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Coordination Chemistry of Nitrosyls and Its

Biochemical Implications

Hanna Lewandowska

Abstract A comprehensive overview is presented of the biologically relevant

coordination chemistry of nitrosyls and its biochemical consequences. Representa-

tive classes of metal nitrosyls are introduced along with the structural and bonding

aspects that may have consequences for the biological functioning of these

complexes. Next, the biological targets and functions of nitrogen (II) oxide are

discussed. Up-to-date biochemical applications of metal nitrosyls are reviewed.

Keywords Biological action � Electronic structure � Iron proteins �Metal nitrosyls �
Nitric oxide � Non-innocent ligands
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Abbreviations

5C Five-coordinate

AAA+ ATPases associated with diverse cellular activities

ATP Adenosine triphosphate

Bax Bcl-2-associated X protein

BIPM 2,20-(phenylmethylene)bis(3-methylindole)

Bu Butyl

Cbl Cobalamin

cGMP Cyclic guanosine monophosphate

Cp Cyclopentadienyl

CPMAS Cross polarization magic angle spinning

CuFL Fluorescein-copper (II) complex

Cys Cysteine

DETC Diethyl thiocarbamate

DFT Density functional theory

DMSO Dimethyl sulfoxide

DNDGIC Dinitrosyl–diglutathionyl–iron complex

DNIC Dinitrosyl iron complex

DTC Dithiocarbamate

EDRF Endothelium-derived relaxing factor

ENDOR Electron nuclear double beam resonance

eNOS Endothelial nitrogen (II) oxide synthase

EPR Electron paramagnetic resonance

Et Ethyl

FL Fluorescein

GAF domain cGMP-specific phosphodiesterases, adenylyl cyclases,

and FhlA characteristic domain

GC Guanylate cyclase

GSH Glutathione

GSNO Nitrosoglutathione

GST Glutathione transferase

GTP Guanosine triphosphate

H2bpb N,N0-bis(bipyridine-2-carboxamido)-1,2-diaminobenzene

Hb Hemoglobin

HiPIP High-potential iron–sulfur protein

His Histidine

HOMO Highest occupied molecular orbital

HTH Helix–turn–helix

iNOS Cytokine-inducible nitrogen (II) oxide synthase
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IR Infrared

IRE Iron responsive element

IRP Iron regulatory protein

IUPAC International Union of Pure and Applied Chemistry

LIP Labile iron pool

LMW Low molecular weight

LUMO Lowest unoccupied molecular orbital

Me Methyl

metHb Methemoglobin

MNIC Mononitrosyl iron complex

MNIP 4-Methoxy-2-(1H-naptho[2,3-d]imidazol-2-yl)phenol

MorDTC Morpholyldithiocarbamate

MRP1 Multidrug resistance-associated protein1; iron regulatory

protein1

MT Metallothionein

MTP1 Ferroportin1

NAD Nicotinamide adenine dinucleotide

naphth-enH2 2-Hydroxy-1-naphthaldehyde and ethylenediamine

naphth-mphH2 4-Methyl-o-phenylenediamine

naphth-phH2 o-Phenylenediamine

NHase Nitrile hydratase

NHE Normal hydrogen electrode

NIR Nitric oxide reductase

NMR Nuclear magnetic resonance

nNOS Neuronal nitrogen (II) oxide synthase

NO Nitrogen (II) oxide

NorR Anaerobic nitric oxide reductase transcription regulator

NOS Nitrogen (II) oxide synthase

NRVS Nuclear resonance vibrational spectroscopy

OEP Octaethylporphyrin

PaPy3H N,N-bis(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide

PeT Photoinduced electron transfer

Ph Phenyl

porph Porphyrin

PPDEH2 Protoporphyrin IX diester

PPh3 Triphenylphosphine

PPN 3-Phenyl-2-propynenitrile

RBS Roussin’s black salt

RRE Roussin’s red salt ester

RRS Roussin’s red salt

RSNO S-nitrosothiol
S2-o-xyl Dianion of 1,2-phenylenedimethanethiol

SCE Saturated calomel electrode

Ser Serine
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sGC Soluble guanylate cyclase

SNP Sodium nitroprusside

SoxR Superoxide response DNA-binding transcriptional dual regulator

SoxS Activator of superoxide stress genes

TCPP meso-tetrakis (4-carboxyphenyl) porphyrin
TMPyP meso-tetrakis (4-N-methylpyridinium) porphyrin

TPE Two photon excitation

TPP Tetraphenylporphyrin

TPRR0 tris(pyrazolyl) borato ligand

TTMAPP meso-tetrakis [4-(N,N,N-trimethyl) aminophenyl] porphyrin

Tyr Tyrosine

UTR Untranslated region of RNA

UV–VIS Ultraviolet–visible spectroscopy

1 Introduction

The investigation of transition metal nitrosyl complexes has gained in importance,

since the role of nitric oxide (NO) in various physiological processes was discov-

ered. Non-innocent nature of nitric oxide as a ligand and the associated ambiguity

in assignment of metal and NO–ligand oxidation states in metal nitrosyls compli-

cate their classification and the interpretation of their electronic spectra and redox

properties, chemical behavior, and biological activity. The chemistry of nitrosyl

compounds is important, because of the structural, synthetic, and mechanistic

implications. This review focuses attention particularly on those nitrosyl complexes

that are of direct relevance to biology and medicine. The structural aspects of

representative classes of metal nitrosyls of biological significance are reviewed,

with particular emphasis on their biological functions and sources, as well as some

of their biochemical applications.

2 Structural Aspects for Metal Nitrosyls

NO is a diatomic, stable free radical with an N–O bond length of 1.154 Å and a 2Π
ground state [1]. Simple molecular orbital theory predicts a bond order of 2.5,

consistent with its bond length between those of N2 (1.06 Å) and O2 (1.18 Å). The

singly occupied MO is a π* orbital, but polarized toward nitrogen in a manner

opposing the polarization of the lower energy πb orbitals. The result is a relatively
nonpolar diatomic molecule; consequently, the ν(NO) stretching vibration, at

1,875 cm�1 (15.9 mdynes/cm), has a very low intensity in the infrared absorption

spectrum. Because of spin–orbit coupling of the unpaired electron with its π-orbital
(~121 cm�1), NO exhibits P, Q, and R rotational branches in its gas-phase vibra-

tional spectrum [2, 3]. The increase in the population of the π* orbital in the row:
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NO+, NO0, NO¯ leads to the increase in the bond length (1.06 Å, 1.154 Å, 1.26 Å,

respectively) and to the decrease in the IR stretching frequencies of ν(NO) from
2,377 for NO+ to 1,470 cm�1 for NO¯ [4, 5]. More information on the NO molecule

bonding and electronic structure can be found in the chapter by Mingos.

2.1 Bonding in Metal Nitrosylates

Bonding of NO to transition metals usually occurs via the nitrogen atom. Other

types of bonding occur in some rare cases and include: twofold and threefold

nitrosyl bridges σ/π-dihaptonitrosyls (so-called side-on nitrosyls) and isonitrosyls

(M–O–N bound), as reviewed in [6].

Table 1 illustrates a variety of possible NO bonding patterns for which structural

data are available. It also gives the IUPAC notations and other ones encountered in

the literature [23]. The typical values of the most important structural parameters

for the species listed in Table 1 are quoted according to [6]. Structural aspects for

each of the group of compounds have recently been reviewed and can be found in

the cited reference.

Apart from the above, in biological and biomimetic systems, metals usually bind

one or two terminal NO groups. The M–N–O bond angles may be essentially linear

or bent, up to ca. 120�. The bridging mode of NO coordination is rarely found in

biomimetic systems but is encountered in organometallic and cluster chemistry. In

the molecular orbital approach, the bonding of NO to a metal can be generally

presented as the superposition of two components: The first one involves donation

of electron density from the N atom of NO to the metal, involving a σ molecular

orbital; the second component is back-donation from metal dπ orbitals to the π*
orbitals of NO (π backbonding1). The bond order within the ligand is decreased by

this process, while the metal–ligand bond order is increased [24]. It is often

formally assumed that the NO ligands of metal–nitrosyl moiety are derivatives of

the nitrosyl cation, NO+. The nitrosyl cation is isoelectronic with carbon monoxide;

thus, the bonding between a nitrosyl ligand and a metal follows the same principles

as the bonding in carbonyl complexes. Yet, the formal description of nitric oxide as

NO+ does not match certain measureable and calculated properties. In an alternative

description, nitric oxide serves as a 3-electron donor, and the metal–nitrogen

interaction is a triple bond. Both these approaches are presented in the literature.

Despite the general analogy between metal carbonyls and nitrosyls, it is noteworthy

that NO is even stronger π-acceptor than CO. This manifests itself in the relatively

1According to the definition of IUPAC: A description of the bonding of π-conjugated ligands to a

transition metal which involves a synergic process with donation of electrons from the filled π-orbital
or lone electron pair orbital of the ligand into an empty orbital of the metal (donor–acceptor bond),

together with release (back-donation) of electrons from an nd orbital of the metal (which is of

π-symmetry with respect to the metal–ligand axis) into the empty π*-antibonding orbital of the

ligand [7].
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strong metal–nitrogen bonding, lowering of the bond order within the ligand, and

hence the high degree of electron density delocalization in this triatomic fragment.

Therefore, in accordance with the Enemark and Feltham notation, MNO is treated

as a covalently bound functional group [25] represented as {M(NO)x}
n, in which n

denotes the total number of electrons associated with the metal d and π* (NO)

orbitals. The structure becomes disturbed by the coordination of additional ligands.

Energies of π* orbitals of NO are close to d orbitals of transition metals. Therefore,

the relative charge distribution in M–N bonding orbitals may vary to a great extent

for the two isoelectronic complexes, and very small changes in metal or ligand

properties may cause substantial changes in the character of the nitrosyl moiety

(NO+, NO, or NO�), and consequently, in the NO-donating properties of the

complex. Despite the difficulty in assigning formal oxidation states to the metal

and the NO in nitrosyl complexes, the charge distribution within this residue, which

is comprised between {Mz�1(NO+)} {Mz(NO)} and {Mz+1(NO¯)} remains an

important issue, particularly with respect to the electronic and magnetic behavior

of complexes, as reflected in the chemical properties of the nitrosyls.

Agood indicatorof thebackbondingandbondpolarizationdegree is IRspectroscopy;

the NO vibrations are usually observed in the broad region: ~1,300–1,900 cm�1,
the higher for the linear, the medium for bent and the lower being characteristic

for the bridging mode of NO coordination (see Table 1), as summarized in the

chapter on spectroscopy by Lewandowska and in the chapter of Mingos. As noted

by McCleverty [5], these three ranges overlap significantly and are strongly

dependent on the multiple electronic factors, thus no simple correlation can be

seen between the position of ν(NO) and the M–N–O bond angle, unless these

factors are allowed for a certain adjustments [6, 13] (see spectroscopic chapter by

Lewandowska). The typical N–O and M–N bond distances and M–N–O bond

angles for the linear and bent nitrosyls are: 1.14–1.20 Å/1.60–1.90 Å/180–160 Å

and 1.16–1.22 Å/1.80–2.00 Å/140–110 Å, respectively [6]. Apart from the

vibrational spectroscopy, among other tools applied in the determination of the

structure of nitrosyls especially useful are: Mössbauer spectroscopy, nuclear

resonance vibrational spectroscopy, and in case of the paramagnetic forms, EPR

and ENDOR. Some easily available information on the electronic structure and

the geometry of electronic transitions can be found by UV–VIS and magnetic

circular dichroism. For even-electron MNO fragments also NMR chemical shifts

can give some additional information on the electron charge distribution [26–32].

However, in order to obtain definitive data on the structure it is necessary to

complement the results with theoretical methods. Conclusions on nitrosyl

structures, which can be drawn from the spectroscopic data will be discussed in the

next chapter by Lewandowska.

Comprehensive analyses of the electron charge of metal nitrosyls based on

theoretical methods including spectroscopic data have been carried out by Ghosh

and coworkers [33–38]. The results of their work are summarized in the chapter by

Mingos. In the search of new tools that would allow simple and unambiguous way to

determine the electronic nature of transition metal nitrosyl complexes, it has recently

been proposed by Sizova et al. [39] to use the quantum chemical bond order indices

H. Lewandowska



deconvoluted into σ-, π-, and δ-contributions, for some organometallic nitrosyls

of ruthenium and rhodium with bent and linear configurations of the MNO groups.

The new (as regards nitrosyls) approach, considering bond order a good characteris-

tic of electron distribution in molecules, implemented in parallel with the classical

structural theory proved useful for structural analysis of nitrosyl complexes. The

charges of the NO moieties and the π- and σ-contributions to the bond order were

calculated. Unusually large values of through-atom indices confirmed the delocali-

zation of the π-electron density over the linear Ru–N–O fragment. Changes in the

electron charge distribution in a series of {Ru–N–O}6–7–8 complexes were analyzed

in terms of the bond order, the metal charge, and the nature of the nitrosyl moiety.

This approach allowed the authors [39] to explain the mechanistic aspects of the

metal–metal bond destruction in the paddlewheel-type dimetal complexes

M2(L)4(NO)2 caused by the coordination of nitric oxide.

2.2 Linear Versus Bent Nitrosyl Ligands

Typical ranges for the values of internuclear N–O and M–N bond distances and

M–N–O bond-angles are: 1.14–1.20 Å/1.60–1.90 Å/180–160 Å for linear nitrosyls

and 1.16–1.22 Å/1.80–2.00Å/140–110 Å, for bent nitrosyls. It should be noted that

in some early papers mononitrosyl compounds containing linear M–N–O groups

were assumed to contain bound NO+, whereas those having bent M–N–O

arrangements were regarded as containing NO¯, but this has subsequently been

found misleading [5]. When applying a valence bond approach to a linear M–N–O

arrangement, it is convenient to regard the N and O atoms in the NO+ group as being

sp hybridized.

According to the Enemark-Feltham approach, the factor that determines the bent

vs. linear NO ligands in octahedral complexes is the sum of electrons of π-symmetry.

Complexes with π-electrons in excess of 6 tend to have bent NO ligands. Thus,

[Co(ethylenediamine)2(NO)Cl]
+, with seven electrons of π-symmetry (six in t2g

orbitals and one on NO), adopts a bent NO ligand, whereas [Fe(CN)5(NO)]
3�,

with six electrons of π-symmetry, adopts a linear nitrosyl [40].

According to Scheme 1, the electronic configuration for {M(NO)}6 will be

(e1)
4(b2)

2(e2)
0. In such an arrangement, or in any other with fewer metal d electrons

(for six-coordinated complex), the population of the strongly bonding (e1) and

nearly nonbonding metal centered (b2) orbitals, and the vacancy at the antibonding
e2 orbital explain the multiple bond order along the linear MNO moiety. An

addition of one more electron, giving the configuration (e1)
4(b2)

2(e2)
1 would result

in occupation of a totally antibonding π-type orbital. This enforces bending

according to Walsh’s rules, distortions of the M–N–O bond angle, and a change

in symmetry. Mixing of the a1 and the x component of the previously designated

e2 orbital (see Scheme 1b) affords a more bonding a0 level, mainly π*(NO)
admixed with dz2, and an equivalent antibonding level which is mainly dz2 in
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character. Consequent on the bending of the M–N–O bond, the electronic configu-

ration of the frontmost orbitals in {M(NO)}7 will be (a0)1(a00)0. This is equivalent to
describing the coordinated nitric oxide as NO•. In {M(NO)}8, the electronic

configuration in this MO system will be (a0)2(a00)0, representing the coordination

of singlet NO¯. The molecular orbital scheme shown in Scheme 1 assumes a

relatively strong ligand field, in which the separation of the “t2g” and “eg” levels

is significant [5].

Linear and bent NO ligands can be distinguished using infrared spectroscopy.

Linear M–N–O groups absorb in the range 1,650–1,900 cm�1, whereas bent nitrosyls
absorb in the range 1,525–1,690 cm�1 (please note that these regions overlap). The
differing vibrational frequencies reflect the differing N–O bond orders for linear

(triple bond) and bent NO (double bond). Application of amendment factors to

ν(NO) values proposed by De La Cruz et al. [6], depending on the environment of

the central ion and electron configuration, allows a more unambiguous differentiation

of the spectral characteristics of nitrosyls (see also the spectroscopic chapter by

Lewandowska).

