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Mechanisms of Nitric Oxide Reactions
Mediated by Biologically Relevant Metal
Centers

Peter C. Ford, Jose Clayston Melo Pereira, and Katrina M. Miranda

Abstract Here, we present an overview of mechanisms relevant to the formation
and several key reactions of nitric oxide (nitrogen monoxide) complexes with
biologically relevant metal centers. The focus will be largely on iron and copper
complexes. We will discuss the applications of both thermal and photochemical

methodologies for investigating such reactions quantitatively.
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Abbreviations

AN Acetonitrile
aq Aqueous
Cbl Cobalamin

cGMP Cyclic guanylyl monophosphate
CysSH Cysteine

Cyt" Ferrous cytochrome ¢

DAC Bis(9-Anthracylmethyl)cyclam
DFT Density functional theory

dmp 2,9-Dimethyl-1,10-phenanthroline
DNIC Dinitrosyl iron complexes

dpp 2,9-Diphenyl-1,10-phenanthroline
EDTA*  Ethylenediamintetraacetate

EPR Electron paramagnetic resonance

FgPor Tetrakis(2,6-difluorophenyl)-porphyrinato
GSH Glutathione
GSNO S-Nitrosoglutathione

GTP Guanylyl triphosphate
Hb Hemoglobin
Mb Myoglobin

metMb ~ Metmyoglobin
MLCT Metal-to-ligand charge transfer

MNIC Mononitrosyl iron complexes

NiR Nitrite reductase

NOS Nitric oxide synthase

Por Porphyrinato

PPIX Protoporphyrin IX

RBS Roussin’s black salt

RRE Roussin’s red esters

RRS Roussin’s red salt

sGC Soluble guanylyl cyclase

THF Tetrahydrofuran

TMPS Tetra(sulfonato-mesityl)porphyrinato
TPP Tetraphenylporphyrinato

TPPS Tetra(4-sulfonatophenyl)porphyrin
tren Bis-(2-aminoethyl)amine

uv Ultraviolet
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1 Introduction

From the early studies leading to the discovery that nitric oxide (nitrogen monox-
ide) plays important regulatory roles in mammalian physiology, it has been clear
that this bioactivity is closely connected to the interactions of NO with metal
centers [1-3]. A key target is the ferroheme enzyme soluble guanylyl cyclase
(sGC), which catalyzes the transformation of guanylyl triphosphate (GTP) to give
the secondary messenger cyclic guanylyl monophosphate (cGMP), and the
interactions of NO with this and with other metalloproteins and model compounds
have been widely studied [4]. A critical feature of sGC activation is that it is
triggered by very low concentrations of NO (as low as 1 nM) in aerobic media
[5], and this sensitivity requires a remarkable selectivity of this enzyme for NO
[6]. Furthermore, while NO may be generated by acid-catalyzed nitrite dispropor-
tionation, the principal biosynthetic pathways endogenous to mammals involve
constitutive and inducible forms of the enzyme nitric oxide synthase (NOS),
which are also heme proteins [7]. So, heme centers are involved both in the
endogenous formation of NO and as one of the primary targets.

Thus, to understand the physiological mechanisms of NO, we need to define its
direct interactions with metal centers. This includes visualizing the products formed
and elucidating the dynamics and thermodynamics of these reactions. Furthermore,
one needs to understand the effect of NO coordination both on the properties of
the resulting metal complexes and on the reactivity of coordinated NO itself.
Such effects may involve structural and reactivity changes at protein sites remote
from the metal center, in analogy to the cooperative effects seen when dioxygen
binds to hemoglobin. Similarly, one needs to consider the interactions of other NO,
derivatives with metals, given extensive biomedical interest in the therapeutic,
signaling, and/or deleterious effects of nitroxyl (HNO), nitrite ion (NO, ), nitrogen
dioxide, and peroxynitrite (OONO™) and more complex species such as S-
nitrosothiols (RSNO) and N-nitrosoamines (RR’NNO).

The goal of this article is to outline fundamental chemical processes that may be
relevant to the mammalian chemical biology of NO and other key species. The
focus will be on the dynamics, thermodynamics, and mechanisms of the formation
and subsequent reactions of various metal-NO complexes. This will not be a
comprehensive review of the huge body of work reported over the past several
decades, but a selective overview of these topics.

2 Metal-Nitrosyl Bonding

NO coordinates to numerous transition metals, but we will largely focus on metal
centers having biological relevance, principally iron (both heme and non-heme
systems) and copper. NO typically coordinates to a metal center via the nitrogen
atom, and in such M—-NO complexes the character of this ligand can range from a
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Scheme 1 Likely pathway for forming the isonitrosyl complex FeH(Por)(QN) by visible range
photolysis of low-temperature solids (25 K KBr) containing Fe”(Por)(]jO) (circles represent a
porphyrinato ligand, Por>™)

nitrosonium cation (NO*) to a nitroxyl anion (NO) or somewhere in between
[8]. The nitrosonium cation would be the case when considerable charge transfer
from the NO to an oxidizing metal center (such as an Fe(III) heme) has occurred,
leaving NO™, which is isoelectronic to CO. Correspondingly, the M-NO™ bond
angle is roughly linear (~180°, Fig. 1a). A coordinated nitroxyl might be seen for
the interaction of NO with a reducing metal, where charge transfer has occurred in
the opposite direction. In that case, a more acute M-NO bond angle of ~120°
(Fig. 1b) would be anticipated. Numerous metal-NO complexes fall between these
extremes, as do the corresponding bond angles (see below).

There are limited examples of other types of coordination involving side-on
bonding or O-coordination (Fig. 1c, d). These have largely been seen for metastable
complexes generated in low-temperature solids by photochemical excitation of
stable nitrosyl complex, and both types rearrange to the more stable
N-coordinated form upon warming as illustrated in Scheme 1 [9, 10]. A side-on
bonding mode with the NO bond perpendicular to the metal-ligand axis has also
been demonstrated in the crystal structure of a copper nitrite reductase (NiR)
prepared by infusing crystals of the wild-type protein with NO [11, 12]. Computa-
tional studies using density functional theory (DFT) showed the end-on Cu—-NO
structure to be ~40 kJ more stable than the side-on isomer for model complexes,
although the difference was smaller for the protein [13, 14].

Qualitative theoretical discussions of metal-NO complexes L M(NO), published
sometime ago used Walsh orbital energy diagrams to predict the M—NO bond
angles [15, 16]. The metal-nitrosyl unit was further described in terms of the
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formulation {MNOV}", where n is the sum of the metal d-electrons and the nitrosyl
n* electrons [16]. Other ligands influence the structure and the nature of the M—NO
bonding. For example, when there is a strong axial perturbation, as is the case with
the metalloglobins, the M—N-O angle is predicted to be linear for n < 6 but bent for
n > 6. This treatment is generally considered a good place to start discussing metal
nitrosyls.

The ability to form a stable nitrosyl complex and the resulting structure of that
species depend strongly on the oxidation state of the metal center. However,
assigning an oxidation state to the metal of a M-NO complex is subject to
considerable ambiguity, since NO is by no means an innocent ligand. It might
minimize confusion to begin by treating NO as a neutral ligand and then examining
the system carefully to see if it is likely that charge transfer has occurred to or from
the nitrosyl ligand from or to the metal center. For example, let us compare the NO
adducts Mn"(TPP)(NO), Fe'(TPP)(NO), and Co'(TPP)(NO) (TPP>~ = the
tetraphenylporphyrinato dianion), which can be prepared in each case by the
reaction of the M"(TPP) complex with free NO. These nitrosyl adducts display
the respective M—N-O bond angles 176.2°, 149.2°, and 124.8° (180 K) [17]. The
first is consistent with the bond angle predicted above for the {MnNO}° formula-
tion as well as with assigning the charge distribution as Mn'(TPP)(NO"), since NO*
is isoelectronic with CO and the latter ligand generally coordinates linearly. The
structure of the cobalt product would be consistent with that predicted for the
{CoNO}® formulation or with assigning the charge distribution as a Co(III) nitroxyl
complex Co™(TPP)(NO"). Notably, the M-N—-O angle seen for the Fe'(TPP)
(NO) adduct is intermediate between these extremes, and this is generally consid-
ered a ferrous complex FeH(TPP)(NO). Oxidation gives the {FeNO}6 system
Fe""(TPP)(NO), which is isoelectronic to Mn"(TPP)(NO) and is predicted (and
found) to be nearly linear.

The metal-Nyo bond lengths for the above MH(TPP)(NO) complexes follow the
order 1.644, 1.717, and 1.837 A for M = Mn, Fe, or Co, respectively [17]. In
addition, structural studies also show that the Fe—Nyo bond is tilted a few degrees
from perpendicular to the porphyrin plane in Fe"(TPP)(NO), and this is common for
ferrous heme nitrosyls [18].

Non-heme iron nitrosyl complexes include the sodium salt of the nitroprusside
ion Fe(CN)s(NO)>~, which has long been used as a vasodilator in hypertensive
emergencies [19]. Chemical mechanisms potentially relevant to its bioactivity are
discussed later in this review. Figure 2 illustrates some other non-heme nitrosyl
complexes. Roussin’s red salt (RRS) and Roussin’s black salt (RBS) anions are
iron/sulfur/nitrosyl clusters that have been known since the mid-nineteenth century
[20, 21]. These salts and certain Roussin’s red esters (RREs) have been studied
as potential sources of therapeutic NO either thermally [22] or photochemically
activated [23-29]. In addition, both mononitrosyl iron complexes (MNICs) and
dinitrosyl iron complexes (DNICs) are drawing increasing attention with regard to
their potential roles in mammalian physiology [30-34]. The structures drawn in
Fig. 2 are qualitative representations of structures that have been determined using
X-ray crystallography [35-38].



