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Abstract: HNO plays significant roles in many biological
processes. Numerous heme proteins bind HNO, an important
step for its biological functions. A systematic computational
study was performed to provide the first detailed trends and
origins of the effects of iron oxidation state, axial ligand, and
protein environment on HNO binding. The results show that
HNO binds much weaker with ferric porphyrins than corre-
sponding ferrous systems, offering strong thermodynamic
driving force for experimentally observed reductive nitro-
sylation. The axial ligand was found to influence HNO binding
through its trans effect and charge donation effect. The protein
environment significantly affects the HNO hydrogen bonding
structures and properties. The predicted NMR and vibrational
data are in excellent agreement with experiment. This broad
range of results shall facilitate studies of HNO binding in many
heme proteins, models, and related metalloproteins.

HNO plays significant roles in many biological processes,
such as vascular relaxation, enzyme activity regulation, and
neurological function regulation.[1] With a better vasodilative
effect than NO and an increased contractility effect, HNO
donors offer a promising new class of vasodilators and heart
failure treatment.[2] It was also suggested as a potential
treatment for reduction of neuron damage during stroke.[1a]

Among its biological targets, heme proteins have been studied
for several decades, such as nitrite and nitric oxide reductases
involved in denitrification processes in plants, bacteria, and
fungi,[1b,c] nitric oxide synthase, peroxidase, and cytochrome
P450 nitric oxide reductase involving HNO as an intermediate
in their catalytic cycles,[3] and metmyoglobin, methemoglobin,
ferricytochrome c, oxymyoglobin, myoglobin, cytochrome
P450, and horseradish peroxidase (HRP) used to scavenge
HNO.[1a] Despite decades-long experimental work and recent
computational work on geometric and electronic structures,
affinities, spectroscopic properties of HNO-bound protein
complexes and models,[4] some critical questions remain to be
answered. For instance, although it is well-known that ferrous
nitrosyl compounds are more stable than corresponding ferric
systems,[1a] such comparison of iron oxidation state on HNO
binding has not been reported. Stable HNO-binding was

reported for several ferrous heme proteins,[5] but ferric hemes
lead to reductive nitrosylation.[1a, 3c,6] Despite this transient
HNO-binding in ferric hemes, the detailed comparisons of
iron oxidation state on HNO-binding may offer useful
thermodynamic trends to help understand experimental
results and what properties are most significantly affected.
In addition, given the different axial ligands in numerous
heme proteins, how such axial ligands affect HNO-binding is
yet to be uncovered. The effect from the protein environment
beyond the proximal axial ligand and distal hydrogen bonding
residue is also unknown. Therefore, a systematic computa-
tional study was performed here to address these questions.

As the first study to address such questions, our goal is to
reveal HNO binding trends owing to these effects and their
origins, not accurate absolute values of binding energies. So,
the HNO-bound ferrous and ferric porphyrins with five axial
ligands (Scheme 1) were first studied using the previously
reported DFT method for similar systems[4b,c] in full geometry
optimization and frequency analysis (trends are the same
when other methods and solvent effect were used, see the
Supporting Information for computational details and opti-
mized 3D structures). The 5-methylimidazole (5-MeIm),

Scheme 1. Molecular structures of studied HNO complexes of ferrous
(1–5) and ferric (6–10) porphyrins.
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NH2CH3, PhO@ , and CH3S
@ ligands were used to model the

axial His, Lys, Tyr, and Cys ligands in myoglobin, cytochrome
c nitrite reductase, catalase, and cytochrome P450 nitric oxide
reductase, respectively, while CH3O

@ was used to compare
with PhO@ and CH3S

@ . Because there is a strong correlation
between HNO-binding electronic energies (DE) and Gibbs
free energies (DG) with linear correlation coefficient R2 =

0.9885 (Table S2 and Figure S1), the following discussion is
based on DG values.