3 Representative Classes for Metal Nitrosyls of Biological

Significance

3.1 Homoleptic Nitrosyl Complexes

In contrast to metal carbonyls, homoleptic nitrosyls are rare and include [M(NO)4]

(where M¼ Cr, Mo, W, the premier member being Cr(NO)4 [25]), [Co(NO)3],

[Rh(NO)3], [Ir(NO)3], as well as transient copper and iron nitrosyls [41]. The struc-

ture of the latter has been solved just recently, in the work of Lin et al. [14]. The iron

teranitrosyl displays three nitrosyl bands, at 1,776, 1,708, and 1,345 cm�1 in KBr,

and the band at 1,345 cm�1 is assigned to the bent N�O vibration. The slightly

lower-energy NO bands of complex 1 shifted by ~4 cm�1 from those of [(NO2)2Fe

(NO)2] (1,782, 1,712 cm�1 in KBr) reflect the similar electron-donating ability and

Scheme 1 Arrangement

of molecular orbitals in

six-coordinate {M(NO)}n

when M–N–O is (a) 180� and
(b) 120�. The MNO bond

defines the z-axis [5]
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the binding affinity of NO� and NO2•� ligands toward the {Fe(NO)2}
9 motif. The

various character of the two coordination modes is explicitly seen in the X-ray

structure as the difference between the M–N–O angles (see Fig. 1). Its electronic

structure thus is best described as a {Fe(NO)2}
9 motif coordinated by two nitroxyl

(NO–) ligands. The infrared and Raman spectra of homoleptic nitrosyls together with

DFT calculations are helpful in solving nitrosyl structures of biological importance,

as will be shown in the chapter on spectroscopy by Lewandowska.

3.2 Roussin’s Red and Black Salts

Roussin’s red and black salts were among the earliest synthesized nitrosyl complexes.

These iron–sulfur nitrosyls were discovered by Roussin while studying the action of

sulfur on solutions of sodium nitroprusside and described in 1858 [42].

Roussin’s red salt, K2[Fe2S2(NO)4] is a historically important complex of a

great interest for biochemists, being the first synthetic model of iron–sulfur cluster,

analogical to those present widely in proteins (vide infra). Moreover, it is already a

nitrosylated form of such a cluster, and the cluster nitrosylation just recently has

been widely studied, since this process is associated with the regulatory action of

many non-heme iron–sulfur enzymes.

Roussin’s red salt anion is an edge-shared bitetrahedron, wherein a pair of

Fe(NO)2 units are bridged by a pair of sulfide ligands (Scheme 2). The Fe–NO

bonds are close to linear indicating that NO is acting as a three-electron donor. The

diamagnetic compound obeys the 18-electron rule, and each iron center is assigned

the oxidation state of Fe(�I). It is formed during the nitrosylation of the dinucleated

Rieskie-type clusters in proteins [43].

Roussin’s black salt has a more complex cluster structure. The [Fe4(NO)7S3]
�

displays an incomplete cubane geometry of the anion cluster and consists of a

tetrahedron of iron atoms with sulfide ions on three faces of the tetrahedron

(see Scheme 3). The point group symmetry of the anion is C3v. Three iron atoms

Fig. 1 Spatial structure of

dinitroxyldinitrosyl iron.

Reprinted from [14], with the

permission of the American

Chemical Society,

copyright 2012
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are bonded to two nitrosyl groups. The iron atom on the threefold symmetry axis

has a single nitrosyl group which also lies on that axis. Roussin’s red and black salts

can interconvert among each other upon the change of the pH, according to the

reaction given below:

Roussin’s Black Salt with the formula NaFe4S3(NO)7 displays an incomplete

cubane geometry of the anion cluster. The point group symmetry of the anion is

C3v and possesses one {FeNO}7 and three {Fe(NO)2}
9 units. RBS and RRS

interconvert among each other, depending on the pH, from RBS in acidic, to RRS

in alkaline solution. Roussin’s red salt and its esters (RREs, Fe2(SR)2(NO)4, where

“R” is an alkyl group) are dinuclear forms of dinitrosyl iron complexes (DNICs,

vide infra). They are diamagnetic and EPR silent due to the antiferromagnetic

coupling between the dinuclear irons. The esters are being investigated as nitric

oxide donors in biology and medicine, due to the relatively low toxicity and good

stability. In addition, Roussin’s salts are discussed in the fields of microbiology and

food science due to their mutagenic properties. Their bactericidal effect on the

food-spoilage bacteria was demonstrated (see, e.g., [44]). It is known that RREs act

as promoters for the carcinogenic properties of other substances for a long period of

time (see, e.g., [45]). At the same time attempts to use them against melanoma

cancer cells have proven promising [46]. Photolysis of the compounds induced the

release of NO, thereby sensitizing target cells to exposure to radiation. Both black

and red roussinate anions undergo photodecomposition in aerobic solution to give,

eventually, ferric precipitates plus NO, the red roussinate anion being more

photoactive. This property of roussinates enables developing photochemical

strategies for delivering NO to biological targets on demand [47, 48].

Scheme 2 Roussin’s red salt

Scheme 3 Roussin’s black salt
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3.3 Mononitrosyl Iron Complexes

Mononuclear mononitrosyl iron complexes (MNIC), designated as {Fe(NO)}7 in the

Enemark-Feltham notation, have an S ¼ 3/2 ground state in contrast to heme-type

{Fe(NO)}7 species for which S ¼ 1/2. EPR spectra pointing to formation of

MNIC are obtained upon NO treatment of various non-heme iron proteins, such as

rubredoxins and mammalian ferritins; yet, these nitrosyls are of transitory character

and readily disproportionate into DNICs and Fe(III) thiolates [49]. Reaction of

aquated Fe2+ salts with NO affords a six-coordinate iron nitrosyl, [Fe(NO)(H2O)5]
2+,

an {Fe(NO)}7 species. This complex also is formed in the so-called brown ring test

for NO2¯ used in simple qualitative analysis [50]. Four-coordinate mononitrosyl iron

complexes such as [Fe(NO)(SR)3]
� are rare but have been known for several

decades [51, 52]. Nitrosylation of the biomimetic reduced- and oxidized-form

rubredoxin was shown to give the extremely air- and light-sensitive mononitrosyl

tris(thiolate) iron complexes. Transformation of [Fe(NO)(SR)3]¯ into dinitrosyl iron

complexes (DNICs) [(RS)2Fe(NO)2]¯ and Roussin’s red ester [Fe2(μ-SR)2(NO)4]
occurred rapidly under the addition of 1 equivalent of NO(g) and [NO]+, respec-

tively [53]. Chemistry of the Fe(III) thiolate, [Fe(SR)4]
�, with NO also proceeds to

the DNIC through the MNIC, like in case of the Fe(II) complex [53] (Scheme 4).

The reactivity of these iron thiolates demonstrates that RS� ligands play a role of

reductants during the process of transformation of Fe(II) or Fe(III) to {Fe(NO)2}
9

species.

3.4 Dinitrosyl Iron Complexes

An important and representative group of biologically significant nitrosyls are

dinitrosyl iron complexes (DNICs). Their occurrence has been observed in many

kinds of organisms and in a wide spectrum of physiological conditions associated

with inflammation, Parkinson’s disease, and cancer. Accumulation of DNICs

coincides with intensified production of nitric oxide in macrophages, spinal cord,

endothelial cells, pancreatic islet cells, and hepatocytes [55–57]. DNICs are also

important in NO-dependent regulation of cellular metabolism and signal transduction

[58–61]. Dinitrosyl iron complexes (DNICs) and S-nitrosothiols (RSNO) have

been known to be two possible forms for storage and transport of NO in biological

systems [61]. Depending on the micro-environment, the low molecular weight

(LMW) DNICs can provide at least two types of nitrosylating modification of

proteins, forming either protein-S-nitrosothiols or protein-bound DNICs. Also,

DNICs were shown to mediate the iron-catalyzed degradation and formation of

S-nitrosothiols [53, 62]. Abstracting from the subtitle of this section it is worth to

note that the reversible degradation of S-nitrosothiols also was shown to be catalyzed

by copper ions [63]. The interaction of NO with Cu(DTC)2·3H2O (DTC: dithiocarba-

mate) was studied and the formation of two stable nitrosyl complexes, Cu(DTC)2NO
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and Cu(DTC)2(NO)2, was proven. The complexes were air-stable and were not

disrupted by purging the solution with an inert gas. Cu(MorDTC)2NO·3H2O

was isolated in the solid state and its NO (IR) band was observed at 1,682 cm�1.
The latest results by Lim et al., concerning the mechanism of reduction of the

2,9-dimethyl-1,10-phenanthroline copper(II) complex by NO, support an inner

sphere mechanism, where the first step involves the formation of a copper–nitrosyl

(Cu(II)–NO or Cu(I)–NO+) adduct, and argue against an outer sphere electron

transfer pathway, which was assumed earlier [64]. LMW-DNICs may release NO

to various targets. As observed in cells or tissues, LMW-DNICs exerting cyclic

GMP-independent effects were attributed to the nitrosylating modification of

proteins via transfer of NO or Fe(NO)2 unit, thus yielding protein S-nitrosothiols
or protein-bound DNICs [65, 66]. The transfer of the Fe(NO)2 motif of

LMW-DNIC resulting in the formation of protein-bound DNIC serving as an

NO-storage site also was demonstrated in isolated arteries, although the persistent

S-nitrosylation of protein is another mechanism of formation of releasable

NO-storage site in arteries [67–70]. LMW-DNICs elicited an NO release-

associated relaxant effect in isolated arteries [71]. Also, it has been proposed

Scheme 4 Redox interconversions between MNIC, DNIC, and RREs. Reprinted from [54], with

permission of the American Chemical Society, copyright 2010
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that free thiols/thiolates can displace the proteins of the protein-bound DNICs via

thiolate exchange to LMW-DNICs [72, 73]. Protein-bound DNICs are stable for

hours and can accumulate in high concentrations in tissues, their stability being lower

in the presence of LMW-thiols, due to transnitrosylation [72–74]. The complex

relationship between iron and NO and the putative biological role of DNIC have

been reviewed by Richardson and Lok [75] and Lewandowska et al. [76]. Although

DNICs chemistry has been studied since early 1960s, determination of the electronic

structure of the core complex is still a matter of research and discussion [77]. Among

the very few dinitrosyl complexes of well-defined structural and spectral parameters

are metal dinitrosyl halides [78, 79], [Fe(NO)2(CO)2] [80], osmium and ruthenium

phenylophosphinates [13, 81–83].

The ON–M–NO angles for DNICs lie between 180� in the trans case and 90� in
the cis case. This has further spectroscopic implications, as further discussed in this

volume, in the chapter on spectroscopy. When the two equivalent bent NO groups

are attached to the same metal atom in four-coordinate complexes, they can

conform either with the NO moieties slightly bent towards each other, or shooting

out in opposite directions, in other words N–O–M–O–N fragment can adopt

either the attracto or the repulso conformation. Martin and Taylor [84] concluded

that the attracto form is characteristic for those dinitrosyls, where N–M–N angle

is less than �130�, and repulso form occurs in complexes with α(NMN) greater

than �130�.
Regarding the electronic structure of the {Fe(NO)2} core present in DNICs, the

known stable DNICs can be classified into three groups: the paramagnetic mononu-

cleated {Fe(NO)2}
9 DNICs, the dimerized forms of {Fe(NO)2}

9, which are diamag-

netic due to electron pairing, and the diamagnetic {Fe(NO)2}
10 DNICs. Ligands

contained in {Fe(NO)2}
9 type complexes are (1) thiol groups of amino acids or

inorganic sulfur (II) atoms in sulfur clusters, (2) imidazole rings present, e.g., in

histidine and purines, (3) pyrole rings of heme-type prosthetic groups [58, 61, 68,

70, 85]. The {Fe(NO)2}
10 DNICs are coordinated by CO, PPh3, and N containing

ligands [86]. Prototypical DNICs, which contain a single iron atom, are paramag-

netic low spin S ¼ ½ {Fe(NO)2}
9 species. The doublet ground state gives rise to a

characteristic axial EPR signal at gav ¼ 2.03 [85]. This common spectroscopic

signature was a hallmark of DNICs occurrence in both synthetic and biological

contexts, dating back several decades to early studies on cancerous liver samples

[87]. DNICs typically take the form of an [Fe(NO)2(X)2]
� anion, where, in the case of

biological milieu, X is a ligand such as a protein-based cysteinate residue or an LMW

thiol, like glutathione. The nature of the non-nitrosyl ligands in tissue-derived DNICs

is uncertain, and it is assumed that beside thiolate ligands, also imidazole rings present

in residues, such as histidine or purines, can form LMW-DNICs. In high molecular

weight complexes, thiols are responsible for DNIC formation in non-heme iron

proteins, whereas histidine participates in the formation of iron complexes containing

heme ligands [76]. A single example of a crystallographically characterized, protein-

bound DNIC contains a tyrosinate ligand [88]. Thus, the similarity of the EPR spectra
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of thiol- and histidine-derived dinitrosyl complexes in aqueous media precludes

unequivocal assignment of their biological role [57, 77, 89]. While dinitrosyl-dithiol

iron (II) complexes are well-characterized species in which iron is coordinated

by two sulfur atoms and two NO molecules [57], the biological importance of

complexes of histidine, NO, and iron has scarcely been investigated. In the very

early publication of Woolum [90], it was proposed that the N7 atom of histidine

imidazole ring is responsible for coordination of iron and DNIC formation in

non-thiol proteins.

According to several authors, the toxicity of DNIC’s components seems to be

mutually dependent on each other, but the reported results give an ambiguous

picture. Bostanci et al. [91, 92] reported attenuation of iron-induced neurotoxicity

by nitric oxide synthase inhibitors. On the other hand, the presence of NO donors

was reported to protect against iron-induced nephrotoxicity [93, 94]. The reported

ability of iron ions to rescue tumor cells from the pro-apoptotic effects of NO is in

line with these results, showing a mutual interrelationship of nitric oxide and iron

toxicity [95]. Another effect is attributed to coinciding active transport of iron

and glutathione outside the cells [96] that was proven to be dependent on MRP1

[97]. The dependence of iron release on glutathione provides evidence that intracel-

lular iron might be depleted via MRP1 in the form of DNIC. It was also shown that

depletion of glutathione rendered the cells vulnerable to NO donors [98]. Recently

more and more data have been collected on the regulatory functions that DNICs may

have in proteins. In addition to the positive regulatory roles of DNICs that are

described in the following sections, DNICs are also known for their toxic

effects [99]. In particular, diglutathionyl DNIC is a potent and irreversible inhibitor

of glutathione reductase [100, 101]. At the same time the formation of DNICs may

play a protective role due to their higher stability than that of NO [102]. Denninger

et al. found that the formation of DNICs decreases the labile iron pool (LIP2) and

therefore makes the cell less susceptible to oxidative stress [105]. Several works

suggested that LIP is a target for •NO complexation [97, 106, 107]. These findings

imply the role of DNICs in the cellular mechanisms of protection against a labile

iron surge during inflammation.

DNICs can exist in equilibrium with their dimeric analogs, Roussin’s red

esters [108]. Several factors including solvent polarity, concentration, and the

nature of the thiolate ligand can influence which species predominates in solution

[49, 68, 109–112]. In the case of LMW thiolate DNICs, an excess of ligand

(usually ca. 20-fold) is required to maintain the mononucleated form. If the

concentration of thiol compound is low, the ions are promptly condensed into a

binuclear RRE structure via formation of two RS-bridges and release of other two

RS-ligands, according to Eq. (1).

2 The labile iron pool has recently been defined by Cabantchik et al. [103] as the pool of iron labilly

bound to low-molecular complexes available for redox reactions. Typical LIP concentration in the

cell does not exceed 1 μM [104].
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The above reaction is, in fact, an electrochemically reversible one-electron

reduction corresponding to the {Fe(NO)2}
9/10 couple [113]. In the presence of a

different thiol, its S-nitrosation, yielding nitrosothiol and other decomposition

products, can also occur [68, 114]. This behavior is responsible for the role of

[(RS)2Fe(NO)2]¯ in the NO storage and NO-transport occurring in vivo [114].