104 P.C. Ford et al.

R -1
S
. ON... NO
o T L “"'u/ \ v
*C
No oN" \ / \
RS R
DNIC RSE

R ON.., ~— / \
/\S " e (_
o SO

RBS RRS

Fig. 2 Several representative non-heme iron complexes. DNIC dinitrosyl iron complex, RBS
Roussin’s black salt anion, RRS Roussin’s red salt anion, RSE Roussin’s red salt ester

Although quite a few iron complexes of NO have been isolated and
characterized structurally, the list of such copper compounds is considerably
shorter. In addition to the copper-NO structure described above for a NiR protein
[12], the X-ray structures of a small number of model compounds have been
described [13, 39, 40]. In contrast to the side-on bonded structure in the protein,
the {CuNO}!! complexes formed from the reaction of Cu(I) species and free NO
have linear structures. Surprisingly, the structurally characterized {CuNO}'° spe-
cies, which is formed from the reaction of [NO][PF] with copper in nitromethane
solution, has a strongly bent structure (Cu—N-O angle of 121°) [41]. While this
suggests a Cu(NO") formulation, the NO stretching frequencies (uno = 1,933 cm™ )
are much higher than expected for a nitroxyl anion, leading to the suggestion that this
complex should be formulated as Cu"(NO). Notably, the complex is not very stable,
and NO readily dissociates from the Cu coordination site.

Table 1 summarizes some structural and IR spectral data for examples of heme
and non-heme iron nitrosyls and of copper nitrosyls [17, 18, 36—46].

3 How Does the Coordinated Nitrosyl Affect the Metal
Center?

Electron paramagnetic resonance (EPR) spectroscopy provides insight into the
electronic structure of metal nitrosyls. For example, the high-spin manganese(III)
tetraphenylporphyrinato complex, Mn"(TPP)(CN) (3d", § = 2), reacts with the free
radical NO to give Mn(TPP)(CN)(NO) for which the EPR spectrum indicates
an § = 1/2 spin state [47]. Similarly, the NO adduct of the chromium(II)
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Table 1 M-NO and N-O bond lengths, M-N-O angles and IR NO stretching frequencies (Vo)
for selected iron and copper nitrosyl complexes

M-NO N-O Fe-N-O VNO
Metal complex® {MNO}"® Ay A angle (°)°  (cm™h) References
Heme models and proteins
Fe''(TPP)(NO) {FeNO}’ 1.717 1.122 149.2 1,670 [42]
Fe'(T,;,PP)(NO) {FeNO}’ 1.716 1.197 143.8 1,665 [43]
Fe''(TPP)(NO)(Melm) {FeNO}’ 1.743 1.121 142.1 1,625 [44]
hh-Mb(NO) {FeNO}’ 1.87 1.20 144 [18]
2.13 1.17 120

sw-Mb(NO) {FeNO}’ 1.87 1.15 112 [46]
T-state-h-Hb(NO)

o-heme {FeNO}’ 1.74 1.13 150 [47]

B-heme 1.75 1.15
[Fe"(OEP)(NO)I* {FeNO}°® 1.644 1.112 176.9 1,868 [17]
[Ee"'(TPP)(H,0) {FeNO}°® 1.652 1.150 174.4 1,937 [17]

NO)T*
[Fe"'(OEP)(NO) {FeNO}°® 1.647 1.135 177.3 1,921 [17]
(MeIm)]*
Non-heme iron complexes
Na,[Fe(CN)5(NO)] {FeNO}°® 1.63 1.13 178.3 1,945 [35]
Fe,[(u-SCoHs)>(NO),]  {Fe(NO),}°  1.675 1.171 168.5 1,774 s, [36]
(ave.) (ave.) (ave.) 1,749 s,
1,819 w
[N(PPh3),][Fe(NO),I,] {Fe(NO),}°  1.68 1.145 166 1,775 [37]
(ave.) (ave.) 1,719

Copper complexes
Cu(TpRR*)(NO) {CuNO}'! 1.759 1.108 163.4 1,712 [42]
Cu(L3")(NO) {CuNO}'! 1.786 1.035 176.4 1,742 [43]
[Cu(NM)s(NO)][PFs], {CuNO}' 1.955 1.109 121.0 1,933 [41]

“TpRR’ tris(3-R,5-R’-pyrazolyl)hydroborate, L3" HC(3-tBu-5-iPrpz);, 4-Me-pip 4-methyl-piperidine,
Melm 1-methyl imidazole, NM nitromethane. See Sect. 6 for other abbreviations

°Feltham/Enemark parameter n for the notation { MNO}", where n is the total number of d-electrons
from the metal and n* electrons from NO [16]

°As determined by X-ray crystallography

porphyrin Cr'(TPP) (3d*, S = 2) exhibits an EPR spectrum consistent with an
S = 1/2 spin state, while the reaction of NO with MnH(TPP) or FeIH(Por) S =52
gives adducts with § = 0 [47, 48]. Thus, NO coordination usually gives strong field,
low-spin complexes with such metal centers.

Similarly, the high-spin-state 3d° ferrous analogs Fe"(Por) (S = 2) coordinate
NO to give low-spin (S = 1/2) Fe'(Por)(NO) complexes. The EPR spectra of these
complexes show super hyperfine splitting due to the nitrogen atom of the axial NO,
indicating the unpaired electron density to be largely in the d.» orbital of the iron
[47]. The spectra display three unique g values consistent with the non-axial
symmetry and the bent form of the Fe-N=O moiety, in accordance with the
X-ray structure (Table 1). Nitrosyl adducts of ferroheme proteins with a histidine
residue in the trans (proximal) axial site display N hyperfine splitting of both NO
and the histidine imidazole [49].
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Fig. 3 Illustrated is the effect of electronic configuration on the bonding between NO and a
divalent metal tetraphenylporphyrinato complex and the effect of NO coordination on the proxi-
mal ligand. Mn(II) gives a {MnNO}® species with a linear Mn—NO bond angle and a stable
6-coordinate complex. Fe(Il) gives a {FeNO}’ species with a bent Fe-NO bond angle and a
weaker and more labile proximal ligand. Co(Il) gives a {CoNO}8 species that has a more acute
M-NO bond angle and is five-coordinate. In all cases, coordination of NO switches the high spin
M"(TPP) complexes from high spin to low spin

The optical spectra of metalloporphyrins are dominated by characteristic n—m*
porphyrin ligand bands in the near UV and visible regions [50]. The spectral
shifts induced by NO coordination can be diagnostic, especially in solution studies
[47, 51].

For a six-coordinate LsM(NO) complex, the model described above for
{MNO}" complexes also predicts that going from n = 6 to n = 7 will weaken
the proximal M-L bond trans to the NO owing to the axial c-antibonding nature of
the iron d.» orbital where much of the added electron density localizes [16]. This
effect is demonstrated by structural studies of the porphyrin complex M"(TPP)(L)
(NO) (L = 4-methylpiperidine) [52]. For M = Mn!! (n = 6), not only is the
Mn-NO angle nearly linear (176°); the Mn—N,,;, bond length is relatively short
(2.20 A). For M = Fe'! (n = 17), the Fe—NO angle is bent to 142°, and the bond to
the methylpiperidine is considerably weakened (Fe—Np;, = 2.46 A). ForM = Co"
(n = 8), the Co—NO angle is even sharper, and a stable complex with methylpi-
peridine could not be isolated. As we will see below, such a perturbation, which is
illustrated in Fig. 3, can have a profound impact on the activity of metalloproteins.

It was on the basis of this trans labilizing effect for the n = 7 case that Traylor
and Sharma proposed a mechanism for sGC activation by NO [53]. Soluble
guanylyl cyclase is a heme enzyme with a Fe"(PPIX) (“hemin,” PPIX = protopor-
phyrin IX) as the metal center with an open axial coordination site (the distal site).
The trans, or proximal site, is occupied by a histidine nitrogen. Coordination of NO
to the heme center gives the {FeNO}’ complex, and the associated rans-influence
on the metal-ligand bonding weakens the proximal histidine-iron bond. The result is
a change in the protein conformation that activates the enzyme by several orders of
magnitude. This model follows an earlier discussion of the electronic origins of the
NO induced frans-effect in Fe' nitrosyl complexes introduced by Mingos in 1973
[16]. It also follows the application of this concept by Perutz and coworkers [54] to
explain different quaternary structural changes induced by the addition of inositol
hexaphosphate to the O,, CO, and NO adducts of hemoglobin.
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An impressive test of the Traylor/Sharma model for sGC activation by NO was
offered by Burstyn and coworkers [55], who investigated the activities of non-native
sGC prepared by substituting Mn"(PPIX) and Co"(PPIX) for the hemin of the
native enzyme. Addition of NO failed to activate sGC(Mn) above basal activity,
presumably because the proximal histidine was not labilized in this {MnNO]°
complex. In contrast, NO addition to sGC(Co) giving a { CoNO}® complex resulted
in even greater activity than with sGC that had been reconstituted with hemin. The
overall trend sGC(Co)(NO) > sGC(Fe)(NO) >> sGC(Mn)(NO) substantiates the
Traylor/Sharma hypothesis [53] that the frans-effect of NO on proximal ligand
lability is responsible for the activation of wt-sGC by NO. (It should be noted,
however, that subsequent studies of sGC activation have proposed additional
subtleties, including possible involvement of a second NO [56].)

