure of the nitrite complex of MaCld exists, it is
unclear whether this has an influence on the principal g
values. While in Mb the distal His (His64, Fig. 1B) stabilizes
ligand binding, this role is taken up by the distal arginine in
chlorite dismutases (Arg127 in CCld, Fig. 1C, and Arg183 in
MaCld). The observation that the H64 V mutation induces a
change in the nitrite ligation mode in Mb from O-nitrito to
N-nitro (Fig. 1A and B) shows that the nature of this distal
residue is essential to governing the binding mode.'®">" This
is also evident from the nitrite complex formed by the CCld
R127A variant, in which the absence of Arg127 promotes the
formation of LS2*, associated with the N-nitro binding mode,
over LS1 (Table 1). In any case, a different ligand-stabilizing
residue does not necessarily lead to large differences in the
principal g values for a specific ligation mode (see O-nitrito-
forms LS4 and LS5, Table 1). The presence of an H-bonding
partner is also not an essential condition for the occurrence of
the O-nitrito mode. This is demonstrated by the case of the
nitrophorins, where the binding through the N-nitro mode is

This journal is © The Royal Society of Chemistry 2026
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observed not only in the wild-type form of NP4,'® which com-
pletely lacks any H-bonding residues in the active-site, but also
in the NP4(L130R) variant, where an arginine was introduced
in the heme proximity.®> Similarly, in all the nitrite-NiR
enzyme complexes characterized so far, the N-nitro is the sole
binding mode observed, even though the ligand is further
hydrogen-bonded to nearby amino acids.'*®*"® The reactivity
towards nitrite could be another determining factor for the
different binding modes which distinguish Mb from CCld.
Indeed, while Mb possesses a nitrite-reductase activity, being
able to easily switch between Fe(n) and Fe(ur) oxidation states,”
this is obviously not the case for CCld, in which no biological
function is associated to the Fe(u) state. To favor a specific
binding mode is likely important for those systems which
naturally interact with nitrite, while in chlorite dismutases the
lack of a specific reactivity towards nitrite might explain why
no particular binding mode is preferred. Notably, for the
globin domain of GLB-33, which possesses an exquisite in vitro
NiR activity, two pH-dependent nitrite binding modes were
recently proposed by some of us.>” The g = g, HYSCORE spec-
trum of the species assigned to the N-nitro mode presented in
that work shows no signs of the sharp ridges that we here
assess as a fingerprint of the O-nitrito mode, which further
validates our methodology. Interestingly, for both myoglobin
and chlorite dismutases systems, the formation of LS com-
plexes upon nitrite binding was undeniable and we found no
indication that a conversion to a silent EPR species may have
occurred, in contrast to what some studies on nitrite-binding
heme proteins suggest.”*>°

What could explain the observed difference in the EPR data
of the two nitrite-ligated chlorite dismutases studied here?
First of all, CCld is a Clade-II chlorite dismutase with dimeric
structure, while MaCld is a pentameric Clade-I chlorite dismu-
tase. In both heme pockets, the only charged amino-acid
residue is a fully conserved arginine. Studies on CCld have
shown that this Arg residue can take on two conformations:
pointing inwards to the heme or outwards into the substrate
channel.*® This arginine flexibility can influence ligand stabi-
lization differently in the two Clades, since the hydrogen
bonding network is different for both cases. In Clade-II Clds,
H-bonding between Arg127 and GIn74 plays an important role
in governing the change between the in and out confor-
mations, while this is not the case for Clade-I Clds, which may
explain why only the O-nitrito ligation mode was found for
MaCld, in contrast to CCld. This may be related to the
different orientations that the arginine residue can adopt in
the heme pocket, as a result of the intricate interplay between
hydrogen bonding to Gln74 and to water molecules, but also
interactions with other nearby amino-acids (see SI for more
details, Fig. S18), as well as binding to the nitrite ligand and
steric effects. Moreover, the discrepancy between the XRD data
(only O-nitrito) and EPR (both ligation modes) can originate
from the different experimental conditions (crystal for XRD,
low temperatures in solution for EPR). Given that all analytical
techniques have their boundary conditions, it is important to
combine these techniques as much as possible with theore-
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tical models. In the case of CCld, molecular modeling indi-
cated that also the N-nitro form can co-exist with the more
abundant O-nitrito form,** corroborating the EPR observation.

Conclusions

From the in-depth "N HYSCORE analysis of low-spin nitrite
complexes of ferric myoglobin and two different chlorite dis-
mutases, it follows that the appearance of specific spectral fea-
tures in the HYSCORE spectra of these proteins can be used to
pinpoint O-nitrito ligation even when the interpretation of the
corresponding CW-EPR spectra is more ambiguous. This
approach is transferable to assign nitrite linkage isomerism in
heme proteins and synthetic ferric porphyrin complexes, the
latter designed for applications nitrite-related applications
such as nitrite reductase mimics for biomedicine and biosen-
sing. While a full HYSCORE analysis may be time-consuming
or even not possible, it is demonstrated that it may suffice to
only measure the HYSCORE spectrum at the low-field side of
the EPR spectrum (observer position g = g,) for an identifi-
cation of the O-nitrito bond. Furthermore, we provide first evi-
dence of the appearance of specific **“NO,” HYSCORE peaks in
case of low-spin nitrite complexes of chlorite dismutase with
N-nitro coordination. Given the extensive discussions and dis-
agreements in literature about how to interpret the EPR data
of nitrite-ligated heme proteins,'®**?*2”?® the HYSCORE
approach presented here constitutes a useful additional tool to
settle these controversies.
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Abbreviations

Cld Chlorite dismutase

cCld Chlorite dismutase from Cyanothece sp. PCC7425
CW-EPR  Continuous-wave electron paramagnetic resonance
DFT Density functional theory
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DQ Double-quantum

ESE Electron-spin-echo

FTIR Fourier Transform infrared spectroscopy
HS High-spin

HYSCORE Hyperfine sublevel correlation

LS Low-spin

MaCld Chlorite dismutase from Magnetospirillum sp.
Mb Myoglobin

NO;~ Nitrate

NO Nitric oxide

NO,~ Nitrite

NiR Nitrite reductase

NPs Nitrophorins

RR Resonance Raman spectroscopy

SQ Single-quantum

NaNO2 sodium nitrite

TIP Temperature independent buffer

XRD X-ray diffraction.
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