Theoretical explanation of the fact that DNICs tend to form bi-nucleated complexes

was presented by Jaworska and Stasicka [115]. According to these authors, the

effective overlap of the spatially extensive HOMO orbital (derived from sulfur

orbitals) and the LUMO orbital of the d type between two molecules can result in

the formation of the RS-bridge. This reaction can be further facilitated by solvent-

enhanced polarization of the S–C bond, a contribution of S orbitals to HOMO, and

distorted tetrahedral geometry of the complex. A considerable contribution of π*NO
to LUMO and polarization of the NO bond enable the RS nucleophile attack

followed by the Fe–NO bond cleavage. Not surprisingly, one-electron reduction

of RRE derivatives also gives rise to the corresponding rRREs. Reduced Roussin’s

red esters have been detected in nitrosylated protein samples that have been

subjected to reduction [116]. The {Fe(NO)2}
9 units can also occur as a component

of several different structures, including a product of [4Fe–3S] cluster nitrosylation

known as Roussin’s black salt (see above) [51].

As to the geometry of the coordination sphere in DNICs, the anisotropy of the

g values, determined from the electron spin resonance spectra of frozen solutions,

varies considerably from complex to complex. The results are consistent with the

view that all these complexes have a distorted tetrahedral geometries, but the extent

of the distortion depends on the ligands. As a result of this variation there are

changes in the nature of the spin-containing d orbital. Ligands containing hard,

nonpolarizable donor atoms such as oxygen or fluorine produce a distortion towards

a planar geometry, placing the odd electron in a predominantly dx2-y2 orbital, while

those containing softer donor atoms such as phosphorus or sulfur give complexes

with a different type of distortion, leading to placement of the odd electron in a

predominantly dz2 orbital. Nitrogen and halide donor ligands produce smaller

distortions, leading to spin-containing molecular orbitals with contributions from

a mixture of d orbitals. Bryar et al. [117] suggested that complexes of this type have

a structure based on a trigonal bipyramid with a missing ligand. Costanzo et al.

[110], based on spectroscopic data, determined the geometry of those complexes as

distorted tetrahedral (the electronic configuration {Fe (NO)2}
9). This conclusion

was based on a comparison of the molar extinction coefficients of absorption bands

for d–d transitions in typical tetrahedral and octahedral complexes of iron. For
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DNICs the extinction coefficients are much higher than those for octahedral

complexes and suggest a tetrahedral environment. Since 2001 these predictions

have been confirmed in numerous other papers [6, 118–121].

Three electronic states of {Fe(NO)2} are recognized, i.e. paramagnetic

{Fe(NO)2}
9, diamagnetically coupled {Fe(NO)2}

9–{Fe(NO)2}
9 ligand-bridged

RREs, and {Fe(NO)2}
10 species [122]. The electronic and geometric structures

of paramagnetic iron dinitrosyl complexes were investigated using electron spin

resonance, infrared spectroscopy, and X-ray crystallography. It was concluded that

these compounds are best described as 17 electron complexes with a d9 configura-

tion, the unpaired electron being localized mainly around the iron atom. NO groups

have partial positive charges (bent nitrosyl groups) and the metal atom charge is

close to zero [115]. The earliest conclusion that the electron configuration of iron

dinitrosyl complexes is best described as d9 was formulated in the study of Bryar and

Eaton [117], yet proposals for other electronic configurations emerged as well [89],

due to the fact that DNICs in solution give characteristic EPR signals implying axial

symmetry, while X-ray analyses of DNIC crystals reveal a distorted tetrahedral

structure. This inspired Vanin et al. [89, 123, 124] to conclude that in solution

d9 complexes transform into square-planar structures with d7 configuration, with the

unpaired electron localized on the dz2 iron orbital. Consequently, taking into consid-

eration the low-spin state of DNICs, d7 configuration would result in square-planar

DNIC spatial structure, whereas the d9 would imply tetrahedral structure. Crystallo-

graphic studies of DNICs with some LMW thiols support the assumption of the

deformed tetrahedral configuration with C2v symmetry [110, 111] supporting this

suggestion, but it should be noted that (as stated above) the symmetry and coordina-

tion of crystalline compounds changes in the solution where their occurrence and

metabolism can be observed [89, 123, 124]. Initially it was assumed that DNICs with

thiol ligands have octahedral geometries, in which additional ligands, or solvent

molecules, are located axially to the plane of the four remaining ligands [123]. The

infrared spectroscopy revealed the existence of the inter-isomeric redox equilibrium

of the linear and bent NO groups of two forms of [Ru(NO)2(PPh3)2(Cl)]
+ [82].

A trigonal bipyramidal form with two linear NO groups has been proposed as the

transition state for this process (Ea < 35 J mol�1). This is not a unique phenomenon

in solution, as shown by the fluxional interconvertibility between the linear NO

group of the trigonal bipyramidal structure and the bent NO group of the tetragonal

pyramidal structure of a series of compounds of general formulae [Co(NO)

{P(XY2)2}(Cl)2] [where (X,Y) ¼ (Et/Et), (Bu/Bu), (Me/Ph), (p-Me-C6H4) or

(Ph/Ph)] [82, 125] (see also spectroscopic chapter by Lewandowska).

The final and decisive conclusion on the electronic configuration and its

interchanges among the different isomeric dinitrosyl iron complexes has recently

been reviewed by Lu et al. [126]. Their comprehensive research and analysis has

unambiguously identified the reduced DNIC as a bimetallic species containing

antiferromagnetically coupled {Fe(NO)2}
9�{Fe(NO)2}10 centers. This electronic

configuration gives rise to an S¼ ½ ground state and an axial EPR signal centered at

gav ¼ 1.99. The series of papers by Liaw and coworkers [127–132] presents a
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thorough and comprehensive analysis of the changes in the electronic structure that

occur during the syntheses of DNICs from mononitrosyl complexes, the

transformations between four-coordinated and six-coordinated DNICs, as well as

the {Fe(NO)2}
9–{Fe(NO)2}

10 interconversions. Changes in the structural properties

are illustrated by the spectral shifts and appropriate electronic states have been

assigned. An exceptionally interesting example of how the EPR signal geometry

changes from axial to rhombic along with the shift between the six-coordinated

and four-coordinated {Fe (NO)2}
9 complex is presented in the paper of Tsai et al.

[133]. In contrast to tetrahedral {Fe(NO)2}
9 DNICs with an EPR g value of 2.03, the

six-coordinate {Fe(NO)2}
9 DNIC displays an EPR signal with gav ¼ 2.013 (in THF

solution). The temperature-dependent reversible transformation occurs between

both DNICs. The addition of 2 equivalent of PPh3 into the hexacoordinate complex

promotes O-atom transfer of the chelating nitrito ligand to generate OPPh3, the

neutral EPR-silent {Fe(NO)2}
10 tetracoordinate complex, and NO. Recently, the

group of Liaw presented a series of papers on the reversible interconversions

between d9 and d10 forms of DNICs. Cyclic voltammetry experiments indicated

pseudo-reversibility of the {Fe(NO)}9 ! {Fe(NO)}10 redox process, suggesting

that the {Fe(NO)}10 DNICs with thiolate coordination are not as stable as their

{Fe(NO)}9 counterpart [86]. This finding implies that higher electron density around

the Fe center in the {Fe(NO)}10 DNICs no longer favors an electron-rich coordina-

tion sphere by anionic thiolate ligation. According to the EPR Fe K-edge spectro-

scopic results, the electronic structure of the dimeric d10 [{Fe(NO)2}]2L2 complex

is best described as {FeII(NO¯)2}
10. The binding affinity of [SR]¯ type ligands is

greater than that of [OPh]¯ in the examined {Fe(NO)2}
9/10 type complexes, which

explains the fact that the most of the DNICs and RREs in living organisms are bound

to proteins through cysteinate side chains. As indicated in Scheme 5, the dinuclear

DNICs can be classified according to oxidation levels and configurations: the

EPR-silent neutral and diamagnetically coupled {Fe(NO)2}
9{Fe(NO)2}

9 RRE

[134, 135], the EPR-active neutral {Fe(NO)2}
9{Fe(NO)2}

9 RRE containing two

separate {Fe(NO)2}
9 motifs [136], the EPR-silent anionic {Fe(NO)2}

9{Fe(NO)2}
9

RRE containing mixed thiolate–sulfide-bridged ligands [137], the EPR-silent

{Fe(NO)2}
9{Fe(NO)2}

9 Roussin’s red salt [138], the EPR active {Fe(NO)2}
10{Fe

(NO)2}
9 reduced RREs [122, 126], and the EPR-silent {Fe(NO)2}

10{Fe(NO)2}
10

dianionic reduced RREs [128]. A direct interconversion between {Fe(NO)2}
10

DNIC and the {Fe(NO)2}
9 DNIC was demonstrated. On the basis of IR ν(NO)

stretching frequencies, Fe�N (N�O) bond distances and Fe K-edge pre-edge energy
values, the electronic structure of {Fe(NO)2}

10 core is best described as

{FeII(NO�)2}
10. Interconversions were shown to be driven to a specific pathway

by the site selective interactions. The distinct S K-edge pre-edge absorption energies

and patterns can prove efficient tools for the characterization of the various

oxidation-state dinuclear DNICs. The reviewed results indicate that protein-bound

{Fe(NO)2}
10 DNICs dianionic reduced RREs may exist in living organisms. Also,

the cysteine-containing {Fe(NO)2}
10 DNICs, {Fe(NO)2}

10{Fe(NO)2}
10 RREs, and

{Fe(NO)2}
10{Fe(NO)2}

9 reduced RREs may be regarded as the potential species

derived from nitrosylation of [Fe�S] proteins. The diversity of DNICs/RREs in
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biological evolution and bioavailability of a given DNICs/RREs during repair of

the modified [Fe�S] proteins remain open questions.

3.5 Iron–Sulfur Cluster Nitrosyls

Iron–sulfur [Fe–S] clusters are ensembles of iron and sulfide centers ubiquitously

present in proteins, where they function as prosthetic groups. Fe–S clusters are

evolutionary ancient and are involved in sustaining fundamental life processes. The

group of known regulatory proteins that contain an iron–sulfur cluster cofactors is

growing both in number and in importance, with a range of functions that include

electron transfer, sensing of molecular oxygen, stress response, substrate binding/

activation, iron regulation and storage, regulation of gene expression. They are

involved in a number of enzymatic activities and as well possess structural

functions. In some cases, the cluster is required for the protein to attain its

regulatory form, while in others the active form requires loss or modification of

the cluster [139]. Three main types of [Fe–S] clusters present in biosynthetic

systems are presented in Scheme 6. Various synthetic iron sulfur clusters have

been synthesized [54, 141].

Most of the research studying the binding of NO to synthetic FeS clusters has

been aimed at molecular and/or electronic structural issues and to facilitate the

understanding of the reactivity of the coordinated NO group. The reaction of

synthetic iron–sulfur clusters (both [2Fe–2S] and [4Fe–4S]) with nitric oxide was

Scheme 5 The various forms of DNICs. Reprinted from [128], with the permission of the

American Chemical Society, copyright 2012
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first communicated in 1985 [49]. These studies demonstrated the propensity for

cluster disassembly by NO and NO2�. Subsequently, it was shown that this process
involves the formation of DNICs. The mechanism of cluster nitrosylation was

shown to proceed with modification of the sulfur ligands, not thiolates, as in case

of homoleptic iron thiolates. An exemplary reaction of that type, for the oxidized

synthetic [2Fe–2S] type complex, is given by Eq. (2).

Fe2S2 SRð Þ4
� �2� þ 4NO! 2 Fe NOð Þ2 SRð Þ2

� �� þ 2S0 (2)

The elemental sulfur that is formed by destruction of the [2Fe–2S] cluster can

further react with the DNIC, resulting in oxidation of the thiolate ligands to

disulfide and formation of the Roussin’s black salt in the reaction of unknown

stoichiometry, which can be formally formulated as follows [Eq. (3)].

4 Fe NOð Þ2 SRð Þ2
� �� þ 4S0 ! 4RSSRþ NO� þ S2� (3)

The described reaction proceeds slowly for aryl-thiolate DNICs and is fast for

alkyl-thiolate complexes. Trapping of the elemental sulfur atoms by phosphine

inhibits oxidation [137]. The fate of the sulfide ligands in reactions of biological

iron–sulfur clusters with NO remains unknown, although analogically it is expected

that sulfur by-products must be sequestered from the vicinity of the iron atoms in

order for the DNICs to remain stable. It was shown that the cluster reassembly

Scheme 6 Some of the important iron–sulfur cluster units found in metalloenzymes. [2Fe–2S]

rhombus cluster is characteristic of [2Fe–2S] ferredoxins and Rieskie proteins, [4Fe–4S] cubane –

e.g., in [4Fe–4S] ferredoxins, aconitase; [3Fe–4S] clusters are present in the inactive form of

aconitase, [3Fe–4S] ferredoxins. The iron vertices, designated as [Fe], have high-spin tetrahedral

FeS4 coordination. Reprinted from [140], with the permission of Elsevier, copyright 2000
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proceeds in vivo in aerobically growing Escherichia coli cells in the presence

of L-cysteine and cysteine desulfurase (thus, via sulfur atom transfer), which is

consistent with results using synthetic clusters [142]. The synthetic cluster can be

regenerated from the DNIC, in the presence of S8 and Fe(1,2-benzenedithiolate)2,

which serves as a trap for NO [86] or via formation and subsequent reduction of

Roussin’s red salt in the transnitrosylation reaction with [Fe(SR)4]¯ (this being,

however, not relevant to a possible model of [2Fe–2S] repair in vivo). The

described processes are affected by O2, due to nitric oxide oxidation. Consequently,

it was shown that a synthetic Rieske-type [2Fe–2S] cluster, [Fe2(μ-S)2(BIPM)

(S2-o-xyl)]
2�(BIPM ¼ 2,20-(phenylmethylene)bis(3-methylindole), S2-o-xyl ¼

dianion of 1,2-phenylenedimethanethiol), could be nitrosylated to the corresponding

N-bound and S-bound DNICs [143–146]. Unlike DNICs containing thiolate ligands,
DNICs containing nitrogen ligands might be expected to undergo redox reactions

without decomposition because of a lesser propensity for ligand oxidation. Unlike

DNICs, RRE derivatives are EPR silent due to antiferromagnetic coupling between

the two {Fe(NO)2}
9 units, which gives rise to a diamagnetic ground state. Conse-

quently, tracking the emergence of these species in vivo is more difficult. Presently,

a complementary use of UV–vis, Raman, Mössbauer, and nuclear resonance vibra-

tional spectroscopy (NRVS) is employed to aid the identification of protein-bound

RREs [147, 148]. A detailed structural characterization of model DNIC-type

complexes and mechanistic data on their interconversions are presented by the

group of Liaw [14, 53, 86, 122, 126, 127, 136, 149–152]. Of special interest, as

regards nitrosylation of proteins, is their recent work on the peptide-bound DNICs

and RREs/rRREs [130]. Using aqueous IR, UV–vis, EPR, CD, XAS, and ESI-MS

the authors provide data on the dynamic equilibria between high- and LMWDNICs,

thus giving insight into the possible mechanisms of interaction between DNICs

in nitrosylated proteins. Reaction of [4Fe–4S] clusters from aconitase [116],

HiPIP [147], and endonuclease [153] with nitric oxide leads to formation of

protein-bound DNICs. As with [2Fe–2S] clusters, the repair of [4Fe–4S] clusters by

DNICs has been demonstrated in both protein and synthetic systems [54]. According

to the recent results of Crack et al. [145, 154, 155] and Smith et al. [156], the [4Fe–4S]

cluster nitrosylation (in M. tuberculosis WhiD/WhiB1 proteins, transcription factors

in Actinobacteria, required for differentiation and sporulation) proceeds via a

complex, multiphasic reaction, with a rate at least �4 orders of magnitude greater

than for the reaction with O2. The first step of the [4Fe–4S] nitrosylation was

shown to be first order with respect to NO, and it was concluded that during that

process one NO molecule binds to the cluster. This increased the accessibility to

further NO binding in the two following steps: these reactions could be observed

spectrophotometrically, at 360 nm and 420 nm, respectively. Both were first order

for NO, indicating either that a single NO is involved in each one or that NO

binding to different irons of the cluster occurs independently, giving an overall

first-order dependence. The fluorescence titration data revealed a stable interme-

diate at a stoichiometry of �4 NO molecules per [4Fe–4S] cluster. The last step of

the reaction was again first order in NO leading to an EPR-silent octa-nitrosylated

product(s) with the overall stoichiometry Fe:NO ¼ 1:1.
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3.6 Nitrosylated Porphyrins and Porphyrin Analogues

The reactions of NO with heme are of great biological significance. The first known

physiological target of NO was the soluble guanylate cyclase (sGC). This intracel-

lular NO-sensing enzyme involved in vasodilation is a protein receptor for NO; see

Sec. 4.2.1. The generation of NO in vivo is catalyzed by the nitric oxide synthase

(NOS) class of enzymes, which belong to the family of heme-thiolate enzymes

[157]. NO binds to the ferrous heme in sGC and releases the heme-ligating

histidine, resulting in a heme Fe2+–NO complex formation. This reaction triggers

a change in heme geometry and a subsequent conformational change of the protein

to an enzymatically active form [105]. Hemoglobin nitrosyl complexes are formed

with both reduced (Hb(Fe2+)) and oxidized (Hb(Fe3+) – metHb) hemoglobin. The

iron atom is most often in the reduced state and paramagnetic heme-Fe2+(NO) is

formed. The ferrous porphyrin has a greater affinity for NO. In that case the

nitrosylation reaction is reversible (see Table 2 for kinetic data). Another heme-

type target for NO is cytochrome c oxidase (CcOx, aliter Complex IV), the last

enzyme in the respiratory electron transport chain of mitochondria (or bacteria)

located in the mitochondrial (or bacterial) membrane. Nitrosyl complex formation

inhibits cytochrome c peroxidase activity due to the impediment of H2O2 access to

heme Fe. Besides nitrosyl complex formation, cytochrome c can participate in

redox reactions with NO. Reduction of cytochrome c with NO is well known and

is analogous to that of Hb [Eqs. (4)–(6)] [167].

cyt c3þ þ NO$ cyt c3þ � NO (4)

cyt c3þ � NO$ cyt c2þ � NOþ (5)

cyt c2þ � NOþ þ 2OH� $ cyt c2þ þ NO2
� þ H2O (6)

The cyt c 3+–NO complex can be spontaneously destroyed, and in this case

practically the entire NO is converted into nitrite [166]. Besides that, NO can be

reduced to nitroxyl anion [NO¯, Eq. (7)], and this reaction is characterized by the

rate constant of 200 M–1 s–1 [166].

cyt c2þ þ NO! cyt c3þ þ NO� (7)

Both Hb and cytochrome c produce stable nitrosyl complexes that in some cases

serve as an NO depot in the organism [168–170]. The described nitrosyl complexes

are photosensitive and can be destroyed upon irradiation with visible light.