The effect of NO coordination on the ligands trans to the M—NO bond has also
been addressed computationally for several {MNO}6 and {MN O}7 systems
[57-62]. For the latter complexes the interaction between the axial d.» orbital of
the metal and the half-filled n* orbital of the bent nitrosyl ligand leads to weakening
of the bond to the ligand trans to the nitrosyl as suggested by the Traylor/Sharma
hypothesis. Correspondingly, a strongly bonding proximal ligand can weaken the
M-NO bond in heme nitrosyl complexes, and this property may play an important
role in labilizing NO from the ferroheme center in certain complexes (see below).

4 The Formation and Decay of Metal Nitrosyls

4.1 Some General Considerations

In this section we will be concerned with the reaction of a metal center with NO to
form a metal-nitrosyl complex ((1), L and X are other ligands) as well as the
reverse, the dissociation, or displacement of a coordinated NO (2). Although
M-NO species can be formed by various pathways including the reduction of
nitrite ion, the direct reaction is especially relevant to potential roles of the free
NO generated by nitric oxide synthase in tissue or various biological fluids. Thus, it
is necessary to have a sound understanding of the rate laws and dynamics of such
reactions and of the mechanisms by which they proceed. The reverse reaction is
equally of interest, given that this step may be a key determinant in the formation of
NO from NOS among various biological roles. In general, the mechanisms for the
forward and back reactions will occur along analogous reaction coordinate(s) as
dictated by the “principle of microscopic reversibility.” Much of our focus here will
be on reactions involving either heme iron or non-heme iron.

ML, X + NO—4 ML, (NO) + X, (1)
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Scheme 2 Formation of a geminate pair of a diatomic molecule AB and the metal complex L,M
prepared either by flash photolysis of the AB complex or by diffusion of AB to L,M

ML, (NO) + Y —*% ML, Y + NO. @)

Since NO is a free radical, a key question is whether its ligand substitutions on
metal centers occur by mechanisms analogous to those of other small ligands such
as CO that are not free radicals. Various studies have shown a substitution reactivity
pattern for NO similar to that seen for other Lewis bases; however, there clearly are
differences. Since the odd electron of NO resides in the n* orbital, it very likely
does not become involved in the overall bonding until the metal-NO bond is largely
formed, so in this regard, a key question might be whether the transition state lies
early or late along the reaction coordinate.

One example where the reactivity difference between NO and CO is quite
apparent concerns the back reaction of the geminate pairs {L,M, AB} formed by
flash photolysis1 of a L,M-AB complex (Scheme 2, AB = NO, CO, or similar
small molecule). An analogous encounter pair would also be expected to form by
the diffusion of L,M and AB together. For cases where L, M is incorporated into a
protein, such as the heme centers in myoglobin (Mb) or hemoglobin, ultrafast laser
flash photolysis has been used to probe the dynamics of such geminate pairs.
Typically the kinetics display significant differences between NO and CO, the
recombination of the metal center with NO being much faster. In this context,
Fig. 4 illustrates the different AG* barriers for geminate recombination of ferrous
Mb with NO, O,, and CO [63]. The barrier for the recombination with NO is so
small that very little NO escapes from the protein pocket upon flash photolysis of
the Mb(NO) adduct owing to efficient recombination. In contrast, the barrier is
much larger for the recombination with CO, so the quantum yields for photo-
induced release of CO from Mb(CO) are much greater. These differences have
been attributed in part to the required spin-state changes undertaken by the Mb upon
coordination of these ligands [64, 65]. Interpreting these kinetics data required
proposing a distribution of geminate pair configurations and protein conformations,
each characterized by its own recombination rate [66, 67]. A similar behavior has
been noted for other heme proteins [68].

"The flash photolysis kinetics studies generally employ a pump-probe approach. Typically, the
pump pulse is delivered from a laser. The time frame of the experiment will depend in part upon
the length of the laser pulse, which in some systems can be as short as a few fs. The probe can be a
continuous or pulsed source at wavelengths ranging from the ultraviolet into the infrared
depending upon the detection system, the time constant of which is typically matched to that of
the pump system.
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Fig. 4 Illustration of the different barriers defining the kinetics of the geminate recombination of
Mb with CO, O,, or NO (adapted from [63])

Another example where ligand free radical character apparently plays a role is
the slow reaction of NO with the d° ruthenium(IIl) complex ion Ru(NH3)63+ 3).
Taube and coworkers [69] studied the aqueous solution kinetics of this process and
found the second-order rate constant to be much larger (kno = 0.2 M s at
298 K) than the replacement of NH; by typical Lewis bases such as water. As a
result these workers concluded that the reaction proceeds by an associative path-
way, whereby the paramagnetic Ru(Ill) center engages the NO radical to give a
seven-coordinate intermediate [Ru(NH3)6(NO)]3+, which then loses NH;. This
mechanism gains further support from subsequent studies of the temperature [70]
and hydrostatic pressure effects [71] on the kinetics that determined the activation
enthalpy AH?* to be small (36 kJ mol "), the activation entropy AS* to be large and
negative (—138 J K mol ™), and the activation volume AV* also to be large and
negative (—13.6 cm 3 molfl).

Ru(NH3),*" + NO + H — Ru(NH;)5(NO)** + NH, ™. ?3)

Interestingly, Armor and Pell [70] found entirely different products when the
reaction of Ru(NH3)63 * with NO was carried out in alkaline solution. Above pH 8.3,
the sole ruthenium product was the Ru(Il) dinitrogen complex Ru(NH3)5(N2)2+.
Under these conditions the dominant reaction is not ligand substitution but instead
appears to be NO attack on a coordinated amide ligand (—NH; ") coupled with
reduction of the ruthenium [72]. Although this is an unusual mechanism, we will
see below that a similar pathway can be invoked to describe the reactivity of certain
copper(Il) complexes used as NO sensors.



110 P.C. Ford et al.

Rz

Scheme 3 Illustration of some M(Por) complexes are discussed here. TPP has R; = Ph and
R, = H. TPPS is the same except that the phenyl groups are sulfonated to provide water solubility,
and OEP has R; = H and R, = Et. Porphinato, which is often used in computational modeling,
hasR; =Hand R, = H

4.2 Rates of NO Reactions with Hemes and Heme Models

Given their importance to the chemical biology of NO, it is not surprising that the
formation and decay of nitrosyl complexes of heme proteins and of ferrous and
ferric porphyrins heme models (Scheme 3) have been subject to considerable
scrutiny. The very strong UV/visible absorptions of the metalloporphyrins and the
sensitivity of these bands to the nature of the axial ligands make these systems ideal
for using optical spectroscopy to follow the reaction dynamics with experimental
time constants ranging from hours to less than a picosecond. The biological
relevance of the “on” and “off” reactions (4) is emphasized by noting that the
activation of sGC involves such an “on” reaction where the acceptor site of sGC is a
Fe"'(PPIX) moiety. Nitric oxide effects such as cytochrome oxidase inhibition also
involve coordination at heme iron, so delineating the “on” reaction dynamics is
crucial to understanding NO biochemistry. Similarly, processes such as sGC deac-
tivation and NO generation by NOS must involve Fe—-NO bond labilization, so the
“off” reaction dynamics are equally important.

M(Por) + NO =2 M(Por)(NO). @)

kotr

Early flash photolysis studies of nitrosyl heme protein and heme model
complexes [73—77] actually preceded recognition of NO’s importance as a
bioregulator. For example, flash lamp photolysis techniques were used to determine
quantum yields (<I>dis)2 for CO, O,, and NO release from the respective myoglobin
complexes as ~1.0, <10~ and <102, while photo-induced NO loss from the ferric

2 The quantum yield ® is a quantitative measure of the photoreaction efficiency and can be defined
as the number of moles of the photoproduct formed (either transiently or permanently) per Einstein
of light absorbed by the system.
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metmyoglobin analog metMb(NO) gave a @4, of ~1.0 [75]. Subsequent studies
using faster ns laser flash photolysis techniques [76] reported a @gy;s of 0.1 for NO
loss from the ferrous model heme complex Fe'(PPIX)(1-MeIm)(NO), much larger
than for Mb(NO) but still significantly less than unity. The larger ®g;, for
Fe''(PPIX)(1-MeIm)(NO) relative to Mb(NO) was interpreted in terms of a mecha-
nism in which NO photolabilization first gives a {heme:NO} “encounter pair”
surrounded by a solvent cage or embedded in a protein pocket as illustrated
above in Scheme 2. Separation of this geminate pair was presumed to be much
more facile for the solvated heme model than from the protein pocket. The result is
that the NO undergoes recombination with the metal in the latter case more readily
than it does diffusion away to give net ligand labilization. This scheme has been
confirmed by a number of ultrafast flash photolysis studies that observed the
geminate pair directly and have probed the influence of protein structure
(as modified by site-directed mutagenesis) on the efficiency and dynamics of the
ligand escape relative to recapture [63, 66, 68, 78, 79].