We first investigated the iron oxidation state effect. As
shown in Table 1 and Figure 1, for all of the axial ligands
studied here, HNO always preferably binds with ferrous
porphyrins than corresponding ferric ones. It is interesting to
note that the HNO-binding DG values between ferric and
ferrous porphyrins are highly correlated with R2 = 0.9863
(Figure S2), suggesting a consistent iron oxidation state effect.

This effect is the same as in the case of NO-binding,[1a] which
may not be surprising because the major driving force for
HNO- and NO-binding in metalloporphyrins was recently
found to be the same: metal back-donation to the anti-
bonding p*NO orbital.[4c,d] However, this is the first time to
directly show the iron oxidation state effect on HNO-binding,
and the mostly influenced properties as described below. The
weakened binding in ferric hemes are clearly demonstrated
by their longer Fe@N(H)O distances (RFeN ; Table 1), com-
pared to ferrous systems. Based on this major driving force,

the higher oxidation state leads to decreased metal back-
donation to HNO, and consequently less negative NO charges
(QNO), shorter NO bond lengths (RNO), and larger NO
vibrational frequencies (nNO ; Table 1). The strong interrela-
tionships among RNO, QNO, and nNO are shown in Figure 2A
and B with R2 = 0.9819 and 0.9881, respectively. Because this
major electronic driving force involves mostly Fe-to-NO

back-donation, we can see large geometric changes in RFeN of
& 0.04 c and RNO of & 0.03 c (Table 1) versus small changes
in NH bond lengths (, 0.003 c) and Fe@NO bond angles
(, 2.388 ; Table S2) owing to the iron oxidation state change.

The relatively weak HNO binding in ferric porphyrins
offers the first theoretical insight to support a facile thermo-
dynamic driving force for reductive nitrosylation to generate
the stable NO-bound ferrous porphyrins when HNO meets
with ferric heme proteins and models, as observed exper-
imentally with rate constants on the orders of 104–
107m@1 s@1.[1a, 3c,6] The varied reaction rates show that different
proteins modulate the HNO interactions. Because HNO-
binding is the first and rate-limiting step in such interac-
tions,[1a] it is important to study more details of the protein
effect in this process.

We next investigated the protein axial ligand effect on
HNO-binding, because this proximal residue can vary in
different heme proteins, and is directly attached to Fe and
trans to HNO, which may play a significant role in regulating
HNO-binding. Indeed, as shown in Figure 1, there is a clear
difference between neutral and negatively charged ligands
regarding their effects on HNO-binding, as highlighted by
green and orange ovals, respectively. The average HNO-
binding DG values for negatively charged ligands in both
ferrous and ferric porphyrins are approximately 7–8 kcal
mol@1 higher than those for neutral ligands, indicating less
stable binding. This is probably a result of the stronger trans
effect of negatively charged ligands compared to neutral
ligands, as evidenced by their relatively longer Fe@N(H)O
distances with an average of & 0.04 c (Table 1). It is
interesting to note that experimental HNO consumption
rates of ferric heme proteins with neutral His axial ligands
(for example, Mb, HRP) are higher than that of catalase with
a negatively charged Tyr ligand.[3c] Because HNO-binding is
the first and rate-limiting step in such reactions,[1a] these
experimental results suggest a favorable HNO-binding with
the neutral protein axial ligand, consistent with the trend
revealed here.

Table 1: Binding energies, geometric parameters, charges, and vibra-
tional frequencies of FeII/III(Por)(HNO)(L).[a]

L DG [kcal
mol@1]

RFeN

[b]
RNO

[b]
QNO

(e)
DQL

(e)
nNO

[cm@1]

FeII 5-MeIm @28.44 1.805 1.246 @0.226 0.093 1398
NH2CH3 @32.40 1.804 1.246 @0.232 0.095 1397
CH3O

@ @21.20 1.852 1.268 @0.383 0.108 1302
PhO@ @21.24 1.823 1.261 @0.333 0.075 1345
CH3S

@ @23.84 1.862 1.264 @0.365 0.138 1311
FeIII 5-MeIm @17.71 1.848 1.228 @0.124 0.094 1452

NH2CH3 @22.17 1.845 1.228 @0.121 0.103 1459
CH3O

@ @11.57 1.893 1.238 @0.208 0.189 1419
PhO@ @11.36 1.842 1.238 @0.191 0.241 1424
CH3S

@ @14.86 1.904 1.235 @0.194 0.293 1424

[a] L = axial ligand.