Due to themanybiological functions of ferrous hemenitrosyls,many corresponding

model complexes have been synthesized and structurally and spectroscopically

characterized, viz. tetraphenylporphyrin (TPPH2), octaethylporphyrin (OEPH2) and

protoporphyrin IX diester (PPDEH2), meso-tetrakis (4-carboxyphenyl) porphyrin

(TCPP), meso-tetrakis [4-(N,N,N-trimethyl) aminophenyl] porphyrin (TTMAPP),
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and meso-tetrakis (4-N-methylpyridinium) porphyrin (TMPyP) [3, 171–173] (for a

more detailed review on the porphyrinate nitrosyls, see also chapter by Lehnert et al.).

In addition to these porphyrin-type ligands, there are model chelators mimicking

porphyrin binding and geometry designed to obtain certain required spectral or

dynamic features. Examples are five-coordinate (5C) Schiff base-type tetradentate

macrocyclic ligands. These complexes have structural and vibrational features, which

make them good spectroscopic models for 5C ferrous heme-nitrosyls by giving less

obscure electronic spectra due to absence of very intense π!π* transitions of the

hememacrocycle [174]. Importantly, vibrational spectroscopy has always been a key

technique in examination of heme nitrosyl model complexes, because their vibra-

tional properties are very sensitive to the electronic and spin state of the metal,

its coordination number, etc. In the case of ferrous heme nitrosyls, it has been

demonstrated that binding of an axial ligand (usually an N- or S-donor) in position

trans to the NO moiety weakens the Fe–NO and N–O bonds in comparison with the

corresponding 5C species. In this way, it increases the amount of radical character

(spin density) on the coordinated NO by a trans-effect [28, 175]. Other examples of

the five-coordinated mononitrosyl Schiff base complexes are those prepared by

condensation of 2-hydroxy-1-naphthaldehyde and ethylenediamine (naphth-enH2),

o-phenylenediamine (naphth-phH2), and 4-methyl-o-phenylenediamine (naphth-

mphH2) with Co(II) and Fe(II) (in methanol) forming the tetragonal pyramidal

mononitrosyls [176]. The iron complexes have temperature-independent magnetic

moments corresponding to the high-spin electronic structure (S ¼ 3/2). The cobalt

complexes were shown to be diamagnetic {Co(NO)}8 species and were shown to

contain bent Co–N–O bonds (ca. 125�), as shown by crystallographic studies, and by
14/15N NMR spectroscopy in solution and in the solid state [176, 177]. These diamag-

netic complexes, like their porphyrinato analogues, are subject to photolysis of the

Co–NO bond.

Table 2 Kinetic and thermodynamic constants for nitric oxide binding to different forms of

ferrous and ferric iron

Compound On rate (M�1 s�1) Off rate (s�1)
Dissociation

constant (M) Reference

Ferrous compounds

Hemoglobin (R-state) 2 � 107 1.8 � 10�5 0.9 � 10�12 [158]

Hemoglobin (T-state) 2 � 107 3 � 10�3 1.5 � 10�10 [158, 159]

Myoglobin 1.7 � 107 1.2 � 10�4 0.7 � 10�11 [160, 161]

Cytochrome c 8.3 � 100 2.9 � 10�5 3.5 � 10�6 [162, 163]

Ferric compounds

Hemoglobin 4 � 103 1 � 100 2.5 � 10�4 [144]

Hemoglobin α-chain 3.3 � 103 2.1 � 100 1.4 � 10�4 [144]

Hemoglobin β-chain 1.3 � 104 3 � 100 2.3 � 10�4 [144]

Myoglobin (sperm whale) 5.3 � 104 14 � 100 2.6 � 10�4 [162, 164, 165]

Myoglobin (elephant) 2.2 � 107 40 � 100 1.8 � 10�6 [144]

Microperoxidase 1.1 � 106 3.4 � 100 3.1 � 10�6 [165]

Cytochrome c 1 � 103 3 � 10�2 3 � 10�5 [162, 164, 166]

Adopted from [74], with the permission of Elsevier, copyright 1999
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Vibrational methods applied to proteins and model complexes include IR, reso-

nance Raman, and NRVS [173, 178–180]. The interpretation of these vibrational

data combined with DFT studies on the reaction mechanisms of heme proteins is

frequently based on the porphine approximation, i.e. all porphyrin ring substituents

are neglected. Whereas this is intuitively a good approximation for D4h-symmetric

macrocycles (e.g., TPP complexes), it is noteworthy that the biologically observed

hemes all contain asymmetric substitution patterns on the porphyrin ring [181].

Iron nitrosyl porphyrins may be five- or six-coordinate, the sixth ligand being

usually either an N-heterocycle, water, alkyl/aryl, or NO2¯. The metal–NO bond

angles in the diamagnetic {Fe(NO)}6 group of complexes lie between 169� and

180�, i.e. are essentially linear, and the Fe–N(O) distances (in the range 1.63–1.67 Å)
are generally independent of coordination number. Occasionally, a slight off-axis tilt

of the Fe–N–O bond system was observed. The NO stretching frequencies of this

group lie between 1,830 and 1,937 cm�1. In model systems, the NO dissociation

rates for the complexes of the same heme-type ligand are usually higher for six-

coordinated than for five-coordinated species, in line with the negative trans-effect

rule. Nevertheless, the electron donating/withdrawing properties of the substituents

to the porphyrin ring are critical for the koff rates [160, 173, 182]. Weakening of the

FeNO bond resulting from the axial trans base coordination is associated with a

lowering of the ν(NO) frequency. Distortions of the porphyrinato ligand do not have

any significant effect on the Fe–N–O bond angle [173, 183]. There is a group of

complexes consisting major exception to the structural generalities for {Fe(NO)}6

porphyrinates referred to above. The most cited are [Fe(NO)(OEP)(C6H4F-p)],
(T(p-OMe)TPP)Ru(NO)Et. In addition to the unexpected bending of the MNO,

the nitrosyl group is also tilted off the normal to the porphyrin plane. Analysis

of the crystal structure excludes the possibility of steric factors. The tilting of

the nitrosyl group was also observed in other nitrosyl metalloporphyrinates. For

example, the high-resolution crystal structure for [Co(OEP)(NO)] shows that

the axial Co–N (NO) vector is tilted from the normal to the porphyrin plane.

The off-axis tilt is correlated with an asymmetry in the equatorial Co–Np bond

distances [184]. [Fe(NO)(OEP)(C6H4F-p)] has an Fe–N–O bond angle of 157� and
the Fe–N(O) distance is 1.73 Å, both dimensions more similar to {Fe(NO)}7 species,

and the Fe–N–O group is tilted significantly off-axis [185]. It was shown early on

that this species and its analogues [Fe(NO)(OEP)R] (R = Me, C6H5, etc.) are

diamagnetic, thus the d7 configuration is excluded [186]. The NO stretching fre-

quency (1,791 cm�1) and the Mössbauer isomer shift (ä) 0.14 mm s�1 of this

complex are significantly different from those of other six-coordinate {Fe(NO)}6

species. However, DFT calculations show that the structure of this unusual species

represents a minimum energy form. The bending and tilting of the nitrosyl group

was proposed to result from the interaction of the NO π* orbital with mixed metal

orbitals dx2-y2 and dxz. In the {Fe(NO)}7 group, the Fe–N–O bond angles are

140–150� and the Fe–N(O) distances 1.72–1.74 Å. The NO stretching frequencies

range from 1,625 to 1,690 cm�1 and are dependent on the coordination number and

the nature of the trans axial ligand in the six-coordinate species. These species are

paramagnetic (S ¼ 1/2), and the Mössbauer spectral isomer shifts vary from 0.22 to
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0.35 mm s�1 [187]. A comparison of the structures of five-coordinate metal nitrosyl

porphyrinato complexes of Mn, Co, Fe, Ru, and Os, based on the {MNO}6,

{MNO}7, and {MNO}8, cores reveals that the M–N–O bond angle changes from

essentially linear in {MNO}6, as exemplified by [Mn(NO)¯(porph)] and [Fe(NO)

(porph)]+, through ca. 143� for {FeNO}7, to ca. 122� in {MNO}8, as in [Co(NO)

(porph)] [6, 172, 188]. The M–N–O bond lengths also progressively lengthen, but

the displacement of the metal atom out of the N4 porphyrin plane decreases.

Cobalt nitrosyl porphyrinato-complexes containing the {CoNO}8 core are five-

coordinate and essentially square pyramidal, the Co–N–O bond angle falling close

to 120� [189], although that in [Co(NO)(TPP)] is unexpectedly large (ca. 135�; this
may be due to the quality of the X-ray data). This anomaly may be related

to the ability of the NO group to swing or rotate about the Co–N–O bond in the

solid state, an effect detected by CPMAS NMR spectral studies (see above) [189].

The Co–N(O) bond distances average 1.84 Å, and ν(NO) falls in the range

1,675–1,696 cm�1 (KBr or Nujol). Porphyrinato and related (chlorins, isobaterio-

chlorins) cobalt nitrosyls can be electrochemically oxidized and reduced [190]. In

general, oxidation is primarily associated with electron loss from the macrocyclic

ligands, affording metal (nitrosyl)-stabilized porphyrin ð-radical cations. Reduction
affords mono- and dianionic species which are unstable and readily lose NO. Cobala-

min, a precursor of vitamin B12, possessing a corrinoid prosthetic group was shown to

inhibit deleterious and regulatory effects of nitric oxide [191–197]. The reduced form

of aquacobalamin binds NO under physiological conditions yielding a diamagnetic

six-coordinate product with a weakly bound α-dimethylbenzimidazole and a bent

nitrosyl coordinated to cobalt at the β-site of the corrin ring. It has also been described
as CoIIINO¯, on the basis of UV–vis, 1H, 31P and 15N NMR data [198].

Porphyrinato ruthenium complexes contain the {Ru(NO)}6 group and are

six-coordinate. In ruthenium chemistry, the {Ru–NO}6 configuration is generally

accepted as NO+ bound to an Ru(II) center. This is largely based on the high

NO stretching frequencies (νNO ¼ 1,820–1,960 cm�1) noted with {Ru–NO}6

nitrosyls, versus that of either free NO (~1,750 cm�1) [199, 200] or bound

NO• (1,650–1,750 cm�1) in {Ru–NO}7 species [201–205]. Mössbauer [206, 207]

and K-edge X-ray absorption spectroscopic data on {Fe–NO}6 nitrosyls with

similar NO stretches have unequivocally established their formal {Fe(II)–NO+}

description. Although similar data on {Ru–NO}6 species have not been

reported, the {Ru(II)–NO+} formulation best describes most of the {Ru–NO}6

nitrosyls. Ruthenium nitrosyls with {Ru–NO}7 exhibit lower νNO values

(1,650–1,750 cm�1) and a characteristic S ¼ ½ EPR signal of the bound NO•

radical near g � 2; their properties, however, have not been fully characterized

[200]. With two exceptions, all six-coordinate ruthenium nitrosyl porphyrinato

complexes, [Ru(NO)(porph)L]+ (L ¼ neutral ligand), contain an essentially linear

Ru–N–O bond angle, the Ru–N(O) bond distance falling in the range 1.74–1.77 Å.

The exception to this general rule is [Ru(NO)(porph)(C6H4F-p)] which, like its iron
analogue, has a bent Ru–N–O bond angle, 152–155�. The NO stretching frequencies

of those species containing linear Ru–N–O range from 1,790 to 1,856 cm�1 (KBr),
whereas those in the alkyl or aryl species are significantly lower (1,759–1,773 cm�1).
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Once again, the trans σ-bonding alkyl or aryl ligand exerts a powerful influence on

the M–N–O bond angle. Studies on transient intermediates during photolysis of

{Ru–NO}6 nitrosyls have revealed different modes of binding (and dissociation) of

coordinated NO at the ruthenium centers. Metastable NO linkage isomers have

been observed for {MNO}6 (M ¼ Fe, Ru, Os) and for {MNO}10 complexes of

Ni, as well as for {FeNO}7 iron nitrosyl porphyrins [208–212].

3.7 Copper Complexes

Copper-containing enzymes play a central role in denitrification. To date, there

have been several types of copper nitrite reductases discovered [213]. These CuNIR

are found in many different plants and bacteria. NO3¯ and NO2¯ serve as terminal

electron acceptors, ultimately producing NO, N2O, and/or N2. All CuNIR contain at

least one type 1 copper center in the protein. A copper–NO species has been

proposed as a key intermediate in biological nitrogen oxide reduction. The site

binding NO2¯ or NO has a distorted trigonal planar molecular geometry that is

stabilized by two weaker interactions with a methionine sulfur and a peptide oxygen

[214]. The nitrosyl adduct, which has the configuration {Cu(NO)}10, is described as

Cu(I) bound by NO+. The crystal structure of an intermediate (type 2 copper)-

nitrosyl complex formed during the catalytic cycle of CuNIR reveals an unprece-

dented side-on binding mode in which the nitrogen and oxygen atoms are nearly

equidistant from the copper cofactor [215, 216]. The first well-characterized copper

nitrosyl coordination compound was derived from a dinucleating ligand (2,6-bis[bis
(2-pyridylethyl)aminomethyl] phenolate) and contains a bridging NO group

[217]. The Cu–N–O bond angles are 130�, the N–O bond distance is 1.18 Å, typical

of NdO, and ν(NO) ¼ 1,536 cm�1. The coordination around each copper atom is

distorted square pyramidal, and the Cu–Cu distance is 3.14 Å, thus nonbonding.