Mb(AB)—Y»Mb + AB. (5)

The much higher net photolability of nitrosyl metalloporphyrins in the absence
of the protein was further demonstrated by ns laser flash photolysis (355 nm) studies
of the ferrous complexes Fe''(TPP)(NO) in benzene solution [80] and Fe''(TPPS)
(NO) (TPPS = tetra(4-sulfonatophenyl)porphyrin) in aqueous solution [81]. In
these cases, @g4;s values for NO photolabilization were 0.5 and 0.16, respectively.
However, for such measurements, the measured value ®4;; may be dependent upon
the time interval of observation. If the back reaction to re-form the original complex
is facile (6), products initially formed by the photochemical step may have low
steady-state concentrations; thus, the apparent ®g4 values measured under
low-intensity continuous photolysis would be small. However, the products
would be directly observable using flash photolysis techniques with the appropriate
time resolution.

b
M(Por)(NO) = M(Por) + NO (6)
k., INO]

NO photodissociation from nitrosyl metalloporphyrins is commonly reversible,
so pulsed laser techniques are well suited for investigating the kinetics of the
nitrosylation reaction. In such studies, flash photoexcitation using a pulsed laser
is used to labilize NO from the M(Por)(NO) precursor, and subsequent relaxation of
the non-steady-state system back to equilibrium (4) is monitored spectroscopically,
usually in the presence of excess NO (Fig. 5) [82]. Under these conditions, the
transient spectra would decay exponentially to give the observed rate constant Kqps
for the return of the system to equilibrium. For the simple model photoreaction
indicated by (4), a plot of k., vs. NO concentration should be linear according to
(7), where the slope k,, equals the rate constant for the second-order thermal back
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Fig. 5 Transient difference spectrum 50 ns after 355 nm flash photolysis of FeH(TMPS)(NO).
Inset: Relaxation to equilibrium at 426 nm (Adapted with permission from [82]. Copyright 2001
American Chemical Society)

reaction and the intercept k. is the overall rate constant for spontaneous (thermal)
NO release from the complex.

kobs — Kon [NO] + koff (7)

The equilibrium constant Kyo for the formation of M(Por)(NO) from M(Por)
and NO under those conditions can be calculated from the ratio kyn/kos. For
example, k., and k. values have been determined using the flash photolysis
kinetics technique for the nitrosyl complexes of metMb, ferri cytochrome ¢ and
catalase, and the Kno’s so measured agreed well with values measured by static
spectroscopic methods. However, when Ko is very large, this is not a reliable
method for measuring kg, since the intercept in that case is often of the same
magnitude as the experimental error. This is a common problem with ferrous heme
protein and model nitrosyls, since they typically display very high Kno values
and very small kg values. To address this, k. can be sometimes determined
by following the thermal disappearance of the M(Por)(NO) by trapping any
NO released by using another compound with a very high affinity for NO,
therefore serving as a NO sink. One trapping agent that has proved useful in this
regard is the Ru(Ill) complex Ru(EDTA) [83]. However, this method is only
accurate if the spontaneous NO release rate is not perturbed by the presence of
the trapping agent.

Time-resolved spectroscopy has been used to define the kinetics of numerous
nitrosyl metalloproteins and models under ambient conditions. Table 2 provides
some examples of rate constants measured for various ferrous and ferric heme
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Table 2 Representative k,, and kg (298 K) values for Fe(Il) and Fe(Ill) heme models and
proteins in near neutral aqueous solutions unless noted (Adapted from Table 1 of [84], Copyright:
American Chemical Society)

kon (M7l sfl) kotr (sfl) Reference
Fe' models/proteins®
Fe'''(TPPS)® 45 x 10° 500 (82]
Fe™(TMPS)® 9.6 x 10° 51 (82]
Fe'' (TMPS)(OH)? 7.4 x 10° 1.5 [85]
metMb® 1.9 x 10° 13.6 [81]
metMb' 4.8 x 10* 43 [83]
Cyt™ e 7.2 x 10% 44 x 1072 [81]
Cat" 3.0 x 107 1.7 x 10? (82]

1.3 x 107 1.6 [79]
eNOS ! 8.2 x 10° 70 [86]
nNOS J 2.1 x 107 40 (87]
NPn * 1.5-5.5 x 10° 0.006-12.7 (88]
P450 CYP125! 17.1 x 10° 11.2 [89]
P450.,m CYP101™ 0.32 x 10° (34.5 x 10%) 0.35 (1.93) [90]
Fe' models/proteins
Fe'(TPPS)® 1.5 x 10° 6.4 x 1074 (82]
Hb,T " 2.6 x 107 3.0 x 1073 (63]
Hb,R " 2.6 x 107 1.5 x 1074 [63]
sGC °© 14 x 108 6-8 x 1074 [91]
sGCP - 5.0 x 1072 [91]
Mb 4 1.7 x 107 1.2 x 107 (63]
Cyt"" 8.3 29 x 1073 (81]
eNOS * 1.1 x 108 70 (86]
nNOS * 1.1 x 107 ~0 (87]
P450 BM3 ! 47 x 10° 13.8 [92]
P. aeruginosa cd; NiR" 3.9 x 108 ~27.5,3.8 [93]
2eNOS endothelial nitric oxide synthase, nNOS neuronal nitric oxide synthase, NPn nitrophorin
2298 K, pH 3
282 K, pH 3
9283 K, pH 11

298 K, sperm whale skeletal metMb

98 K, horse heart metMb

€293 K

"293 K

1283 K, 1 mM arginine

ij 7.8, 293 K, heme domain

kRange of 298 K rate constants for NPnl, NPn2, NPn3, and NPn4, pH 5.0 and pH 8.0; the ko
displays two phases

'10°C

M25°C, pH 7.4; values in parentheses are rate constants for camphor-bound protein
293 K; two phases are observed for NO binding

°pH 7.4, 293 K, 3 mM Mg?*, 0.5 mM GTP

PPhosphate buffer pH 7.0, 293 K

9H,0, pH 6.5

283 K, 1 mM arginine

*pH 7.8, 293 K, heme domain

‘pH 7.0, 283 K

“30°C, pH 7.0

Y20°C, pH 7
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proteins and models [63, 81-93] and illustrates the range of k,, and k¢ values
found for ferriheme and ferroheme proteins. As noted above, the small values of kg
for the latter lead to very large Kno’s, although ferrous cytochrome ¢ (Cyt™) is an
exception. The latter also displays a very small k,,, presumably owing to the
six-coordinate nature of Cyt" for which the axial sites are occupied by an imidazole
nitrogen and a methionine sulfur of the protein, so that forming a nitrosyl complex
requires both ligand displacement and protein conformational changes. There are
other ferrous heme proteins such as neuroglobin and the nonsymbiotic hemoglobin
from Arabidopsis thaliana (AHbl) that exist in equilibrium between a
six-coordinate form with histidines occupying both axial sites and a five-coordinate
form [94, 95]. Understandably, the six-coordinate form is considerably less reactive
with NO than is the five-coordinate analog. The ferric forms of catalase and nNOS
are both more reactive than the model complex Fe"(TPPS). Thus, it appears that in
these cases, the protein structure accelerates nitrosyl formation; in contrast, the kg
values for metMb, Cytm, and cat are all smaller than for Fem(TPPS), consistent
with retardation of NO dissociation by those proteins.

The usually small k. values for the ferroheme proteins are relevant to the
question of how soluble guanylyl cyclase, once activated by forming an NO
complex, is turned off. Stopped-flow kinetics techniques were used by Koesling
and coworkers to study loss of NO from sGC-NO [91], and these workers reported a
first-order rate constant of ~7 x 10~* s~ in 293 K, pH 7.4 buffered solution. This
is a kg value typical of ferroheme globins (Table 2). When excess substrate
guanylyl triphosphate (GTP, 5 mM) and the cofactor Mg** (3 mM) were present,
the rate was significantly faster (ko ~ 5 X 1072 sfl), and a subsequent study
suggested that the in vivo rate of sGC deactivation may be several orders of
magnitude higher [96].

Although ferrous nitrosyl porphyrinato complexes and ferrous nitrosyl heme
proteins are commonly assumed to be unreactive toward NO dissociation, it is clear
from the k¢ values listed in Table 2 that there is a wide range of NO dissociation
rates. Several of the proteins listed are as much as five orders of magnitude more
reactive than Mb(NO), for example, a notable feature being that the more labile
species have thiolates as proximal ligands. In this context, computational studies on
the simple system Fe''(P)(L)(NO) (where P?~ is the dianion of porphine)
have shown that the Fe—NO bond length is predicted to be longer (and weaker)
when the proximal ligand L is a thiol or thiolate than when L is H,O or an imidazole
[59, 61]. While it is not surprising that the proximal ligand may have a major effect
on the lability of a ferroheme coordinated NO, this topic remains to be explored
systematically.
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4.3 Mechanistic Studies of NO “On” and “Off”’ Reactions
with Hemes and Heme Models

While it is clear from the experiments cited above that formation of nitrosyl heme
complexes are generally much faster if the distal and proximal coordination sites
are not both occupied by a strongly bonding ligand, this observation does not define
whether the mechanism of NO attachment is associative or dissociative. To address
this issue, Laverman and coworkers [82, 83] used laser flash photolysis kinetics to
probe temperature and hydrostatic pressure effects on the rates of NO reactions with
the water-soluble complexes FeIH(Por) (Por = TPPS or TMPS) and for metMb. In
each case, the iron(III) centers are six-coordinate, but unlike the ruthenium(III)
example discussed above, the axial H,O ligands are quite labile. These kinetics data
were then used to calculate the enthalpies, entropies, and volumes of activation
(AH*, AS* and AV*) for the “on” and “off” reactions. The large and positive
activation entropies and volumes for both k,, and k.¢ are strong indications of
substitutions dominated by ligand dissociation ((8) and (9)).