Figure 1. Binding Gibbs free energies of HNO complexes 1–10. Red
and blue data points are for ferric and ferrous complexes, respectively.

Figure 2. Plots of nNO vs. RNO (A) and nNO vs. QNO (B) for complexes
1–10.
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Interestingly, the axial ligand also has another effect:
charge donation to the metal center, resulting in positive
ligand charge change upon HNO-binding (DQL ; Table 1).
These data show that a negatively charged ligand usually
donates more charge than a neutral ligand. This enhances
metal-to-HNO back-donation, resulting in a lengthened NO
bond, increased NO charge, and smaller NO vibrational
frequency (Table 1). This effect is secondary compared to the
above-mentioned trans effect of axial ligands with different
formal charges on HNO-binding. But it helps understand the
mild difference for ligands with the same formal charge:
a mildly improved HNO-binding for NH2CH3 versus 5-MeIm
among neutral ligands, and for the sulfur ligand versus the
oxygen ligand among negatively charged ligands, owing to
their slightly stronger charge donation (DQL data in Table 1).

Besides the proximal axial ligand, the distal hydrogen
bonding residue was previously found to play an important
role on HNO-binding.[4b] However, the effects from other
active site residues and the whole protein environment on
HNO-binding have not been reported. Because stable HNO-
binding was only reported for several ferrous heme proteins
with spectroscopic characterizations,[5] we next used mono-
meric ferrous globins, myoglobin (Mb), and leghemoglobin
(lgHb), with experimental 1H and 15N NMR spectroscopic
data that are sensitive to differentiate various HNO-binding
modes,[4b] as the first step to examine these effects.

For Mb, we first studied large active site models with
nearby residues that might influence HNO-binding (see the
Supporting Information for details and optimized coordi-
nates). Because both H and O of HNO can participate in
hydrogen bonding (HB) and distal His can be either Nd or Ne

protonated, two mono HB modes (A-HNO···His, B-
ONH···His) and two dual HB modes (C-H2O···HNO···His,
D-OH2···ONH···His) were investigated. The use of water as
the second HB partner in dual HB modes was based on our
recent small active site model study:[4b] 1) only dual HB
modes can reproduce experimental spectroscopic data, 2) the
dual HB mode for HNO is actually common in previously
reported HNO interactions,[4a] and 3) water is viable in
proteins and no other nearby residue in Mb can be the
second HB partner. Because Mb and lgHb have the same

axial ligand and distal His residue, it is important to study the
large active site to learn the origin of their experimental NMR
shift differences.[5b] As seen from Table 2, mode D (Fig-
ure 3A) consistently yields the best predictions of experi-
mental 1H and 15N NMR chemical shifts for the major
MbHNO isomer shown here,[5b] and its slightly larger NMR
shifts than those of C is also consistent with the experimental
results that this major isomer has slightly larger shifts than
a minor isomer discussed previously.[4b] The predicted nNO

value also agrees well with experimental results.[5c] For lgHb,
mode D again gives the best predictions of experimental
NMR data and the slightly downfield 1H and 15N NMR shifts
in lgHbHNO versus MbHNO.[5b]

The above results show that the large active site models
are helpful to study experimental spectroscopic data in Mb
and lgHb. We then used such structures to reveal the most

Table 2: Geometric parameters and spectroscopic properties of HNO
bound heme proteins.