Complexes that can be treated as models for the active site of nitrite reductases have

been obtained using sterically hindered tris(pyrazolyl) borato ligands (TPRR0). The
obtained model mononuclear copper–nitrosyl complexes of hydrotris(pyrazolyl)
borate ligands, with various substituents to the pyrazole ring [Cu(NO)TPRR0],
display a pseudotetrahedral coordination geometry, with a terminal N end-on

nitrosyl, possessing virtually linear (163.5�–176.4�) M–N–O groups with a short

Cu–N(O) bond (1.76 Å). NO addition was reversible, and the complexes reacted

with oxygen to form [CuII(O2NO)TPRR
0]. It was suggested that these {Cu(NO)}11

species should be described as Cu(I) coupled to NO• (S¼ 1/2), and so they have one

more electron than the proposed active site in nitrite reductase. However, it showed

up that very similar structures, varying in the substituted R groups had different

magnetic properties. NO(g) dismutation in model complexes is strongly influenced

by the nature of the substituents R and R0 on the TPRR0 ligand, as given in the recent
review by Gennari [218]. There are various hypotheses on the structure of active

complex formed with the copper center during nitrite transmutation to NO: A

hypothesis proposed by Averill [219, 220] assumes an initial reduction of the

metal center and a subsequent binding of nitrite to Cu(I) by N atom coordination
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(analogical binding in model complexes supports this hypothesis). Subsequent

protonation of the substrate would give water and an unstable {CuNO}10 terminal

N-bonding nitrosyl. This high-energy complex would promptly release NO and

Cu(II), allowing the catalytic cycle to continue. An alternative hypothesis to

Averill’s proposed mechanism for the catalytic cycle of CuNIR [221–224]

considers the initial binding of nitrite to the oxidized copper(II) form, which has

the effect of increasing the reduction potential of Cu(II) [225, 226]. This favors the

subsequent electron transfer (and dehydration) to give a {CuNO}10 species that, to

minimize structural rearrangements, would display a side-on η2-NO coordination.

For this hypothesis there is that the Cu(II)-nitrito form of CuNIR exhibits η2-O,O0
coordination of NO2

¯ to copper [222, 226] stabilized by hydrogen bond interactions

with the protein-matrix side chains. This type of coordination was shown also for

some (TPRR0)Cu(II)-nitrito complexes, and it is noteworthy that bulky substituents

to the TPRR0 drove an asymmetric coordination mode of NO2 moiety, like in the

active site of CuNIR. Recently it has been discovered that the nitrite ion is bound in

a tridentate fashion in the reduced form of CuNIR, with its oxygen atoms coordi-

nated to Cu(I) and an additional weak Cu–N interaction [227], a binding mode

promoting minimal structural rearrangements from haptocoordinated NO2
¯ towards

side-on coordinated NO ({CuNO}10) species. Side-on coordination of NO to copper

was found in the crystal structure of reduced {CuNO}11 CuNIR [215]. However, it

was suggested that this peculiar coordination may be an artifact of the solid state

and could not reflect the real situation in solution [228]. The spectroscopic

properties of the model complexes, in which NO is end-on bound to the metal,

were compared to those of CuNIR [209]. This has allowed for the determination of

the binding mode of the {CuNO}11 species in protein solutions as strongly bent

end-on (with a Cu–N–O angle of ~135�), but not side-on [229]. For the detailed

review on the copper complexes of NO see the chapter by Tolman et al. in this

volume of Structure and Bonding.

4 Nitrosyls in Biology

Probably the first evidence for the formation of nitrosyl complexes of iron in living

cells was provided by Commoner and coworkers in 1965 [87]. Using electron

paramagnetic resonance spectroscopy, they recorded the signal of the g factor

2.04 in the livers of rats with chemically induced cancerous changes [90, 230]. Sim-

ilar discoveries made simultaneously by Vanin et al. [231, 232] and Maruyama

et al. [233]. The EPR signal was correctly interpreted as originating from the

complex of iron with two molecules of nitric oxide and other ligands containing

sulfhydryl groups. In 1978 Craven proved that nitrosyl–heme complex was

involved in activation of guanylate cyclase. Little attention was paid to these

findings until 1986, when nitrogen (II) oxide has been identified as an

endothelium-derived relaxing factor (EDRF), that is, a chemical responsible for

the expansion of the smooth muscle of blood vessels and thus regulating blood
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pressure [234–237]. In naturally occurring circumstances nitric oxide is synthesized

from L-arginine and oxygen by various NO synthases and by reduction of inorganic

nitrate. Formation of DNICs in biological material under the laboratory conditions

is observed after the addition of various NO donors, the review on which is

presented by Yamamoto et al. [238].

4.1 The Biological Functions of Nitrogen (II) Oxide

Nitrogen (II) oxide, historically referred to as nitric oxide, is now recognized as an

important signaling molecule that impacts a wide range of physiological responses,

including blood pressure regulation, insulin secretion, airway tone, peristalsis,

neurotransmission, immune response, apoptosis; it is also involved in angiogenesis

and in the development of nervous system [199]. It is believed to function as a

retrograde neurotransmitter and hence is likely to be important in the process of

learning [239]. In the living cells NO is enzymatically synthesized from L-arginine

by nitric oxide synthases (NOSs) by the stepwise oxidation of L-arginine to citrul-

line, which is accompanied by the generation of one molecule of NO. Arginine-

derived NO synthesis has been identified in mammals, fish, birds, invertebrates, and

bacteria [240]. The NO-forming reaction occurs in the oxidase domain of eNOSs,

which contains a heme responsible for L-arginine hydroxylation. There is abundant

evidence for NO signaling in plants, but plant genomes are devoid of enzyme

homologs found in other kingdoms [241]. In mammals, three distinct genes encode

NOS isozymes: neuronal (nNOS), cytokine-inducible (iNOS), and endothelial

(eNOS) [242]. iNOS and nNOS are soluble and found predominantly in the cytosol,

whereas eNOS is membrane associated. eNOS and nNOS take part in the calcium/

calmodulin-controlled NO signaling. The inducible isoform iNOS is involved in the

immune response and it produces large amounts of NO as a defense mechanism,

this being a direct cause of septic shock and playing a role in many autoimmune

diseases. It must be noted here that the paramagnetic oxidonitrogen radical is not

the only NO form involved in the reactions with diverse biological targets; more

and more data bring evidence of the important regulatory functions played by the

diamagnetic, one-electron oxidized NO+ nitrosonium cation, and the one-electron

reduced NO¯, the nitroxyl anion (or its protonated form, HNO) [167, 204, 243].

In biological systems nitrogen monoxide is incorporated into its transducers, such

as transition metal complexes, in prevailing number of cases, being those of iron and

nitrosothiols [61, 244, 245]. The fact that NO is a radical, inspired the idea that

incorporation into these biological conveyors determines its existence in biofluids.

This supposition was based on the notion that radicals are highly reactive, whereas it

was shown that NO can be transported to a distance several-fold exceeding cell sizes

[246]. Indeed, free NO can be readily caught by various endogenous cellular

scavengers, for example, by exposed heme centers and inorganic ferrous clusters

in proteins, oxygen species, and other free radicals [247], the two most obvious NO

targets being hemoglobin and superoxide anion. Yet, the NO chemistry is limited.

Coordination Chemistry of Nitrosyls and Its Biochemical Implications



From the chemical point of view, nitric oxide is a stable free radical, it acts as a

σ-donor and π-acceptor. Unpaired electron is localized at 2pπ* orbital, and its loss

produces nitrosonium ion NO+, much more stable than NO. This is seen in the shift

of ν vibrations of N–O bond in infrared spectroscopy. ν(NO) of nitrosonium ion is

2,273 cm�1, while these of NO and NO� are 1,880 cm�1 and 1,366 cm�1, respec-
tively. In nitrosyl complexes this band occurs at 1,900–1,500 cm�1 [248].

NO is neither readily reduced nor oxidized. Fairly high reduction potential of

NO+ into NO has been estimated to be 1.50 V vs. SCE according to the results of

Lee [249], and ca. +1.2 V vs. NHE by Stanbury [250], whereas the recently

reexamined reduction of NO to triplet and singlet NO¯ was determined to be

�0.8 � 0.2 V for 3NO¯ and �1.7 � 0.2 V for 1NO¯, rendering NO inert to direct,

one-electron reduction processes under physiological conditions [251]. Conversely,

NO¯ and its protonated form, HNO show a quite high reactivity towards a broad

range of oxidants, reductants, nucleophiles, or metalloproteins, often leading to the

formal oxidation of NO¯ to NO. Nitrosonium cation, NO+, is moderately stable in

aqueous solutions but highly reactive with nucleophiles or other nitrogen oxides

[252]. Both NO+ and NO¯ were shown to display biological activity, distinct from

that of NO radical [167]. NO• is isoelectronic with the dioxygen monocation (O2
+).

NO+ is isoelectronic with CO and CN¯, whereas NO¯ is isoelectronic with O2 and

both can exist in singlet and triplet state. This last relationship accounts for the

continuing interest in the study of certain types of metal nitrosyl complexes due to

their structural and electronic similarity to biological oxygen activators. NO can be

an effective probe for examination of spatial and electronic structures and function

of metalloenzymes, where a spectroscopic examination of the resting or oxygenated

enzyme is difficult or impossible because of instability. Due to that and also to their

similar size and hydrophobicity, O2, CO, and NO have an access to the same

cellular iron pools, either labile or protein-bound. They could theoretically compete

for binding sites on ferrous iron. Paramagnetic properties of both NO and O2 result

in the addition of unpaired electrons to the system which initiates further intercon-

versions besides simple reversible binding. Nitric oxide affinity for heme-bound

Fe2+ is much greater than that of CO and O2. This results mainly from its lower

dissociation rate (in some cases <10�5 s�1) as compared to O2 (15 s�1 from

R-hemoglobin, 1,900 s�1 for T-Hb) and CO (ca 10�2 s�1; for on-, off-rates

and stability constants of NO complexes with ferrous iron in different proteins

see [253], see Table 2 for thermodynamics of iron binding to heme). Simulta-

neously, binding rates of NO are slightly (up to an order of magnitude) higher than

those of O2 and CO. This susceptibility to heme, together with its paramagnetic

nature made NO an excellent tool for structural studies of a wide range of heme–iron

proteins by means of EPR, as described in the following sections/chapters. Due to

this special significance of nitrosyl-iron chemistry, investigations of Fe–NO

complexes dominated the literature of nitric oxide interactions with transition

metals, although NO complexes with almost all transition metals are known (see

references in section 2). NO binding to ferric heme is less reversible than that to

ferrous heme due to the possibility of reductive nitrosylation, which yields ferrous

iron and nitrite anion [74].
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4.2 The Biological Targets of Nitrogen (II) Oxide

4.2.1 Heme Iron Proteins

Figure 2 illustrates an overview of biological NO signaling pathways relevant to

metal nitrosyl chemistry. The two primary targets of NO-mediated regulatory action

are: nitric oxide (NO)-sensitive guanylyl cyclase (NO-sensitive GC), the most

important NO receptor which catalyzes cGMP formation, and cytochrome c oxidase
(in the mitochondrial complex IV), which is responsible for mitochondrial O2

consumption and is inhibited by NO in competition with O2 [255]. Both these

enzymes are hemoproteins and prosthetic heme group is responsible for the regula-

tion of the enzymes by NO [256, 257]. In contrast to other hemoproteins such as

hemoglobin or myoglobin, the heme of NO-sensitive GC does not bind oxygen

[258]. In the case of cytochrome c oxidase inhibition is based upon competitive

binding of NO to the O2 binding site [255].

The soluble guanylate cyclase (sGC) serves as the biological NO sensor/receptor.

This enzyme upon its interactions with NO mediates cardiovascular regulation

[259–263]. In its active form, sGC contains a five-coordinate (5C) heme with

proximal histidine coordination in the ferrous oxidation state [260]. Due to the

strong σ-trans effect of NO on the axial His ligand, upon binding of NO the

Fe(II)–His bond is broken, leading to the corresponding five-coordinated ferrous

heme NO complex [28, 175, 264]. Formation of a stable NO–heme complex results

in a low-activity species. This is believed to be accompanied by large structural

changes that modulate the duration and intensity of the catalytic site of sGC enzyme

Fig. 2 Nitric oxide signaling relevant to metal nitrosyl chemistry. Reprinted from [254], with the

permission of the American Chemical Society, copyright 2012
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activity, which in turn correlates with activation for the conversion of guanosine

triphosphate (GTP) to cyclic guanosine monophosphate (cGMP). The latter serves

as a secondary messenger molecule involved in relaxation of the vascular smooth

muscles, this inducing vasodilation of the arteries, and hence, controlling the blood

flow. In the absence of excess NO, GTP accelerates conversion of the transient

six-coordinate intermediate to the five-coordinate final species, which is fully active.

ATP blocks GTP from accelerating conversion of the intermediate to the final

species. When ATP is present together with GTP, both the conversion to the final

species and the dissociation of NO from the heme are slow. This species has low

activity, and additional NO produces a transient, fully active enzyme [265].

NO binds to ferrous heme iron in a bent mode (i.e., angle between Fe–N–O

is 130–150�), whereas in complexes with ferric iron a linear geometry is favored

[9, 74]. The bent mode binding is assigned to NO being a one-electron donor, while

the linear mode corresponds to NO being a three-electron donor [266]. Dissociation

constants of ferric heme complexes fall within the range of 10�4–10�7; this makes

them much less stable than the ferrous analogues. For numbers, see [74].

NO penetrates easily through the erythrocyte membrane, and under the action of

oxyhemoglobin transforms into non-permeable nitrite ion, which accumulates inside

the erythrocyte. Independently, a pool of NO converts to stable S-nitrosothiols

with the SH groups of hemoglobin and other proteins. The erythrocyte cell converts

into the “depot” of rather stable NO donors [267, 268]. Then, the nitrite ion is easily

reduced to NO under the action of deoxyhemoglobin [269, 270]. Therefore, hemo-

globin in erythrocytes could be one of the most important elements in the biological

transformation of NO donors and NO transport inside the organism. Sanina et al.

performed some investigations on the possible interaction of DNICs and hemoglobin

and noticed that Hb cannot act as a reductant in the reaction of NO release from

DNIC-type complexes [170, 271]. In the case of catalase NO binds to the ferric

heme group and thereby inhibits the enzymatic conversion of hydrogen peroxide

to water [254, 272]. In this respect, the binding and inhibition of catalase by

NO provides a point of cross-talk between the H2O2 and NO-mediated redox

signaling pathways. The primary site of interaction of NO with mitochondria is

the cytochrome c oxidase in the complex IV of the mitochondrial respiratory chain.

NO binds to the ferrous iron of heme a3 in the binuclear site of the enzyme [273]

with high affinity (Kd ¼ 1 � 10�10 M) [274] and reaction is very fast with a rate

constant of 1 � 108 M�1 s�1 [275].
Nitrite reacts both with oxy- and deoxyhemoglobin. The primary reaction,

described in 1981 by Doyle and colleagues, leads to autocatalytic oxidation of

HbO2 to Hb3+, accompanied by the formation of NO and H2O, and excess nitrite

binding weakly to Hb(Fe3+) [276–278]. The affinity of NO to hemoglobin measured

at half-saturation is 3 � 1010 M�1, while those of CO and O2 are 2 � 107 and

6 � 104 M�1, respectively. The main reason for such a high affinity is the very slow

dissociation of NO from HbNO (mean t1/2 ~ 3 h) [159, 279] as compared to

CO (mean t1/2 ~ 35 s) and O2 (mean t1/2 ~ 20 ms) [280, 281]. It may seem

surprising that although it has an exceptionally low off rate from hemoglobin,

NO is a fast signal transducer. For example, NO-dependent inhibition of guanylate
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cyclase is restored in 50% after less than a minute. This is possible due to

preventing bond formation and/or increasing the rate of NO dissociation [74]. In

effect, even during endotoxemia in rats (the biological situation where NO produc-

tion probably is at its maximum) only 2% of the total hemoglobin concentration is

trapped as Hb-NO [282]. A complex reaction mechanism has been postulated to

prevent the formation of a ferrous-nitrosyl bond during the reaction cycle [219]. It is

claimed that heme-proteins’ amino acid structure is able to modify the environment

of NO–Fe site in a way that allows its much higher dissociation rates. NO dissocia-

tion from six-coordinate model heme occurs at least 1,000 times faster than from

five-coordinate heme [160]. Another mechanism of NO removal from heme

residues can be explained by the reaction of nitrosyl hemoglobin (or myoglobin)

with oxygen which generates methemoglobin and nitrate. Different mechanisms

have been proposed for this reaction [283]. Binding of NO to ferric heme in many

cases leads to reductive nitrosylation. This slow reaction (minutes for hemoglobin

in neutral pH) produces ferrous-nitrosyl complex and NO2
� and can be reversed in

the presence of oxygen [164, 284, 285].

4.2.2 Non-Heme Iron Proteins

As described above, the biological properties of NO are generally attributed to its

interaction with iron in the heme groups of enzymes. However, NO also interacts

with a wide range of other cellular components, many of which do not contain heme

[286]. In the case of NO, the ferrous iron frequently remains high spin (S ¼ 2)

resulting in an EPR signal due to an S ¼3/2 spin system (when spin coupled to

the S ¼ 1/2 NO molecule). Similar to iron enzymes, iron storage proteins can react

with NO. A complex series of ferritin interactions with NO includes signals from

S ¼ 1/2 and S ¼ 3/2 spin states [287, 288]. It is possible that these interactions are

responsible for the ability of NO to release iron from the ferritin stores

[287]. Metallothioneins (MTs) are small, sulfur-rich metal-binding polypeptides

produced in response to a variety of physiological and environmental stresses. In

the presence of iron and NO, both apo-metallothionein and Zn-metallothionein

form EPR spectra similar to DNIC [289].