k
Fe' (Por) (H,0), = Fe"(Por)(H,0) + H,0, 8)
-1
k.
Fe (Por) (H,0) + NO k: Fe" (Por) (H,0)(NO). ©)
-2

This mechanism implies that H;O exchange with FeHI(Por)(HzO)z should be
much faster than the reaction with NO, and this was indeed previously been
reported by Hunt et al. for Fe™(TPPS)(H,0), (key = 1.4 x 107 s~ ' in 298 K
water) [97]. Furthermore, these workers reported AHiex (57 kJ mol™!) and ASieX
(+841] K! molfl) values similar to the respective k,, activation parameters for the
NO reaction with Fe"™(TPPS)(H,0), (69 kJ mol™' and 95 J K' mol ™).
A subsequent study by van Eldik et al. using NMR techniques [98] reported
AH*., = 67 kI mol™!, AS*., = +99 T mol ™! K™, and AV*,, = +7.9 cm® mol ™!
for Fe"(TPPS)(H,0), in even better agreement with the k,, activation parameters
for the reaction of NO with this heme model (AV*,, =9 + 1 cm® mol™})
[82]. Thus, the solvent exchange kinetics for FeIII(TPPS)(H20)2 confirm that the
kon activation parameters are largely defined by ligand dissociation, the limiting
step being (8). Notably, the k., activation parameters for metMb are similar
(AH*,, = 63 kJ mol™") with large and positive values of AS*, (+55 Jmol ' K™!)
and AV¥,, (+20 £ 6 cm® mol ™), so the protein apparently does not change the
mechanism [83].

Coordination of NO to the high-spin iron of Fe (Por) is accompanied by
considerable charge transfer to give a linearly bonded, diamagnetic complex that
can be formally represented as Fe''(Por)(NO™). Thus, the activation parameters for
kogr should also reflect the intrinsic entropy and volume changes associated with
the spin change and solvent reorganization as the charge relocalizes on the metal.

111
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This argument is consistent with the large and positive AVIOff values for Fe'(Por)
(H,O)(NO) (Avioff = +18 and +17 cm > mol! for Por = TPPS and TMPS,
respectively) [82]. The principle of microscopic reversibility tells us that the
lowest-energy pathway of the “off” reaction should involve the same reactive
intermediates as the “on” reaction ((8) and (9)).

Laverman also investigated the flash photolysis kinetics of the water-soluble
ferrous complexes FeH(TPPS) and FeH(TMPS) in the presence of excess NO [82].
As is common for ferrous heme globins and models, the “on” rates are ~3 orders of
magnitude faster than for the ferric analogs (Table 2). Correspondingly, the activa-
tion parameters for k., are consistent with processes largely defined by diffusion,
even though the rate constants are about an order of magnitude less than diffusion
limits in water. Since the ferroheme center may be five-coordinate in such cases,
formation of the metal-NO bond would not be rate-limited by ligand labilization,
but instead would reflect the formation of an encounter complex such as illustrated
in Scheme 2.

The “off” reactions for ferrous models such as Fe''(TPPS)(NO) are too slow to
measure by the flash photolysis technique. When trapping methods were used in an
attempt to evaluate loss of NO from Fe'l(TPPS)(NO), k. values were found to be
quite small but were sensitive to the nature of the trapping agents used, since Lewis
bases that could coordinate at the proximal site appeared to accelerate NO loss
[82]. More reliable estimates for the uncatalyzed “off” reaction were obtained by
using Ru(EDTA) as a NO scavenger, and the kg values listed for Fe'(TPPS)
(NO) in Table 2 was obtained in this manner.

4.4 Non-Heme Iron Complexes

Given the growing interest in the biological chemistry of the nitrosyl complexes of
non-heme iron, especially the DNICs [31-34, 99—103], there is a need to have a
better understanding of the rates and mechanisms of the reactions leading to the
formation and decay of such species. It has been shown that dinitrosyl iron species
(DNICs) are rapidly formed in cells from the chelatable iron pool (CIP) by the
reaction with NO donors [32]. Notably, such reactions have not been studied as
extensively or quantitatively as those of the metalloporphyrin complexes, although
some information is available through a combination of techniques.

For example, when a neutral aqueous solution of Roussin’s red salt anion
Fez(p-S)z(NO)42_ (RRS?", Na' salt) was subjected to flash photolysis, the
spectral changes and kinetics behavior indicate one NO is labilized to give the
Fez(p—S)z(NO)f* anion (10) [104]. The back reaction is quite fast with a second-
order rate constant of k,, = 9.1 X 108 M~ s, In aerated solution, this interme-
diate is competitively trapped by the more plentiful O, (kox = 5.6 x 10’ M~'s™h)
to give (eventually) the stable Roussin’s black salt anion Fe,S;(NO); (RBS"). In
a separate study by Samina et al. [105], the rates of spontaneous NO release from
several dinuclear DNICs including RRS (11) were investigated by following
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changes in the optical spectrum of hemoglobin, which traps the NO as it is
released to give Hb(NO). For RRS?, the first-order rate constant ko measured
in this way was 0.061 x 107 s'. Accordingly, we can estimate the equilibrium
constant for NO dissociation from RRS®>" (11) from the ratio kog/ko, as
K, =~1075M.

hv

Fe,S,(NO), - —— Fe;S,(NO);>- + NO (10)
’\lu‘l

Fe,S,(NO),”” = Fe,S,(NO),*~ + NO. (11)

Analogous flash photolysis studies were carried out on the anionic Roussin’s
red ester Fez(p—SCHZCHZSO3)2(NO)42’ in aqueous solution. These gave a ko,
value of 1.1 x 10° M~' s7! for the reaction equivalent to that described by
(10) [26]. Although k., has not been measured for this compound, it has been
determined for several similar esters, and ko values of (1-9) x 1072 s were
found [105]. Thus, the equilibrium constant for NO dissociation from such RSEs
would appear to be about 10~ > M.

Flash photolysis studies of Roussin’s black salt anion Fe,S3;(NO); displayed
similar reversible NO photodissociation in aqueous solutions [106]. In this case,
two back reaction pathways with &, values of 1.3 x 10" and 7.0 x 10° M~ s~
were observed. A time-resolved optical and infrared spectroscopic study revealed
two separate intermediates, both of which react with NO to re-form the parent
complex. The identities of the intermediates are interpreted in terms of photolytic
loss of chemically distinct nitrosyls found on the Fe,S;(NO),; anion. The “off”
reaction rates have not been reported, but must be slow.

Despite reports that dinitrosyl-iron complexes are the most abundant nitric
oxide-derived cellular adducts [34], quantitative investigations of DNIC formation
are quite limited. Vanin and coworkers [107] studied the reaction between Fe’",
nitrosothiol (RSNO), and thiol (RSH = cysteine or glutathione) and demonstrated
that first a mononitrosyl iron complex Fe(NO)(RS),, is formed followed by forma-
tion of the DNIC [Fe(NO),(RS),]" ((12) and (13)). MNIC formation apparently
occurs by a direct reaction between S-nitrosothiols and Fe>* ions with rate constants
of 3.0 and 30 M~ s~ for S-nitrosoglutathione and S-nitrosocysteine, respectively
(100 mM Hepes buffer, pH 7.4). Since deoxyhemoglobin does not inhibit
subsequent formation of DNIC, the reaction apparently does not require the release
of free NO from the RSNO.
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+

[Fe"(RS™),]* ™" + RSNO — [Fe(NO)(RS™),]* V" +Rs,  (12)

[Fe(NO)(RS),] ™" + RSNO — [Fe(NO),(RS),]" + (x— 1) RS~ (13)

The reaction of NO with the simple aqueous complex Fe(H,0)¢>" may be an
important first step in the formation of DNICs from iron in the chelatable iron pool,
and the kinetics of this reaction has been studied by Wanat et al. using stopped-flow
and flash photolysis kinetics techniques [108]. The k., and k¢ values determined
were, respectively, 1.42 X 10°M s 'and 3.2 x 10°s7! (25°C). On the basis of
the activation parameters, it was argued that this reaction follows an interchange
dissociative mechanism, similar to that for the water exchange reaction with
Fe(H,0)¢>". Given that the DNICs are very stable toward NO dissociation, the
relatively small equilibrium constant for (14) (K, = kon/kosr ~ 4 % 10? Mfl) is
noteworthy.

2+ Ko 2+
Fe(H,0),>" + NO = Fe(H,0),(NO)*". (14)

Kotr

Schneppensieper et al. [109] have determined the rates and activation parameters
for NO reactions with different ferrous aminocarboxylato complexes in aqueous
solution. The k., values ranged from 10°to 103 M~ ! 57! 24 x 10 M~ ! s7! for
FeH(EDTA)), while k. values were in the range 4 to 91 st 1 s~ ! for
Fe''(EDTA)). The reaction of NO with Fe"(EDTA) gave a AV*, of +4.1 cm™*
mol ™', and a dissociative interchange mechanism was proposed.