[a] HB
Mode

RHis

[b]
Rwater

[b]
dH

[ppm]
dN

[ppm]
nNO

[cm@1]

Mb Expt[b] 14.93 661 1385
Small[c] A 2.176 – 14.93 605 1377

B 2.078 – 15.55 659 1402
C 2.145 2.031 15.04 647 1380
D 2.069 2.095 15.13 658 1384

Large A 2.118 – 14.86 604 1374
B 2.068 – 15.84 661 1396
C 2.095 2.118 15.02 644 1377
D 2.014 2.104 15.05 663 1374

Whole A 2.160 – 14.66 600 1380
B 2.055 – 15.45 657 1397
C 2.107 2.033 15.04 642 1383
D 1.999 1.960 15.30 662 1374

lgHb Expt[d] 15.00 665
Large A 2.126 – 14.85 605 1374

B 2.049 – 15.65 662 1392
C 2.085 2.044 14.84 649 1379
D 2.031 2.037 15.48 666 1376

[a] Small, Large, and Whole represent small active site models, large
active site models, and whole protein, respectively. [b] Refs. [5a–c].
[c] Ref. [4b]. [d] Ref. [5b].

Figure 3. HB mode D structures of (A) large active site of MbHNO; B) large active site of lgHbHNO; C) MbHNO whole protein. Atom color
scheme: C, cyan; N, blue; O, red; H, grey; Fe, black.

Angewandte
ChemieZuschriften

15284 www.angewandte.de T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2016, 128, 15282 –15285

http://www.angewandte.de


significant differences in their HNO-binding geometries. As
shown in Table S3, the Fe@N(H)O distance, NO and NH bond
lengths, and the Fe-N-O bond angle differences in each mode
of these two proteins are all negligible (< 0.005 c and < 188).
In contrast, HB geometries have much larger differences and
the largest changes occur with the HB of HNO with water. As
seen in Table 2, from MbHNO to lgHbHNO, the average
HNO···water distance (Rwater) decreases as significantly as
& 0.07 c, in contrast with & 0.01 c difference in the average
absolute HNO···His distances (RHis). This is probably due to
the relatively smaller flexibility of distal His versus water.
These data also indicate a more compact active site in
lgHbHNO. In fact, this feature is also reflected by the closest
distances of nearby residues to the HNO O atom involved in
water HB: 3.03/5.21 c for Leu65/Val105 in lgHbHNO versus
4.43/5.69 c for Leu29/Val68 in MbHNO. In addition, as
shown in Figure 3A and B, the water H atom not involved in
HB is pushed away from Leu65 in lgHbHNO compared to the
toward Leu29 conformation in MbHNO, due to & 1.4 c
closer Leu in lgHbHNO. These results show that the nearby
residues in the large active site models induce the structural
differences between these two heme proteins, with changes
mostly in the HB geometries.

To compare with large active site models, the whole
protein models for MbHNO were also investigated (see the
Supporting Information for computational details with one
structure shown in Figure 3C). As shown in Table S3, the
optimized RFeN, RNO, RNH, and ]FeNO data are basically not
affected with only < 0.01 c and < 188 differences. The
significant geometric changes are also associated with HNO
HB distances, with the water side HB again more affected
than the distal His side.

In summary, this work provides the first detailed trends
and origins of effects of iron oxidation state, axial ligand, and
protein environment on HNO-binding in heme proteins:
1) ferric hemes have much weaker binding than ferrous
systems owing to reduced metal back-donation to HNO,
offering the first theoretical insight into the strong thermody-
namic driving force for experimentally observed reductive
nitrosylation to form stable NO-bound ferrous porphyrins;
2) axial ligand influences HNO-binding through its trans
effect and charge donation effect, providing the first infor-
mation how its formal charge and structural feature affects
HNO-binding; 3) the protein environment effect of other
active site residues and whole protein was also revealed for
the first time, with significant changes in the HNOQs HB
structures and properties, and is responsible for experimental
spectral differences in different heme proteins. This new and
broad range of results shall facilitate many studies of HNO-
binding in heme proteins, models, and related metallopro-
teins.
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