Enzymes that react with oxygen (e.g., monooxygenases, dioxygenases) have the

potential to make nitrosyl complexes as shown in the case of lipoxygenase

[290, 291]. Alike iron cluster-binding enzymes, iron storage proteins upon the

reaction with NO give EPR spectra similar to those of DNICs [288, 292]. One

should bear in mind that the EPR-observable DNICs formed with the cellular

proteins may not be the only species responsible for nitrosative modification of

proteins. Only recently Tinberg et al. [43] reported that in the reaction of NO with

Rieske-type [2Fe–2S] clusters dinuclear RRE species instead of mononuclear

DNICs are formed. This finding implies that in certain cases RREs may be the

primary iron dinitrosyl species responsible for the pathological and physiological

effects of nitric oxide.
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The electron-transferring iron–sulfur centers in the mitochondrial electron trans-

fer chain are inaccessible to oxygen or NO for steric reasons. However, in

iron–sulfur enzymes with non-redox roles [293, 294] it is frequently necessary for

LMW compounds (e.g., citrate) to interact with the cluster and therefore, also NO

access could not be prevented. These are generally [4Fe–4S] clusters in which three

of the iron atoms have cysteine coordination, while the fourth is coordinated by

inorganic sulfur. The substrate reacts at the non-cysteine coordinated iron. Most

notable of these are mitochondrial and cytoplasmic aconitases.

Mitochondrial aconitase catalyzes isomerization of citrate to isocitrate in the

citric acid cycle. It contains a [4Fe–4S] center that is essential for complexing with

citrate. ONOO� has been shown to inhibit the activity of isolated aconitase by a

mechanism that is reversed by the addition of iron and thiols [295–297]. Intrigu-

ingly, substrate binding seems to prevent this damage [116], suggesting that

peroxynitrite cannot access the iron cluster in the presence of citrate in the active

site. High concentrations of NO (>100 μM) can also inhibit aconitase activity

[295–297] but in contrast to the situation with peroxynitrite, substrate binding did

not prevent this inhibition [116].

Cytoplasmic aconitase is identical to the iron regulatory protein 1 (IRP1). When

the cellular iron level is low, the enzyme loses its [4Fe–4S] cluster and the

apoprotein acquires the ability to bind specific RNA structures called iron respon-

sive elements (IREs) [298–300]. The IRE sequences are located in the mRNA for

ferritin (iron-storage protein), the transferrin receptor (cellular iron import protein),

and erythroid 5-aminolevulinate synthase (heme biosynthesis catalyzing enzyme)

[58, 301]. IRP binding represses the translation of mRNA for ferritin and erythroid

5-aminolevulinate synthase, and protects mRNA for the transferrin receptor against

degradation. Described turning on post-transcriptional gene regulation assists

the cell in accumulating iron, while preventing high levels of labile iron pool

being diverted into storage or heme biosynthesis. The cluster-containing form of

the protein has aconitase activity, but does not bind to the IRE, in contradiction

to apoprotein. The [3Fe–4S] form of the cluster has neither aconitase activity nor

does it bind to the IRE [302]. An interesting issue is interconversion of [4Fe–4S]

cluster of this enzyme during formation of DNIC. It is reported that during

formation of DNIC in aconitase, cluster is completely or partially removed from

the active site. It has been demonstrated that specific NO inactivation of aconitase

proceeds by attack at the non-cysteine coordinated iron site and protein-bound iron-

sulfur dinitrosyl complexes, giving g = 2.04 EPR signals, are formed [100]. Inhibi-

tion of mitochondrial aconitase is pH-dependent. No inhibition can be seen in pH

7.5, while a slow inhibition (τ1/2 = 1 h) was observed at pH 6.5 for the enzyme at

rest [100, 296, 297, 303]. It has been shown that NO may play a role in activating

the IRP [58, 304, 305]. When high (μM) levels of NO are produced in activated

rodent macrophages and cell lines, the g = 2.04 DNIC EPR signal can be detected

simultaneously with inhibition of cytoplasmic aconitase activity and activation

of the IRP [306, 307]. The mitochondrial aconitase is a constituent of the Krebs

cycle; so its inactivation by NO decreases cellular energy metabolism. This inacti-

vation of aconitase may have a protective effect against additional oxidative
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stress by acting as a reversible “circuit breaker” [308]. Inactivation results in

reduced electron flow through the mitochondrial electron transport chain, and

thereby decreases the generation of reactive oxygen species (ROS), the natural

by-products of respiration [309, 310]. In fact, it was also suggested, that NO-

derived species, like peroxynitrate rather than NO• per se, have been proposed

to mediate the inactivation of aconitases. Indeed, peroxynitrite reacts vastly

with the [4Fe–4S] cluster of aconitase yielding the inactive [3Fe–4S] enzyme

[296, 297, 311], yet a number of evidence is also presented for NO-mediated

inactivation of iron-sulfur proteins [309–311], the above question being resolved

by the group of Drapier [305].

Nitrile hydratase (NHase, EC 4.2.1.84) is a microbial enzyme that catalyzes the

hydration of diverse nitriles to their corresponding amides. NHase is a

metalloenzyme which contains non-heme Fe(III) or non-corrinoid Co(III) in its

catalytic center [312, 313]. Crystallographic studies on Fe-containing NHase from

Rhodococcus sp. N-771 revealed that the metal center is composed of a cysteine

cluster (C109SLCSC114) and sulfur atoms from the three cysteine residues Cys109,

Cys112, Cys114 and two amide nitrogen atoms of the peptide backbone from Ser113

and Cys114 are coordinated to the iron [314–317]. Interestingly, two cysteine

ligands, Cys112 and Cys114, are oxidized to a cysteine sulfinic acid (Cys-SO2H)

and cysteine sulfenic acid (Cys-SOH), respectively. It has been shown that the post-

translational oxidation of the Cys-S residues is essential for the catalytic activity of

the enzyme [318]. The activity of Fe-NHase is regulated by visible light and

dependent on formation of the nitrosyl–iron complex. The active form of the enzyme

(NHaselight) reacts with endogenous nitric oxide to form an {Fe–NO}6 complex and

yield the inactive form (NHasedark). X-ray crystallographic studies of NHasedark
reveal an exceptional N2S3Fe–NO core with two amido nitrogen donors and three

cysteine-derived sulfurs. In the inactive state, an NO molecule occupies the sixth

coordination site of the Fe(III) center. Exposure to light causes a rapid loss of NO,

and the subsequent binding of water activates the enzyme [319, 320].

Helicases are enzymes that unwind the DNA double helix. They are motor

proteins that move directionally along a nucleic acid phosphodiester backbone,

separating two annealed nucleic acid strands using the energy derived from ATP

hydrolysis. There are many helicases adapted to the great variety of processes in

which strand separation must be catalyzed. DinG helicase from E. coli plays an

important role in recombinational DNA repair and the resumption of replication after

DNA damage [321]. The protein contains a redox-active [4Fe–4S] cluster with a

midpoint redox potential (Em) of �390 � 23 mV (pH 8.0). Reduction of the cluster

reversibly switches off helicase activity. The DinG [4Fe–4S] cluster is very stable and

the enzyme remains active after exposure to 100-fold excess of H2O2, but it can be

modified by NO; this results in the formation of the dinitrosyl iron complex and the

loss of helicase activity both in vitro and in vivo. It was proposed that modification of

the iron–sulfur clusters in DinG and possibly other DNA repair enzymes such as

human XPD helicase might contribute to the NO-mediated genomic instability [322].

Gene transcription is a complex process regulated by specific regulatory proteins

that bind to the promoter regions of the gene. For example, the [2Fe–2S] centers in
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the regulatory protein, SoxR from E. coli, are essential for the activation of tran-

scription of a regulon known as SoxS which controls the expression of several genes

involved in the defense against activated macrophage-induced oxidative and

nitrosative damage [323]. Interestingly, SoxR activation by NO occurs through direct

modification of the [2Fe–2S] centers to form protein-bound dinitrosyl-iron-dithiol

adducts, which have been observed both in intact bacterial cells and in purified SoxR

protein after NO treatment. Another example of a bacterial transcription factor

regulated by NO is the NorR protein, a regulatory protein in enteric bacteria

known to serve exclusively as an NO-responsive transcription factor. In E. coli,
NorR activates the transcription of the genes encoding flavorubredoxin and an

associated flavoprotein, respectively, which together have NADH-dependent NO

reductase activity. The wild-type NorR monomer consists of the three domains:

(1) The regulatory, iron-containing N-terminal domain (GAF domain), which was

shown to contain a mononuclear non-heme iron center, (2) the central catalytic

AAA+ domain, and (3) carboxy-terminal HTH DNA binding domain. The function

of the GAF domain is to sense the signal and inhibit the ATPase activity of the

central AAA+ domain. When exposed to NO, iron center of GAF domain is modified

by a single NO molecule to generate a mononitrosyl {Fe(NO)}7 (S ¼ 3/2) species.

Formation of mononitrosyl iron complex triggers a conformational change in the

protein that leads to the initiation of transcription: The interaction between the GAF

domain and the AAA+ domain is released, allowing ATP hydrolysis that is further

coupled to transcriptional activation [324]. These two examples of functional activa-

tion through nitrosylation of iron–sulfur centers contrast with the inactivation typi-

cally caused by this modification [325, 326]. In contrast to most dinitrosyl–iron

complexes, NO binding is reversible in mononitrosyl systems.

Early papers suggested that DNICs formation with iron–sulfur clusters occurs

via transnitrosylation. It was concluded that external iron ions and LMW thiol

ligands are necessary in the process of iron–sulfur cluster disruption by NO (see,

e.g., [3, 5, 65, 252, 327, 328]). Nevertheless, recent studies on nitrosylation of the

biomimetic compounds imply that the most straightforward and facile pathway

of the formation of the {Fe(NO)2}
9 type DNICs with iron–sulfur proteins is the

direct nitrosylation of [Fem(SR)n]
x� clusters [118].

4.2.3 Cobalamins

NO is known to react with the cobalt of cobalamins (Cbl). The structure of cobalamin

is presented in Scheme 7. Cobalamins containing various axial ligands trans to

dimethylbenzimidazole moiety are known as vitamin B12 and are important cofactors

for 5-methyltetrahydrofolate-homocysteine methyltransferase and methylmalonyl-

coA mutase playing a key role in the normal functioning of the brain and nervous

system and in red blood cell formation [330, 331].

Depending on the axial ligand trans to dimethylbenzimidazole, cobalamins

differ with their affinity for NO: Aquacobalamin (H2O-Cbl) and hydroxocobalamin

(OH-Cbl) readily react with nitric oxide, unlike cyanocobalamin [CN-Cbl],
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methylcobalamin [Me-Cbl], or adenosylcobalamin [Ado-Cbl] [330]. The reduced

form of aquacobalamin binds nitric oxide very effectively to yield a nitrosyl adduct,

Cbl(II)�NO [198]. Spectroscopic data suggest that the reaction product under

physiological conditions is a six-coordinate complex with a weakly bound dimethyl-

benzimidazole moiety and a bent nitrosyl coordinated to cobalt at the β-site of the
corrin ring. The nitrosyl adduct can formally be described as Cbl(III)�NO�
[198]. The kinetic studies on the binding of NO to Cbl suggested the operation of

a dissociative interchange substitution mechanism at the Co(II) center [198]. The

laser flash photolysis of cobalamin nitrosyl indicated the formation of water-bound

intermediates in the laser flash experiments further supporting the dissociative

interchange mechanism.

NO has a high affinity for cobalamin in the 2+ oxidation state [Cbl(II)] but does

not react with Cbl(III). NO coordinates to Cbl(II) at all pH values and Cbl(III) does

not react with NO at neutral pH. At low pH, however, a two-step process was

observed that included the reduction of Cbl(III) to Cbl(II) and Cbl-NO adduct

formation [332]. Reduced Cbl (II) with an odd number of outer shell electrons of

the central ion is a free radical, and thus EPR spectroscopy can be used to investi-

gate the possible NO interactions with reduced cobalamins [330].

Endogenous cobalamins and cobinamides (Cbi) may play important roles

regulating NOS activity in normal and pathological conditions [329]. Regulatory

function of cobalamins towards nitric oxide synthases was brought up and discussed

by Weinberg et al. [329, 333] and also by Wheatley et al. [334, 335]. Recently,

Weinberg et al. [329] reported that OH-Cbl, Cbi, and (CN)2Cbi can potently inhibit

the enzymatic function of NOS and thus block the biological formation of NO. It is

to be reminded that (as stated above) OH-Cbl can bind and scavenge NO; the same

was observed for OH-Cbi; thus, these two agents are able to regulate the NOS/NO

system both by decreasing NOS activity and by quenching the existing NO pool.

CN2Cbi, the principal vit. B12 form, did not act as NO scavenger (due to the higher

affinity of CN for the cobalt center), but it still directly interacted with NOS.

Scheme 7 The structure of cobalamin (α-(5,6-dimethylbenzimidazolyl)cobamidcyanide); R ¼ CN;

the axial group R can alternatively be methyl, OH, deoxyadenosyl group [329]
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Hydroxocobalamin (OH-Cbl), cobinamide (Cbi), and dicyanocobinamide

[(CN)2-Cbi] were shown to potently inhibit 14C-labeled L-arginine to L-citrulline

conversion by NOS1, NOS2, and NOS3 [cyanocobalamin, methylcobalamin,

and adenosylcobalamin had much less effect, but could be photoactivated (see

further in the text)]. OH-Cbl and CN2-Cbi directly bound to the reduced NOS1

and NOS2 oxygenase domain (as indicated by spectral perturbation analysis)

and prevented binding of the oxygen analog carbon monoxide (CO) to heme.

NOS inhibition by corrins was rapid and could not be reversed by dialysis with

L-arginine (substrate) and tetrahydrobiopterin (a required NOS cofactor). Molec-

ular modeling and UV–vis spectroscopy indicated that corrins could access the

unusually large heme and substrate-binding pocket of NOS. The greater ability to

inhibit NOS1 than NOS2 relates to the fact that the NOS1 active site pocket is

larger than the NOS2 pocket. Best fits were obtained for the “base-off”

conformations of the lower axial dimethylbenzimidazole ligand, (CN)2Cbi being

the most potent inhibitor.

Application of corrins would allow to regulate both NO and superoxide genera-

tion by NOS in circumstances when NO acts in a deleterious fashion (e.g., inflam-

matory diseases). These agents are well tolerated in high doses, as applied in cyanide

poisoning [336, 337]. As high as millimolar blood levels were shown to be

accompanied with minimal side effects (red urine and mild, reversible hypertension).

Various cobalamins are known to be light sensitive. Upon irradiation Cbl

dissociates the upper (Co[β]) ligand converting to OH-Cbl, a form active as an

NOS inhibitor [329]. It was thus proposed that this property of light-activation for

NOS inhibition could be useful for site- and time-selective delivery of NOS

inhibitors or NO quenchers. As an instance, Me-Cbl and Ado-Cbl are the two

corrin derivatives of a very poor inhibitory activity towards NOS. During blue

light irradiation of the methylated and adenosylated cobalamin the methyl and

adenosyl groups dissociate which results in the formation of OH-Cbl.

Recently it has been reported that cobinamides can act as co-activators of nitric

oxide receptor of soluble guanylyl cyclase by direct binding to the catalytic domain

of sGC [338]. This offers new possibilities for its therapeutic applications in

augmenting the effect of other sGC-targeting drugs.

4.2.4 The Pool of Labile Iron

As mentioned earlier, nitrosyl complexes have been ubiquitously detected in cells

and tissues exposed to NO, but the exact origin of the ligands as well as the central

ions remains obscure. These complexes are considered to be formed concurrently

with low molecular cellular thiol–glutathione and with proteins, but the latter still

remain undefined [76, 77, 339, 340]. Dinitrosyl–diglutathionyl–iron complex

(DNDGIC) is readily formed in vitro starting from GSH, GSNO, and trace amounts

of ferrous ions [341]. The reaction probably occurs after release of nitric oxide

through an iron-mediated reaction between GSNO and GSH. DNDGIC may be

monitored through the typical EPR spectrum of this complex which shows a
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characteristic shape with a maximum at g ¼ 2.03. The detection limit of this

procedure is about 1 μM concentration for EPR analysis performed at 25�C [59].