4.5 Other Metal Centers of Biological Interest

The mammalian chemical biology of NO includes interactions with Cu centers.
However, although a limited number of copper(I) and copper(II) nitrosyl complexes
have been prepared, there have been few kinetics studies probing the formation and
dissociation of such species. The ligand substitution reactions of both Cu(Il) and
Cu(I) are generally very fast owing to the high lability of their coordination spheres.
So, in this context, one might expect the NO “on” reactions to be similarly fast.
However, given that Cu—NO complexes tend to be unstable, the “off” reactions are
also likely to be relatively fast. One study of Cu—NO ligand substitution reactions
involved the flash photolysis of a model system consisting of a heme model
complex and a second copper complex in solution (at varying ratios) under an
inert atmosphere as a model for heme—copper oxidases [110]. The two components
were the six-coordinate ferrous species, FeH(FgPor)(NO)(THF) [FgPor = tetrakis
(2,6-difluorophenyl)porphyrinate® ), while the other was a Cu'L unit (L = the
tridentate ligand bis-(2-pyridylmethyl)(benzyl)amine or the tetradentate ligand
tris(2-pyridylmethyl)-amine). Flash photolysis led to NO labilization from
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Scheme 4 Tllustration showing the flash photolysis of a mixture of a Cu' complex (R = phenyl or
2-pyridyl) with a NO or CO (XO) complex of Fe''(FgPor) (B = THF when XO = NO) in THF
solution. Photolysis-induced XO labilization is followed by trapping by the Cu', followed by
slower transfer of XO back to the Fe" center (Reprinted with permission from [110]. Copyright
2009 American Chemical Society)

Fe''(FgPor)(NO)(THF) followed by competitive NO trapping by the Fe'" and Cu'
centers. Subsequently, a slower, first-order process was observed, indicating that
the NO trapped by the cuprous center was being released then recaptured by the Fe'!
(Scheme 4).

Given that trapping of NO by the ferrous complex would be expected to occur
with near diffusion-limited second-order rate constants (~10° M~' s™1), the com-
petitive trapping by Cu' suggests that the rate constants for the NO reaction of these
Cu' centers are comparable. If the subsequent slower process is rate-limited by
dissociation of NO from the Cu'-NO center, the apparent rate constant (64 s~ ' at
298 K) implies that the first-order NO dissociation rate constant is ~10> s~ '. These
values give kon/kosr = ~10" M! as an estimate overall equilibrium constant for
Cu-NO bonding, which is substantial, but less than that typical for ferrous heme
proteins and models.

Another metal-NO interaction of potential biological interest is the cobalt of
vitamin Bi,. The reduced (COH) form of aquacobalamin binds nitric oxide to yield
the adduct CbI(II)(NO) with an equilibrium constant of ~10® M™! (25°C)
[111]. Flash photolysis led to the transient disruption of this equilibrium followed
by relaxation back to the equilibrium state. Varying the NO concentration allowed
Wolak et al. [112] to determine the k,, for reforming the Co-NO bond as
7.4 x 10* M~" s7', a value that is comparable to the second-order rate constants
reported for reactions of free radicals with reduced cobalamin. The k¢ value was
determined by using Fe(EDTA) trapping of NO, and the resulting k,,/ko ratio is, as
it should be, in good agreement with the K4 value reported previously. Notably,
while the cobalamin-NO interaction has drawn some interest, it is not clear what
physiological role this might play.
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ChI(IT)(H,0) + NO =2 ChI(IT)(NO). (15)

kotr

A recent publication by Bakac et al. [113] has reported the results of flash
photolysis and NO scavenger kinetics studies to determine the NO k,, and k¢
values, respectively, for several other cobalt(I) macrocycle complexes and their
rhodium(II) analogs as well as for the Cr(Il) nitrosyl complex Cr(HZO)S(NO)2+.
These rate constants as well as literature values were then used to calculate the Kno
values for nitrosyl complex formation in solution, which were compared to Ko,
values for formation of the analogous dioxygen complexes. The plot of log Kno
vs. log Ko, in 298 K aqueous solution proved to be linear with a unitary slope,
indicating a direct correlation between the intrinsic bonding affinities of NO and O,
for these metal centers. However, such a correlation would not carry over to the
heme proteins given the huge differences in the affinities of O, and NO for soluble
guanylyl cyclase and for myoglobin that can be attributed to the different
interactions of the coordinated diatomic ligands with the protein amino acid
residues [6].

In this section we have focused on the reactions of NO with Cu and Fe systems
primarily by the reaction of these metal complexes with NO itself. However, there
are other pathways to nitrosyl complexes. For example, nitrite reduction concomi-
tant with (formal) oxidation of the metal can lead to a metal-nitrosyl complex
illustrated in (16) [114-117].

LM" +NO,” +2 H" = LM(NO)™V* + H,0. (16)

5 Reductive Nitrosylation and Other Reactions
of Coordinated NO

Ligand-metal bonding generally involves electronic redistribution owing to the
balance between ligand-to-metal o- and n- donation and metal-to-ligand-
backbonding. NO is especially versatile in this regard, as we have described
above in Sect. 2. If there is charge transfer to the metal center resulting (formally)
in a coordinated nitrosonium cation (NO™), that species might have enhanced
susceptibility to reactions with nucleophiles. On the other hand, if such charge
transfer is in the opposite direction, the resulting coordinated nitroxyl anion NO™
may be susceptible to electrophilic attack. However, it is worth remembering that
the nitrosyl typically undergoes reverse dissociation as a neutral NO, so assigning
the oxidation states in this manner is rather arbitrary.
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Scheme 5 Mechanism FeHI(P) + NO
proposed by Hoshino
et al. [122] for the reductive K
. . NO
nitrosylation of selected
ferriheme proteins - Kon[OH] -
(P = porphyrin ligand) Fe™ (P)(NO) =———— Fe (P)(NO,H)

kg
NO NO,” +H*
Fe''(P)(NO) 44 Fe'(P)

k2[NO]

5.1 Reactions of Iron(1lI) Nitrosyls with Nucleophiles

Nucleophilic reactions with coordinated NO can be illustrated by the long-known
reversible reaction of hydroxide with the nitrosyl ligand of the nitroprusside ion
(NP) (17). The reaction rate is first order each in [OH] and in [Fe(CN)5(NO)27]
[118], so the likely reactive intermediate is the hydroxide adduct Fe(CN)s(N(O)OH)™".
The reaction is reversed in acidic solution. NP reacts with other nucleophiles such as
mercaptans (RSH) and mercaptides (RS™) to form deeply colored metal
nitroso—thiolato intermediates [118]. These are unstable and decay via formation of
disulfides and reduced NP, which subsequently decomposes by cyanide loss. Such
reactions have physiological significance given that sodium nitroprusside has long
been used as an intravenously administered vasodilator for hypertensive emergencies
[119, 120].

Fe(CN)s(NO)*~ +2 OH™ = Fe(CN),(NO,)*~ 4 H,0. (17)

Facile nucleophilic attack at a coordinated nitrosyl is the likely mechanism for
the NO reduction of metal centers. Ferric porphyrins have long been known
to undergo such ‘“reductive nitrosylation” in the presence of excess NO
[47, 72, 121]. For example, when aqueous metHb is exposed to excess NO, the
product is the ferrohemoglobin NO adduct, Hb(NO) (Scheme 5) [122]. Other
ferriheme proteins such as cytochrome ¢ (Cyt™) and metMb are reduced by excess
NO in aqueous solutions at pH values >7, but metHb is susceptible even at lower
pH. The kinetics behavior for Cyt"" and metMb with regard to the NO concentra-
tion and the pH is consistent with the proposed base catalyzed mechanism shown in
Scheme 5. However, it is important to recognize that the driving force of the
reductive nitrosylation of the heme proteins and models at near neutral pH is the
very great stability of the ferrous nitrosyl complexes formed under excess NO. In
the absence of excess NO, the reverse reaction, namely, nitrite reduction by the
ferrous complexes, is thermodynamically favored [117, 123].
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Scheme 6 Proposed mechanism for the nitrite catalysis of the reductive nitrosylation of
Fe'"(TPPS), metHb, and metMb [127]

The nitrosyl complex of metMb has also been reported to react with the biological
antioxidant glutathione GSH (in the presence of excess NO) to give Mb(NO) and
S-nitrosoglutathione (GSNO) [124]. The GSH reaction with metMb(NO) is surpris-
ingly facile, given that the smaller and more basic hydroxide ion is only an order of
magnitude more reactive [122]. Nonetheless, this result points to the potential role of
ferriheme nitrosyls acting as nitrosating agents toward biologically relevant
nucleophiles [125, 126].

More recent studies by Fernandez et al. demonstrated that the reductive
nitrosylations of Fe"'(TPPS) [127] and of metHb and metMb [128] are promoted
by general base catalysis and by other nucleophiles, including nitrite ion (Scheme 6).
In the case of the latter, the catalytic role of nitrite in promoting reductive
nitrosylation of these ferric heme models and proteins was first discovered in an
attempt to pin down experimental anomalies that were eventually attributed to the
ubiquitous NO, ™ impurities in aqueous NO solutions.

The observation of nitrite catalysis of ferriheme nitrosyl reactions has generated
considerable interest in the potential formation of N,O5 as an intermediate that
might assume key biological roles [129, 130]. Receiving particular attention is the
possibility that this reaction might explain the vasodilatory and other protective
effects of nitrite ion in mammalian physiology [131, 132].

5.2 Reduction of Copper(1l) Complexes by NO

The Cu(II) complex Cu(dmp)z(H20)2+ (dmp = 2,9-dimethyl-1,10-phenanthroline)
is a stronger oxidant than most Cu(Il) complexes (reduction potential = 0.58 V
vs. NHE) [133]. Since the Cu(phen)z(HZO)2+ analog (phen = 1,10-phenanthroline)
is a much weaker oxidant (0.18 V), this property can be attributed to the steric
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repulsion between the methyl groups of the respective dmp ligands that favors the
tetrahedral coordination of Cu(I) over the tetragonal pyramidal structure of Cu(II).

In methanol, Cu(dmp)z(Hzo)2+ reacts with NO to give Cu(dmp),” and methyl
nitrite (18); in water, the second product is NO,™ [134]. In CH,Cl,, the reaction
does not occur unless methanol is added. At a fixed pH, the kinetics in aqueous
solution proved to be first order in [NO] and in [Cu(dmp)z(H20)2+]. Addition of a
small concentration of NaNO, (5 x 1073 M) had no effect, although at higher
concentrations, various anions, including the conjugate bases of the buffers,
inhibited the reaction. This inhibition was attributed to competition for the labile
fifth coordination site of the Cu(Il).

Cu(dmp),(H,0)*" + NO + ROH — Cu(dmp),” + RONO + H* + H,0. (18)

One prospective mechanism discussed for this reaction would be simple outer
sphere electron transfer from NO to Cu(II) followed by hydrolysis of the resulting
NO*. Alternatively, a mechanism that is more consistent with the inhibition noted
above and closer to those discussed above for NO reductions of the ferriheme
proteins and models would be an inner sphere pathway such as illustrated in
Scheme 7. The latter alternative gains credence from studies showing that NO
reduction of the more sterically crowded, but stronger, oxidant Cu(dpp),>*
(dpp = 2,9-diphenyl-1,10-phenanthroline) is slower under comparable conditions
than the reduction of Cu(dmp)z(H20)2+ [135].

A somewhat different mechanism has prove necessary to interpret the
reaction of NO with the Cu(ll) complex Cu(DAC)** (DAC = 1,8-bis
(9-anthracylmethyl)(1,4,8,11-tetraaza-cyclotetradecane or bis(9-anthracylmethyl)-
cyclam) [136, 137]. Although free DAC is fluorescent, analogous solutions of
[Cu(DAC)]2+ are not, owing to intramolecular quenching by the Cu(Il) center.
Introduction of NO to a methanolic solution of Cu(DAC)** led to the disappearance
of the characteristic weak d—d absorption band at 566 nm and to the appearance of
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anthracene-type fluorescence. Cu(I) was detected electrochemically; however, in
marked contrast to (18), the reduction of Cu(Il) was accompanied by the
N-nitrosation and release of the DAC ligand (19) as evidenced by ESI-mass spectral
and "H-NMR analysis. It is this N-nitrosated DAC that is responsible for the strong
luminescence.

Emissive

The rate of the reaction depicted in (19) is relatively slow in neutral aqueous
media but is accelerated by base. Kinetic studies show it to be first order in the
concentrations of Cu(DAC)2+, NO, and OH™ [137]. Based on these observations,
two mechanisms have been discussed. The first is analogous to Scheme 7 with the
NO initially reacting at the Cu(Il) site to form a Cu"-NO (or Cu'-NO") complex.
This would be followed by deprotonation of one of the amines and NO" migration
to the resulting coordinated amide. Given that the DAC type ligand is well suited
for square planar coordination to Cu(Il) but is not well suited for tetrahedral
coordination to Cu(I), the nitrosated ligand is then released. The other proposed
mechanism involves NO attack at a coordinated amine that has been deprotonated.
This step would lead directly to amine nitrosation and concomitant reduction of
Cu(I) to Cu() (Scheme 8). This latter pathway is analogous to electron transfer
between metal centers involving a bridging ligand, and DFT calculations suggest
that this is the more favorable pathway [137].

Since reductions of metal centers by NO are generally thought to occur via
nucleophilic attack at an activated M™*-NO (M™*(NO")) species to give the
nitroso-nucleophile product and the reduced metal center [72], there was little
precedent for Scheme 8. An exception was the reaction of NO with Ru(NH;3)>*
in alkaline media, which is reported to give the Ru(Il) dinitrogen complex
Ru(NH;)s(N,)** [70]. Given that the latter reaction leads to the formation of an
N-N bond, it is likely that it is proceeding by NO attack on a coordinated amide
ligand [72] with concomitant reduction of the metal center. Such a mechanism for
the nitrosation of coordinated ligands may have broader implications. For example,
it was reported by Montfort et al. [138] that reaction of excess NO with bedbug
nitrophorin leads to nitrosylation and reduction of the heme iron as well as to



Mechanisms of Nitric Oxide Reactions Mediated by Biologically Relevant Metal Centers 125

Scheme 8 Prospective inner R
sphere electron transfer 2+
mechanism for the NO N ) ‘/\
reduction of Cu(DAC)** HN/Cu“—NH +OH" HN/Cu" +H,0
N
=\R =\R
+NO
R kg
A A
o -
HN/(,:uL_,N—NO i N—NO +Cut
A LA
=\R :\R

nitrosation of the proximal cysteinate ligand (cys-60). Similarly, van Eldik et al.
[139] described the reaction of a nitrosyl ferriheme thiolate complex with NO to
form Fe''(Por)(NO) and RS-NO (20). While these reactions could occur via
homolytic Fe—SR cleavage followed by trapping of RSe by NO, an alternative
could be NO attack at the coordinated thiolate ligand in analogy to the NO
reduction of Cu(DAC)2+. Furthermore, it is notable that the NO reaction with
a coordinated thiolate is the microscopic reverse of the decomposition of
S-nitrosothiols catalyzed by copper(I) [140], a reaction that is likely to proceed
via the initial coordination of Cu(I) at the RSNO sulfur followed by homolytic
dissociation of the RS—NO bond [141].

Fe(Por)(NO)(SR) + NO — Fe(Por)(NO) + RSNO. (20)

For some time, there has been an interest in possible utilization of the NO
reduction of coordinated metal complexes of luminescent ligands as turn-on sensors
for NO detection [142, 143]. In this context, it is of interest that in weakly
coordinating solvents, the cuprous complex Cu(dmp),” is strongly luminescent
from its metal-to-ligand charge transfer (MLCT) state(s), while the Cu(Il) analog is
not [144]. However, since the MLCT emission from Cu(dmp)," is strongly quenched
by nucleophiles, including H,O and CH3;OH, the reaction depicted by (18) would not
be an effective NO sensor, so another approach was needed. This was a stimulus for
exploring the reactions of Cu(DAC)**, since free ligand DAC is luminescent from its
anthracene chromophores, but its emission is nearly completely quenched in Cu
(DAC)**. The reaction of NO with Cu(DAC)** did lead to strongly enhanced
luminescence, the emissive luminophore being the nitrosated DAC; however, the
reaction was considered to be too slow at physiological pH to be of practical
application. Lim et al., however, saw greater potential in analogous systems and
were able to build sensitive NO sensors using Cu(Il) complexes such as CuL22+,
where L is a bidentate ligand such as dansyl ethylenediamine or dansyl aminomethyl-
pyridine [145], or CuH(Cl)(FL), where FL is a tridentate metal chelating ligand
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modified with a pendant fluorescein [146]. In each case NO reduction of the Cu
(IT) center leads to strongly enhanced (“turned on’’) emission from the ligands. In the
case of FL the luminophore product is the N-nitrosated FL-NO (21), which is actually
more fluorescent (Pr = 0.58) than FL itself (P = 0.08) owing to suppression of
electron transfer fluorescence quenching involving the free amine functionality
[147]. Cu"™(CI)(FL) has been utilized as a NO sensor in cell cultures and tissue.
Notably, a quantitative study of the NO reduction of CuH(Cl)(FL) found the rate to
be first order in [CuH(Cl)(FL)], [OH], and [NO] as seen for Cu(DAC)2+ [137], and an
inner sphere mechanism in analogy to Scheme 8 was proposed [147].

(21)

Mondal and coworkers have also prepared similar sensors with copper(Il)
coordinated by tridentate ligands with pendent dansyl groups that become much
more fluorescent when the Cu(Il) is reduced by NO in methanol [148]. In this case,
however, the ligand was not nitrosated, so a mechanism along the lines of Scheme 7 is
likely, although there was no direct evidence for the formation of a Cu"NO intermedi-
ate. Previous studies by this research group with other ligands did observe ligand
nitrosation occurring concomitant with NO reductions of Cu(Il) complexes [149].
In another interesting study [150], these researchers prepared the cupric complexes
Cu(2—aminomethylpyridine)22+ and Cu(tren)(AN)2+ (tren = bis-(2-aminoethyl)amine,
AN = acetonitrile). When an acetonitrile solution of the former complex was purged
with NO, immediate changes in the absorption spectra (shifts in the LF band from
582 to 660 nm) were apparent, and the solution became EPR silent. A similar pattern
was seen with Cu(tren)(AN)?*. This was followed by a slow reaction to form the final
products, which were Cu(I) plus species apparently formed by the diazotization of the
ligand primary amines. The FTIR spectrum of the transient species showed a strong
new band at 1,642 cm ™' that was attributed to the vno of a transient Cu''L,(NO)>*
complex. However, this vno occurred nearly 300 cm ™' lower frequency than that of the
structurally characterized Cu”(NO) complex reported by Hayton and coworkers [41],
so the difference is puzzling.

The redox chemistry between NO and Cu”* has also been invoked as being
important to the biological function of the multi-copper blood protein ceruloplas-
min, which has been termed a “nitric oxide oxidase” [151]. It was proposed that
ceruloplasmin is an NO oxidase that helps to maintain the homeostasis between
nitrite and NO in mammalian blood by converting NO to NO, .
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Scheme 9 Competitive CO and HNO photodissociation from Os(CO)Cl,(PPh;),(HNO) [154]

5.3 Protonation of Metal Nitrosyls

An important form of electrophilic attack on metal nitrosyls is protonation. An early
example of which is the reversible reaction of HCl with the osmium compound
Os(CO)CI(PPh3),(NO) to give the first structurally characterized N-coordinated
HNO complex Os(CO)Cl,(PPh3),(HNO) (Scheme 9) [152, 153]. Subsequent stud-
ies by Marhenke et al. [154] demonstrated that photolysis of the latter compound
led competitive reversible dissociation of CO and of HNO (Scheme 9).