A considerable part of labile iron pool (LIP)-formed DNICs originates in

lysosomes, since the inhibition of protein disassembly in lysosomes caused up to

a 50% decrease in DNIC formation. The process of the DNIC’s formation is strictly

dependent on lysosomal proteolysis due to the presence of either high levels of

labile iron or the free reduced thiols liberated in this process [342]. In addition,

the primary iron source for cellular DNICs seems to be LIP and not a prosthetic iron

such as iron–sulfur clusters [342, 343]. Nevertheless prosthetic group-bound

DNICs were observed and are regarded as modifications having a regulatory role

in cellular pathways. Toledo and coworkers found that no DNICs are detectable

when cells are treated with very high (10 mM) concentrations of nitrite, ruling out

this species as a source of NO ligands in DNIC formation. Comparison of the levels

of formed paramagnetic DNICs to the simultaneous consumption of LIP proved

that upon addition of close-to-physiological levels of the common NO donors most

of the DNICs formed in the cell are paramagnetic [343]. DNICs were shown to

emerge under physiologic conditions from low concentrations of •NO (~50 nM)

and they formed the largest intracellular fraction of all •NO-derived adducts. At the

physiological •NO dose, DNIC concentrations reached slowly (4 h in the conditions

of the experiment) a stabile maximum level corresponding to the levels of the labile

iron pool (LIP). However, upon exposure to higher steady-state •NO concentrations,

DNICs accumulated at levels in two- to threefold excess of the LIP. At cytotoxic

concentrations of •NO the LIP no longer was the limiting source of iron for DNIC

assembly. It was speculated that, in addition to other, well-known toxic effects of the

nitrosyl radical, one consequence of pathologic •NO concentrations may be the

accumulation of non-LIP iron in the form of DNICs. Other potential sources of

cellular iron, in addition to the LIP, are iron-storage proteins, iron–sulfur clusters,

heme, and non-heme iron proteins [344]. These results are consistent with

other research, showing high stability in solution and no effect of iron chelators

on DNICs decomposition, pointing to an inert character of these complexes

[59, 60, 102, 343]. This is confirmed by the analysis of temperature dependence of

the EPR signal shape for biological DNICs. The spectra obtained byWatts et al. [97]

in •NO-exposed mammary carcinoma cells at 150 K were essentially identical to

those obtained at 265 K, implying a large molecular mass of DNICs. Moreover, it

was shown that the magnitude of DNIC formation and disappearance in response to

changes in O2 concentrations was much less affected than the overall magnitude of

•NO synthesis or •NO degradation in response to changes in O2. For these reasons

the formation of DNIC may function by buffering the dramatic effects of O2 on

•NO synthesis and degradation [344].

4.3 Biological Consequences of DNIC Formation

It is postulated that dinitrosyl iron complexes play an important role in signal

transduction pathways regulating the cellular functions [60, 345, 346]. Both low
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and high molecular DNICs are more stable than the nitrogen (II) oxide and are

considered to be its transporters [61, 99]. DNICs also inhibit platelet aggregation,

lower blood pressure, dilate blood vessels, induce the formation of proteins in the

cellular response to oxidative stress, and modulate the activity of ion channels.

Their appearance in cells exposed to NO is closely synchronized with the enzyme

activity inhibition of proteins containing iron sulfur centers in the complexes I

and II of mitochondrial respiratory chain and of mitochondrial aconitase. DNICs

irreversibly inhibit the activity of glutathione reductase, and also reversibly of

glutathione transferases. Extremely strong inactivation of these enzymes by DNICs

indicates their important role in the metabolism of glutathione [60, 85, 345, 346].

The endogenous production of DNICs has been explained by the binding of NO

to iron–sulfur cluster-containing proteins or enzymes in mitochondria and thiol-rich

proteins in the presence of free iron [51, 90, 147, 347, 348]. It has been demonstrated

that under physiological conditions, DNICs are generated in two forms having

LMW thiols or cysteine residues of protein as ligands [68, 69, 90]. Although it has

been suggested that an LMW-DNIC with cysteine [DNIC-(Cys)2] possesses

activities such as an endothelium-derived relaxing factor (EDRF) [69, 124] and

exhibits S-nitrosating activity toward cysteine residues of serum albumin in vitro

[61, 68], its physiological role has not been definitely elucidated. One of the reasons

may be that in vivo detection of DNICs is very difficult because it can be formed in

only a limited quantity under physiological conditions. Investigations of the in vivo

distribution and behavior of LMW-DNICs have been conducted by means of EPR

spectral measurements on the abdomen of mice treated by the DNIC-(GS)2
[349]. The EPR spectra attributable to DNIC-(GS)2 were detected in the blood,

liver, kidney, and spleen; and it was shown that this complex has a relatively high

affinity for the liver and kidney [68]. Ueno et al. demonstrated that when an

LMW-DNIC-(GS)2 was injected into living mice, different EPR spectral line-shapes

were observed emanating from their isolated organs [349]. The appearance of such

spectral conversions was explained mainly as the result of chemical modifications by

the reaction of LMW-DNICs with thiol-containing compounds such as serum

albumin and iron proteins (Scheme 8). It is probable that NO donation from

Scheme 8 A proposed model for the LMW-thiol mediated decomposition of protein-bound

DNICs. LMW-thiol (e.g., L-Cysteine, glutathione) extrudes the DNIC from the protein-bound

DNIC to form LMW-thiol-bound DNIC via thiol ligand exchange. Under anaerobic conditions,

both the LMW-thiol-bound DNICs and the protein-bound DNICs are stable, and no DNIC is

decomposed. Under aerobic conditions, the LMW-thiol-bound DNIC is rapidly disrupted by

oxygen, resulting in eventual decomposition of the protein-bound DNIC [147, 286]

H. Lewandowska



DNICs to a variety of in vivo targets and their resultant chemical modifications are

closely associated with the physiological activities of DNICs.

DNICs have been reported to react with low molecular thiols or protein thiols to

yield S-nitrosothiols. Further, DNIC may nitrosate endogenous secondary amines

with the formation of nitrosamines [68]. In biological systems, therefore, transnitro-

sylation by DNIC would be in competition with nitrosation. This is consistent with

findings of Ueno et al. [65] that the efficiency of transnitrosylation of Fe-DTC by

DNICs is lower in the liver, a thiol-rich organ, than in the kidney.

Apart from their natural biological functions various metal nitrosyls (including

organometallic dinitrosyl complexes of Cr and Mo) proved to be very convenient

carriers supplying nitric oxide to various biological targets and are presently widely

introduced into the therapy as vasodilators and in cancer treatment [350–352], see

the chapter by Morris et al. in this volume of S&B.

4.3.1 Interactions of Glutathione Transferases and Dinitrosyl

Iron Complexes

Glutathione transferases (GSTs) (EC 2.5.1.18) are a family of enzymes involved in

the cellular defense against toxic compounds [353]. GSTs could be involved in the

DNIC binding, storage, and detoxification as they can trap these complexes with

one subunit, while maintaining their well-known detoxifying effect toward danger-

ous compounds with the other subunit [341]. The human cytosolic GSTs are dimeric

proteins grouped into eight classes (Alpha, Kappa, Mu, Omega, Pi, Sigma, Theta,

and Zeta) on the basis of amino acid sequence, three-dimensional structure, substrate

and inhibitor specificity, and immunological properties [354]. Each subunit contains

a binding site for the GSH (G-site) and a second one for the hydrophobic

co-substrate (H-site). The most important reaction catalyzed by GSTs is the conju-

gation of the sulfur atom of GSH to an electrophilic center of many toxic organic

compounds; this increases their solubility and enables excretion [353]. Other physi-

ological roles of GSTs include chemical sequestration [355], regulation of

Jun kinase3 [356], inhibition of the proapoptotic action of Bax4 protein [357], and

modulation of calcium channels [358].

Dinitrosyl–diglutathionyl–iron complex binds with extraordinary affinity to the

active site of all these dimeric enzymes, showing Kd values of 10�10–10�9 M

[59, 60, 341]. One of the glutathiones in the iron complex binds to the enzyme

G-site, whereas the other GSH molecule is lost and replaced by a tyrosine phenolate

in the coordination of the ferrous ion [60] Thus the bound complex is a

3 c-Jun N-terminal kinases – mitogen-activated protein kinases which are responsive to stress

stimuli, such as cytokines, ultraviolet irradiation, heat shock, and osmotic shock, and are involved

in T cell differentiation and apoptosis. Kinase (phosphotransferase) – a type of enzyme that

transfers phosphate groups from high-energy donor molecules, such as ATP, to specific substrates.
4 Bcl-2–associated X protein (Bax) is a pro-apoptotic Bcl-2 type protein.
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monoglutathionyl species. The binding of DNIC to the first subunit of the dimeric

Alpha, Pi, and Mu GSTs triggers intersubunit communication, which lowers the

affinity for DNIC of the second subunit that can still bind GSH and maintains

the original enzyme activity [341]. In this way, GSTs may protect proteins against

the toxic effect of DNIC and simultaneously prevent the extrusion of the free DNIC

which would cause iron depletion. Both inactivation and reactivation of GSTs by

DNGIC are relatively slow processes, the fastest for GSTA1-1 and the slowest for

GSTT2-2. The reactivation is rate-limited by the release of the inactivator from the

G-site. Ki values range from 10�10 M for GSTA1-1, 10�9 M for GSTM2-2, and

GSTP1-1 to 10�7 M for GSTT2-2 [60]. DNDGIC binds to GSTA1-1, GSTM2-2,

and GSTP1-1 with kon values similar to those found for GSH (106–107 M�1 s�1)
[359], suggesting that the G-site is open enough to accommodate DNDGIC without

gross structural changes. This perfectly agrees with the molecular modeling data

that show DNDGIC partially exposed to the solvent and well stabilized in the

G-sites of these GSTs. The observed strong affinity is likely due to the coordination

of the iron atom to the phenolate group of the conserved Tyr residue of the active

site (Tyr-7 in GSTP1-1, Tyr-6 in GSTM2-2, and Tyr-9 in GSTA1-1) which also

causes a very slow extrusion of the complex from the G-site (low koff value).
A lower kon value for DNDGIC binding appears to be the kinetic determinant of

the decreased affinity of the second G-site in the half-saturated GSTs. Thus,

negative cooperativity is not caused by a non-optimized geometry of iron ligands

in the second G-site (which would cause an increased koff value) but probably by an
increased rigidity or shielding of the second G-site triggered by DNDGIC binding

to the first subunit. Interestingly, the spectrum of the GST-bound dinitrosyl-iron

complexes changes appreciably according to the GST isoform used. The A1-1 and

M2-2 GSTs give essentially axial spectra, whereas P1-1 and T2-2 give strongly

rhombic spectra; these differences concern the geometry of the ligand arrangement

around the iron or the nature of the ligands themselves but not the number of ligands

(four), thus indicating a four-coordinated iron with the ligand set [N, N, S¯, O¯] in

the bound complex. Because the A1-1, M2-2, and P1-1 show similar Kd values for

the dinitrosyl diglutathionyl iron complex, the actual conformation of the bound

complex is not important for stability, as long as the iron is coordinated efficiently

to both the glutathione and the tyrosine residue.

De Maria et al. noticed that from an evolutionary point of view it appears that the

GST superfamily is under selective pressure in the direction of the optimization of

the DNIC binding process as more recently evolved classes (Alpha, Mu, Pi) show a

higher affinity for DNIC than the Theta class, which is close to the ancestral

precursor of all GSTs [60].

4.3.2 The Role of Multidrug Resistance-Associated Protein 1

in the Efflux of DNIC-Bound Iron from Cells

It was shown byWatts et al. that GSH-bound nitrosyl iron takes part in NO-mediated

iron mobilization from cells [96]. According to their results, NO-donors induced
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an increase in iron release from cells and a decrease in intracellular iron–ferritin

levels. GSNO additionally decreased the mobilization of iron from cells and of the

intracellular ferritin-iron levels. This decrease was a function of both time and

increasing concentrations of nitrosoglutathione. The depletion of GSH prevented

an NO-mediated iron efflux from cells, and the decrease in intracellular ferritin-iron

levels seen in the presence of GSNO. Iron depletion was caused by a variety of

permeable iron chelators. Extracellular high affinity Fe-binding proteins and the

extracellular Fe chelators did not enhance NO-mediated iron efflux. GSNO, in

contrast to desferrioxamine, did not mobilize iron from cytosolic lysates, while

being more effective than DFO at mobilizing iron from intact cells. Finally,

Fe mobilization was increased by incubating cells with D-glucose due to the

subsequent generation of GSH [96, 97]. Taken together these results allowed the

authors to conclude that the NO-mediated Fe efflux occurred as a GS–Fe–NO

complex, which was exported from cells by the energy-dependent transport.

Furthermore, the authors gave strong evidence that the iron and GSH efflux was

the result of metabolic processes, by showing that these processes were dependent

on the temperature and ATP. This inspired the authors to investigate the dependence

of iron mobilization on the activity of a GSH transporter, multidrug resistance-

associated protein 1 (MRP1). And so, the NO-mediated iron efflux was found to be

greater in MRP1-hyperexpressing cell lines, while MRP1 inhibitors decreased

NO-mediated iron efflux and induced DNIC accumulation in cells. The resulting

outline of the interdependence of Fe, NO, GSH, and MRP1 is presented in the report

by Watts et al. [97].

4.4 Biochemical Applications of Metal Nitrosyls

4.4.1 Nitric Oxide Donors

The rate of NO release and stability of metal nitrosyls depends mainly on the

electron density of the metal centers and the nature of the ancillary ligands. Transi-

tion metal ions bind to ligands via interactions that are often strong and selective and

the charge of the ion can be manipulated depending on the coordination environ-

ment. The thermodynamic and kinetic properties of metal–ligand interactions influ-

ence ligand exchange reactions. A partially filled d-shell confers unique electronic

and magnetic properties, allows a range of coordination geometries (depending on

the resulting electronic structure), and enables 1-electron oxidation and reduction

reactions. The potential for designing transition metal nitrosylates with specific

thermodynamic parameters makes them an interesting class of NO donors for

biochemical and medical applications [360–362]. Some exemplary NO donors are

depicted in Scheme 9. Attempts to design agents that deliver NO to a desired target

in a controlled manner promise the prospect of obtaining new, NO-based
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anti-infectious agents and γ-radiation sensitizers for photodynamic therapy. The

known photosensitivity of many metal nitrosyl compounds makes light an attractive

stimulus to release NO from a metal center.

Scheme 9 The chosen NO-releasing metal complexes. Reprinted from [363], with permission of

the American Chemical Society, copyright 2009
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The nitroprusside anion, [Fe(CN)5NO]
2�, a seemingly simple octahedral coor-

dination complex of Fe(II) with one NO and five cyanide ligands was the first

metal-containing NO-donor identified and until recently used as a slow release

agent for NO+. Recently also DNICs have been considered as a potential new class

of NO-donating drugs [364]. Depending on the ligand’s electron properties DNICs’

NO-donating ability can be easily modulated [86] which enables the controlling of

DNICs’ NO storage and transporting action in biological systems. Syntheses of

such preparations are being conducted and initial toxicity tests have already been

carried out [86, 89, 150, 365, 366]. Biological levels of NO are quantified by

chelators containing iron, such as the iron complex of diethyldithiocarbamate

(DETC) [73]. DETC administered to living animals can be visualized by EPR

imaging in vivo and ex vivo for MNIC occurrence and thus NO distribution

[65, 99, 367]. Another complex that can be used in NO imaging is the NO–Fe

complex of N-(dithiocarboxy) sarcosine [368]. Pharmacokinetic methods with the

use of EPR X-band imaging were elaborated [369]. The study allowed to evaluate the

stability of NO–Fe(II)–DTCS in biological systems and the pharmacokinetic

parameters were calculated on the basis of the two-compartment and hepatobiliary

transport models. It was revealed that the compound is widely distributed in the

peripheral organs and partially excreted into the bile. Also the organotransition–metal

mononitrosyl complexes, CpCr(NO)2Cl and CpMo(NO)2Cl, were examined and

proposed as a new class of nitric oxide donors [351].