A more biologically relevant example of M—NO protonation is the electrochem-
ical reduction/protonation of Mb(NO) demonstrated by Farmer and coworkers
[155]. Surfactant Mb(NO) films deposited on the graphite electrodes were shown
to undergo reduction to Mb(NO )gyrface (E12 = —0.63 V vs. NHE) accompanied by
protonation to give Mb(HNO)g.ce- At more negative potentials, the latter
was reported to undergo catalytic reaction with excess NO in solution to
give N,O. When Mb(HNO) was subsequently prepared in solution by reducing
Mb(NO) with Cr**, the nitroxyl proton was observable by 'H NMR as a singlet at
14.8 ppm [155].

Olabe and coworkers [156] have shown that the nitroprusside ion Fe(CN)s(NO)Z*
can be sequentially reduced by two electrons in aqueous solution. The product
of the second reduction Fe(CN)S(NO)4_ undergoes protonation (pK, 7.7) to give
an N-coordinated HNO complex (22) that is remarkably stable. The stability of
Fe(CN)s(NO)* clearly points to the NO functionality as being the site of the
second reduction, and this complex can be considered to be a low-spin d&°
Fe(Il) complex of the nitroxyl anion, that is, a FeH(NO*) species. If instead
the second electron was localized on the metal, the resulting low-spin d’
complex should be very labile toward ligand substitution. The proton NMR
spectrum shows a proton resonance at 20.02 ppm that splits into a doublet when
SNO-labeled nitroprusside was used.

Fe(CN)4(NO)*™ + H* = Fe(CN),(HNO)*". (22)
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The osmium, reduced myoglobin, and reduced nitroprusside cases described
above each involve protonation of a {MNO}® complex. A different example has
recently been reported where a {MNO}’ complex displays a tendency to decom-
pose slowly in aqueous solution presumably via protonation of the nitrosyl followed
by dissociation of HNO. In this case, the complex was the water-soluble heme
model Fe''(TPPS)(NO) that had been prepared in slightly acidic (pH 5.8) aqueous
buffer [149]. Although, such ferrous porphyrinato nitrosyls are often considered to
be quite unreactive, this solution slowly underwent spontaneous decay to give the
ferric species Fe'(TPPS) (23). The possible formation of HNO was first suggested
by the observation of N,O as a reaction product [157] (free HNO readily dimerizes
to nitrous oxide) [158, 159] and was later demonstrated by direct observation using
an HNO-specific electrochemical technique [61]. The proposal that this occurs via
protonation (effectively an oxidative addition of H*) followed by dissociation of
HNO was based on the pH-dependence of the reaction.

Fe''(TPPS)(NO) + H™ = Fe''(TPPS)(HNO) — Fe''(TPPS) + HNO.  (23)

The chemistry of HNO and the formation and reactions of HNO metal
complexes have been extensively reviewed [158—161].

5.4 Reactions with Dioxygen

Reactions with O, represent some of the most important processes involving NO
under physiological conditions. Nitric oxide autoxidation that is not mediated by
metal centers has been shown to display third-order kinetics (24) whether in the gas
phase, in aprotic solvents or in aqueous media [162]. The fact that this reaction rate
is second order in [NO] is particularly significant in the biological context. Under
the very low concentrations (nanomolar) where NO is an important signaling agent,
such as in blood pressure control, the reaction with oxygen is very slow. In contrast,
at the higher concentrations that are typical of induced NO production during
immune response to pathogens, the autoxidation process may play important
physiological roles, such as the generation of cytotoxic nitrogen oxides like N,Os.

— d[NOJ/df = kyu[NOJ[Oy). (24)

Notably, there are differences in the products observed in aqueous vs. non-aqueous
media and this may also have biological relevance. NO autoxidation in aqueous
solution leads to the formation of nitrous acid according to the stoichiometry
shown in (25) [163]. In contrast, the autoxidation product in aprotic media is nitrogen
dioxide, which is a much stronger oxidant toward cellular components
[164, 165]. Aprotic autoxidation may have particular relevance biologically owing
to the higher solubility of both NO and O, in hydrophobic media. As a consequence
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Scheme 10 Hypothetical pathways leading to the dioxygenation of NO by Mb(O,) or Hb(O;)
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of reactant partitioning between cellular hydrophobic and hydrophilic regions and the
third-order kinetics, a disproportionate fraction of autoxidation may occur in hydro-
phobic regions to give NO, as a key intermediate at these locations [166].

4NO + Oy + 2H,0 — 4H' + 4NO, . (25)

The reactivity of NO with O, is dramatically affected by coordination of one or
the other of these reactants to a metal center. For example, dioxygenation of NO by
oxymyoglobin (e.g. (26)) or by oxyhemoglobin is quite fast and occurs by a rate law
that is first order in NO concentration (e.g., —d[NO]/dt = k,[NO][Mb(O,)], k, =
>10"M s lat pH 7) [167, 168]. Furthermore, the NO, product is nitrate (NO3"),
not nitrite or nitrogen dioxide, and the other product is metMb. Such reactions are
generally considered to be important sinks that scavenge NO in the cardiovascular
system [169].

NO + Mb(0,) — metMb + NO; . (26)

Mechanistically, given that the O, bound to the iron of myoglobin or hemoglo-
bin is considered to have superoxide character, the rapid reaction with the free
radical NO is not surprising. Since the product of solution phase reaction of free O,
with NO is the peroxynitrite ion OONO™, one might expect that the first species
formed in the NO reaction with oxymyoglobin would be the corresponding
peroxynitrite complex (Scheme 10). This reaction has been the subject of several
fast-flow spectroscopic studies, and while earlier studies claimed to have observed
this intermediate, later ones concluded that the first species observable is the nitrate
complex Fem(NO3_) [170]. In this context, Kurtikyan et al. [171] used
low-temperature matrix spectroscopy to probe the reaction of the heme model
FeH(TPP)(Oz) (TPPZ’ = tetraphenylporphyrinato dianion) with NO. Even at
100 K, the purported peroxynitrite intermediate Fe'"(TPP)(OONO™) was not
observable, so it was concluded that once this species is formed, it must decay
very rapidly to the more stable nitrate complex Fe'"(TPP)(NO5"). Notably, differ-
ent computational approaches also disagree on the potential stability of that inter-
mediate [172, 173].
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Superficially, the reaction of O, with nitrosyl myoglobin Mb(NO) (27) appears
similar to that of NO with Mb(O,). This reaction has been studied in detail by
Skibsted and coworkers [174], owing in part to its importance to the stability of
cured meat. The same products, metMb and NO;~, are formed; however, the
oxygenation of Mb(NO) is very much slower and follows a different rate law.
Indeed several kinetics studies [174, 175] indicated the operation of two slow
(pseudo) first-order processes under an oxygen atmosphere with different activation
parameters, one of the two being modestly dependent on the O, concentration.
However, under one atm of O, at 30°C, the two rate constants were nearly the same,
~6 x 107* 57!, Notably, these values are close to the rate of spontaneous NO
dissociation from Mb(NO), and one of these was indeed attributed to NO dissocia-
tion followed by O, trapping of the resulting Mb to give Mb(O,), which then reacts
rapidly with NO according to (27) [174]. The efficiency of this step would be
enhanced by containment of NO in the hydrophobic pockets of the protein. For the
second kinetically detected process, it was suggested that O, plays a role in
labilizing the NO, although it is still dominated by dissociation. The reaction is
also markedly accelerated by light [176], consistent with the thermal autoxidation
of Mb(NO) being dominated by NO dissociation.

0, + Mb(NO) — metMb + NO; . Q27)

6 Summary

This chapter has provided a brief review of NO reactions with metal centers and our
principal focus has been on studies where quantitative photochemical and thermal
kinetics techniques have been used to probe reactions that may play key roles in the
biological activity of NO. As a consequence, we have concentrated principally on
reactivity involving iron and copper metal centers, but even with this approach, it
was necessary to leave out numerous topics relevant to chemists and chemical
biologists owing to the volume of information regarding the chemistry, biochemis-
try, and pathobiology of NO. For example, NO is a reversible inhibitor of the
critical redox protein cytochrome ¢ oxidase, which contains both hemes and a
redox-active copper site [177]. Furthermore, other closely related species such as
HNO and nitrite are drawing considerable attention as being key components of the
larger picture. Nonetheless, we can reemphasize certain important general patterns.
The first is that NO is a stable free radical that reacts readily with other free radicals
and redox-active metal centers, especially if the latter are substitution labile. For
example, mammalian blood pressure regulation by NO centers on the rapid reaction
with the ferroheme site of sGC, and this process must be fast with a large formation
constant if the low NO concentrations generated are to be effective. Key biological
roles not only involve formation and decay of nitrosyl complexes but also how NO
coordination affects the reactivities of the metal and other ligands and how the
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metal mediates the chemistry of the coordinated NO. Understanding the dynamics,
thermodynamics, and mechanisms of the relevant fundamental processes provides
insight into how the chemical biology of NO and other relevant nitrogen oxides
function.
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