Photoactive Nitrosyl Donors

Several photosensitive metal nitrosyls including SNP, Roussin’s salts, and simple

Ru complexes like [Ru(NO)Cl5]
2� have been used as controlled sources of NO to

elucidate the biological and neurophysiological roles of NO in cells and tissues. The

disadvantages connected with the use of these simple salts include: production of

toxic by-products like cyanide, the uncontrolled NO decay (due to pH and thermal

instability, spontaneous disproportionation, or oxidation to NOx) or the undesired

reactions of the released metal with biomolecules as in the case of Ru forming DNA

adducts [145, 200]. Some effort has been put into designing alternative multidentate

ligands that support photoactive Mn and Ru nitrosyl adducts [145, 200, 363], as

well as water-soluble Fe complexes [370, 371]. The photoactive metal nitrosylates

can be divided into several groups, as described below. The applications of

the various metal nitrosyls in therapy are discussed in the chapter by Morris in

this volume of Structure and Bonding.

Two-Photon-Excitation-Sensitive NO Donors

The concept of two-photon excitation is based on the idea that two photons of

comparably approximately half the energy necessary to excite the molecule also

excite a fluorophore in one quantum event. NO donors coupled with the two-photon
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excitation sensitive fluorophores should be thermally stable but reactive under

excitation at visible (vis) or near-infrared wavelengths where tissue transmission

is optimal [372]. In order to enhance the light-gathering capability of light-sensitized

NO donors, such as Roussin’s red salt esters, Ford and coworkers have attached

chromophores with high single- or two-photon absorption cross-sections to several

photochemical NO precursors, including aminofluorene chromophore (AFX-RSE,

RS ¼ 2-thioethyl ester of N-phenyl-N-(3-(2-ethoxy)phenyl)-7-(benzothiazol-2-yl)-

9,9-diethyl-fluoren-2-yl-amine) [373], fluorescein (Fluor-RSE) [374, 375], and pro-

toporphyrin IX (PPIX-RSE) [376]. About 85% of the fluorescence intensity is

quenched in these compounds, indicating energy transfer from the antenna to the

Fe–NO cluster, ultimately inducing photochemical release of NO. The most com-

monly used fluorophores have excitation spectra in the 400–500 nm range, whereas

the laser used to excite the two-photon fluorescence lies in the ~700–1,000 nm

(infrared) range [360]. The probability of the near-simultaneous absorption of two

photons is extremely low. Therefore a high flux of excitation photons is typically

required, usually a femtosecond laser. Two-photon excitation (TPE) is of special

interest, since the use of focused laser pulses to activate release could provide

three-dimensional spatial control in therapeutic applications [377].

NO Donors Sensitive to Visible and Near-Infrared Light

Metalloporphyrins, being prone to photolysis-induced release of NO, were promptly

recognized as bioregulatory compounds that could deliver NO to a target in a selective

manner. Nevertheless, although having intense long-wavelength absorptions, the

porphyrinate metal nitrosyls proved to be thermally unstable and oxygen sensitive.

Ru–NO porphyrins, being relatively stable and convenient NO donors sensitive to

light, suffer from complicated back and side reactions, such as rapid recombination of

the photoproducts [360, 378–380]. In contrast, the nitrosyls with non-porphyrin

ligands, such as amines, Schiff bases, thiolates, and ligands with carboxamide groups,

readily release NO upon illumination and generate controlable photoproducts. For

instance, complexes of Fe, Ru, and Mn with pentadentate ligand PaPy3H (N,N-bis
(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carboxamide) providing four nitrogen

atom chelation around the equatorial plane of the metal and an additional chelating

carboxamide group trans to NO proved promising, again the most stable and control-

lable being complexes of Mn and Ru [379–382]. The strong σ-donor character of
the negatively charged carboxamide being trans to NO is a key feature in the

photolability of these complexes, with the nature of the metal center dictating the

wavelength of light required to achieve photo-release. Apart from being light-

activated NO donors, these complexes allow the study of fast reactions of NO with

heme proteins [383]. The Mn complex is promising with regard to therapeutic

applications, as it is activated by visible light (500–650 nm) to release NO and

the resulting photoreaction gives the Mn(II) complex, [Mn(PaPy3)(H2O)]
+
,

H2O-substituted in place of NO [384]. Both the Mn and the Ru compounds stimulate

soluble guanylate cyclase activity in vitro in a light- and concentration-dependent
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manner. They also elicit a concentration-dependent increase in cGMP in the vascular

smooth muscle cells, demonstrating that the complexes release NO intracellularly

under the control of light. Furthermore, the compounds showed light-dependent

vasorelaxant activity in a rat thoracic aortic ring [385].

The photoactivity of metal nitrosyls requires promotion of an electron from a

metal-based molecular orbital to a π*(NO) antibonding orbital. Therefore the

sensitivity to light depends on the energy of the M!π*(NO) electronic transition

[259, 382]. The therapeutic application of these complexes would be facilitated if it

proved possible to downshift the activation absorption towards infrared because it

would be able to reach deeper into the tissue (light penetration through mammalian

tissue is mostly restricted to the 700–1,100 nm region). The bathochromic shift the

M-NO bands can be achieved either by changing the metal or the field-strength of

the ligand or by attaching light-harvesting chromophores to the complex. A good

example is the series of modifications to the bipiridyl ligand, N,N0-bis(bipyridine-2-
carboxamido)-1,2-diaminobenzene (H2bpb); formation of a ruthenium nitrosyl

complex with its dimethyl derivative yields a complex, which is only sensitive to

low-intensity UV light. However, replacing the pyridal arms with quinolines red

shifts the Ru–NO photoband from 380 nm to 455 nm, thereby accessing visible

light photoactivation [386]. As the four-coordinate H2bpb allows an additional

coordination trans to NO, it is possible to attach a light-harvesting dye directly to

the metal, and thus additional sensitization is achieved [387, 388]. The effects of the

quinoline arms on the ligand and the dye attached to the metal are additive.

Trackable NO Donors

In addition to acting as light harvesters to increase the photosensitization of

NO-donors, the incorporation of fluorescent dyes into NO-releasing compounds

can provide a tracking signal to monitor the cellular distribution of the donor.

Resorufin or dansyl-containing diamagnetic ruthenium nitrosyls [389] are species

that retain appreciable fluorescence intensity of the coordinated dansyl or resorufin

dyes. Photoinduced loss of NO gives paramagnetic Ru(III) species that quench

fluorescence of the coordinated dyes to an extent related to the amount of

NO released [387]. Cell culture studies in human breast cancer cells demonstrated

the ability to track the visible light-triggered NO release from these compounds

[387, 389].

4.4.2 Nitrosyl Formation-Based NO Sensors

Over the last decade, a number of metal complexes have appeared that give a

fluorescence change in response to NO [390]. These include systems based on

iron (II) [391, 392], cobalt (II) [393], ruthenium (II) [394, 395], rhodium (II)

[396, 397], and copper (II) [398–401].
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Metal-based NO probes, in contrast to their organic-based counterparts, take

advantage of either direct NO reactivity at the metal center or reactivity at chelated

ligand atoms. These probes provide an opportunity to explore direct and reversible

sensing, because metals can interact reversibly with nitric oxide. Typically, metal-

ligand constructs are assembled where the fluorophore is part of the ligand. In the

NO-probe complex the fluorophore emission is quenched by one of the several PeT

mechanisms [54]. There are three main strategies for eliciting a fluorescence

response from these quenched systems in response to NO: In the first possible

instance, resumption of fluorophore emission is accomplished by fluorophore dis-

placement from the quenching site either by releasing the ligand entirely or by

removing a chelating arm to a sufficient distance from the metal. In both cases,

ligand displacement accompanies NO binding to form a metal nitrosyl. Many metal-

based NO-probes utilize this approach, including those containing Co(II) [393],

Fe(II) [391, 392], Ru(II) [394], or Rh(II) [396, 397].

Reduction of the metal to form a diamagnetic species can alleviate quenching

caused by the paramagnetic metal ions [402]. Typically, this mechanism operates in

protic solvents (ROH) and results in transfer of NO to the solvent to form an alkyl

nitrite (RONO). This strategy has been employed primarily with Cu(II) probes,

which are readily reduced by NO but fail to form stable Cu(I)–NO species

[399, 401]. Copper(II) has also been incorporated into conjugated polymers to

fashion NO-sensitive films with the use of the intrinsic fluorescence of the polymer

as the emitter [400, 403, 404]. Certain modifications, such as incorporating water-

soluble functional groups to facilitate biological compatibility, can be applied

according to the requirements of the experiment [405].

A third mechanism for restoring fluorescence emission relies both on displace-

ment of the fluorophore and on reductive nitrosylation of the paramagnetic metal

center. In this process, NO can either coordinate to the metal [396, 405], as in case

of paramagnetic cobalt (II) complex of dansyl fluorophore appended aminotropo-

niminate [406], or nitrosate either the ligand or solvent, when the latter is protic. In

the first case, reaction with NO forms Co(I)–dinitrosyl adducts simultaneously

inducing dissociation of a fluorescent ligand, thereby providing an ~8-fold emission

enhancement. Secondly, a method recently gaining popularity is determination of

nitric oxide using fluorescein-based copper (II) complex (CuFL) that allows the

visualization of NO in living cells [407]. The FL ligand coordinates Cu(II) with a

Kd of 1.5 μM at pH 7.0 to give a non-fluorescent complex that reacts rapidly and

selectively with NO to give an 11-fold increase in fluorescence [408]. It was shown

that fluorescence derives from the N-nitrosated product FL-NO and also is induced

by reacting of FL with S-nitrosothiols. FL-NO no longer binds to Cu(II) or Cu(I)

and has a 7.5-fold higher quantum yield than FL itself, indicating that it is the

species responsible for the observed fluorescence signal. Neither removal of Cu(II)

from the CuFL complex nor addition of Cu(I) to FL gives the dramatic fluorescence

enhancement, providing further assurance that the response is NO-dependent and

doesn’t result of metal release or simple reduction of the probe compound. The

advantage of this method of NO determination is also that CuFL easily permeates

cell membranes [408]. Another Cu(II)-based NO sensor has also appeared recently
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along with the in vivo imaging data. The fluorescent compound, 4-methoxy-2-(1H-
naptho[2,3-d]imidazol-2-yl)phenol (MNIP), binds Cu(II) with 1:1 stoichiometry to

give non-fluorescent Cu-MNIP with an apparent Kd in pH 7.4 water/DMSO of

0.6 μM. MNIP-Cu reacts rapidly and specifically with NO to generate a product

with blue fluorescence that can be used in vitro and in vivo. The fluorescence

enhancement was determined to be a reductive nitrosylation process, where Cu(I) is

released from the complex and one of the nitrogen ligands is nitrosylated [409].

The described mechanisms are schematically illustrated in Fig. 3.

5 Conclusions

Nitric oxide (II) is a common free radical produced in living cells through the

enzymatic degradation of L-arginine. It displays a number of regulatory functions: it

is involved in the processes of neural conduction, regulation of cardiac function and

immune defense, it triggers the pathways leading to the controlled cell death –

apoptosis. One of the most important and earliest discovered function of NO was to

stimulate vasodilation. At the same time, being a free radical, NO is deleterious to

the components of living cells.

NO in the unbound form has a very short lifetime in the cell but can be stabilized

by the formation of complexes, i.e. metal–porphyrin nitrosyls, dinitrosyl–iron

complexes and S-nitrosothiols, which are considered to be its biological transporters.

Nitric oxide has a very high affinity for iron contained in the active sites of

proteins [74].

Fig. 3 Possible mechanisms

of action for fluorescent

NO-sensing probes.

Reprinted from [54], with the

permission of the American

Chemical Society (ACS),

copyright 2010
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Basically one can distinguish three main binding sites of Fe(NO)2 complexes in

biological systems (1) the sulfhydryl groups of amino acids and inorganic sulfur

atoms, (2) the iron–sulfur centers, (3) the imidazole rings present among others

in histidine and purines, (4) the pyrole rings in heme type prosthetic groups.

While thiols are responsible for iron binding in non-heme proteins, histidine

binds globin to the heme iron of hemoglobin. Proteins containing iron–sulfur

centers are the first molecules that undergo nitrosylation under conditions of

increased NO production in biological systems [57]. The major protein targets of

NO are heme-containing proteins, non-heme iron–sulfur proteins, proteins

containing free thiol groups and protein radicals. Among DNICs forming

non-protein ligands in living organisms are: the tripeptide glutathione and the

amino acids cysteine and homocysteine. Nitrosylation of proteins occurs via direct

binding of NO to thiol groups of the peptide chain or by binding of the nitrosylated

iron to protein sulfhydryl and imidazole residues. Heme or iron–sulfur centers in

proteins exhibit high affinity for nitric oxide. Much of the data indicate that this

phenomenon has a significant regulatory function [57]. Nitric oxide and its

complexes with biological conveyors are involved in neural conduction, cardiac

function, and regulation of immune defense, as well as in directing pathways to the

controlled cell death – apoptosis. Therefore, it appears worthwhile to collect

spectral data that could clarify the question of metal nitrosyls’ electronic structures

and affinity of the MNO core to the various ligands of biological importance.

It is postulated that dinitrosyl complexes of iron play an important role in signal

transduction pathways by regulating the cell homeostasis [410]. Yet, there is a lack of

evidence which of the available thiol ligands in the cell form physiologically active

iron nitrosyls; recent reports, however, indicate that a significant portion of these

complexes is formed by proteins of high molecular weight [55, 70]. DNICs, both of

low and high molecular weight are more stable than the nitrogen (II) oxide and are

considered to be its transporters [410]. DNICs also inhibit platelet aggregation, lower

the blood pressure, dilate the blood vessels, induce the formation of proteins in the

cell response to oxidative stress, and modulate the activity of ion channels. Their

appearance in cells exposed to NO is closely synchronized with the enzyme activity

inhibition of iron sulfur centers in the complex I and complex II of the mitochondrial

respiratory chain and of mitochondrial aconitase. DNICs irreversibly inhibit the

activity of glutathione reductase, and reversibly that of glutathione transferases.

The extremely strong inactivation of these enzymes by DNICs indicates their

important role in the metabolism of glutathione [345, 411]. One- and bi-nucleated

dinitrosyl iron complexes induce activation of the oxidative shock response (soxA)

gene and cell division inhibiting gene sfiA in E. coli. Activation of these genes occurs
as a result of DNICs action and is not caused by iron ions or nitric oxide alone

[412]. Another proposed function of DNICs is to regulate the amount of labile iron in

cells [97, 105]. Labile iron pool (LIP) was defined by Cabantchik et al. as the iron

present in the cell in the form of highly dissociable complexes with low molecular

weight ligands, and accessible in redox reactions [103]. In addition to these revealed

and partially explored functions metal nitrosyls have within the organisms, there may

yet be other potentially to be discovered. A putative new function of the {Fe(NO)2}
10
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type DNIC has recently been proposed by Tran et al. [413], who has reported

the dioxygen-related reactivity of a bidentate N-ligand bound {Fe(NO)2}
10 nitrosyl.

In the presence of O2, an unstable complex was formed being presumably a

peroxynitrite [Fe(L)(NO)(ONOO)]. The complex exhibited nitrating properties

towards 2,4,-di-tert-butylphenol, which suggests that DNIC-type d10 complexes

might be involved in the processes of nitration of biological phenols, among which

protein tyrosine nitration is an important posttranslational modification associated

with various pathological conditions including inflammatory, neurodegenerative,

and cardiovascular diseases.

The molecular and electronic structure of DNICs continues to be actively studied

and discussed [77]. Most of the classification and theoretical structure predictions

for nitrosyl complexes of iron and other transition metals are based on diagrams

developed by Enemark and Feltham [25]. The construction of nitrosyl complexes

proposed by these authors assumed M(NO)x to be a group of covalently bound

atoms, whose structure is modified by the coordination of additional ligands. The

energies of transition metal d orbitals are close to the π* orbital energy of nitric

oxide. Thus, the relative charge distribution between the metal and NO group at the

M and N binding orbitals may be significantly different between the two isoelec-

tronic complexes, and relatively small changes in the properties of metal or ligand

can cause a significant change in the properties of the complex.

Formation of iron nitrosyl complexes is a major biological mechanism that

allows direct detection of nitric oxide in cells [414]. Nitrosyl complexes of iron,

due to their paramagnetic properties, were the first identified nitric oxide

compounds in living organisms long before their numerous regulatory functions

were discovered [87]. Currently, research is being conducted aimed at the synthesis

of new dinitrosyl iron complexes, which would be applicable in biochemistry

and medicine, as donors of nitrogen (II) oxide, mimicking the action of natural

NO conveyors (see, e.g., [54, 119]).
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