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Abstract

The article presents a sampling of mechanistic studies on nitric oxide binding to metallobiomolecules. The main emphasis falls on

the application of ambient and high pressure laser flash photolysis techniques in the elucidation of the mechanism of the reaction of

NO with metals in active centres of biomolecules and complexes of potential medicinal application. # 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Bioinorganic chemistry is a rapidly developing field

with a high potential for application in medicine. It

offers the possibilities to design novel therapeutic and

diagnostic agents for the treatment and understanding

of diseases which are currently intractable. Progress in

inorganic medicinal chemistry depends strongly on

understanding both thermodynamics (structure and

equilibria) and kinetics (mechanism) of reactions of

metal complexes, especially under biologically relevant

conditions. The bioinorganic chemistry of nitric oxide

belongs to the current areas with exciting clinical

potential. Despite numerous investigations of NO inter-

actions with transition metal complexes, many questions
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concerning the fundamental chemical kinetics and

mechanism by which nitric oxide undergoes co-ordina-

tion to the metal centres of biological relevance still

remain unanswered. Elucidation of these mechanisms
will substantially facilitate the search for new drugs to

treat nitric oxide-mediated diseases.

2. Biological and medical aspects of nitric oxide

More than two decades ago, nitric oxide was just

another toxic molecule, one of many environmental

pollutants found in the exhaust fumes of petrol-driven
vehicles, photochemical smog and cigarette smoke. A

major conceptual change about nitric oxide took place

upon the discovery that it is synthesised and secreted by

a number of mammalian cells. The endogenous forma-

tion of nitric oxide plays a key role in many bioregula-

tory systems including the control of cardiovascular

function, signalling between nerves in both the periph-

eral and central nerve system, and defence against
micro-organisms and tumours. This expression of a

wide variety of effects is achieved by nitric oxide mainly

through its interaction with transition metals or thiols

strategically located at either allosteric or active sites of

NO responsive signalling proteins, ion channels, recep-

tors, enzymes and transcription factors.

A breakdown in the regulation of the metabolism of

NO leads to a number of diseases including
hypertension, epilepsy, diabetes, arthritis and septic

shock. Some of the methods to regulate nitric oxide

formation, metabolism and function, have been in

clinical use for more than a century, examples being

organic nitrates and nitroglycerin applied in the

treatment of angina pectoris. A novel approach is based

on the application of transition metal complexes.

Some of them, such as those of Fe and Ru, are capable
of regulating the level of NO in biological systems

without affecting NO-synthase action, by the release or

binding of nitric oxide in the situation of its under- or

over-production, respectively.

3. Ambient and high pressure laser photolysis

The kinetic approach to elucidate the mechanism of a

studied reaction involves the measurement of the reac-

tion rates and rate constants as a function of chemical

and physical variables. The time coverage for the

various kinetic techniques used in such measurements

is shown in Fig. 1a. Since photolabilisation of nitric

oxide from nitrosyl complexes of biological relevance is

often a reversible process, nanosecond pulsed laser
techniques are well suited for investigating the kinetics

of nitrosylation reactions. In such studies, flash photo-

lysis of an equilibrium mixture of M(L) and M(L)NO

leads to the labilisation of NO from the latter complex,

and if no permanent photoproduct is formed, relaxation

of the non-steady state system back to the equilibrium

position can be followed by spectrophotometric meth-

ods Scheme 1.

In order to obtain further mechanistic information

from the analysis of nitrosylation processes in terms of

volume changes along the reaction coordinate, the

combination of laser flash photolysis with high pressure

techniques has been employed (Fig. 1b). The additional

physical parameter of pressure adds not only a decisive

dimension to the mechanistic study of NO reactions, but

also enables the construction of reaction volume pro-

files.

Fig. 1. (a) The time scale of the various kinetic techniques. (b)

Photolysis high pressure vessel.

Scheme 1.
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4. Mechanistic studies on NO binding to

metallobiomolecules

4.1. Iron

In terms of biological activity, the most significant

property of NO is its interaction with the metal centre in

heme- and non-heme iron proteins. Clearly, an under-

standing of the nitric oxide interactions with iron centres

is essential to shed new light on the nature of biological
activity of nitric oxide in the human body, and to

facilitate the search for new medicines to treat nitric

oxide-mediated diseases.

4.1.1. Iron(II)/(III) hemoproteins and their model

complexes

Both guanylate cyclase, regarded as the main receptor

for NO, and NO-synthase, the enzyme catalysing the

biosynthesis of NO, are hemoproteins [1,2]. Heme

centres are also involved in NO inhibition of many

metalloenzymes such as cytochrome P450 [3], cyto-

chrome oxidase [4], catalase [5], nitrile hydratase [6] as

well as in the control of the NO concentration in blood

by conversion to NO3
� [7]. NO-hemoprotein interac-

tions also play an important role in vasodilating effects

of a ferriheme salivary protein (nitrophorins) of blood

sucking insects [8]. In addition, paramagnetic complexes

of nitrosylhemoglobin have received considerable atten-

tion for their potential use for in vivo monitoring of NO

production [9].

The application of laser flash photolysis techniques

enable one to measure the rate constant for the binding
of NO (kon), and in some cases also the rate constant for

the dissociation of NO (koff) for a number of ferri- and

ferro-hemoproteins. As can be seen from Table 1, the

second order rate constants, kon, for all studied proteins,

with the exception of cytochrom cII/III, are very high and

range from 103 to 108 M�1 s�1 [10�/19], being

significantly larger for the ferrous complexes. As already

mentioned in the literature, this range of rates can be

ascribed to the fact that facile reactions of NO with

heme proteins require either a very labile co-ordination

site (such as observed for the model porphyrin complex-

es*/see further discussion) or a vacant co-ordination

site such as in high spin Fe(II) heme proteins [20]. The

low reactivity of cytochrome c toward nitric oxide can

be explained in terms of the absence of labile co-

ordination sites at the metal heme centre of this protein

since the fifth and sixth co-ordination sites are occupied

by histidine and methionine residues in both oxidation

states of cytochrome c [11]. The rate constants for the

dissociation of nitric oxide from nitrosyl ferriheme

proteins are significantly larger than for the ferrous

complexes, the latter being too small to be determined

by laser flash photolysis technique and, therefore, have

to be measured by other means. The small values of the

dissociation rate constants for the ferroheme proteins

result in very large association constants, K . For

example, nitric oxide binds to myoglobin (Mb(II))

with a K value eight orders of magnitude higher than

for metmyglobin (Mb(III)).

Various flash photolysis studies of the nitrosyl

hemoproteins have demonstrated that the quantum

yields (Fdis) for the net photolabilisation of nitric oxide

from the nitrosyl metalloproteins are very small [20].

From a mechanistic perspective, the inconveniently

small values of Fdis often complicate kinetic studies on

the nitrosylation of hemoproteins. The photochemistry

of the nitrosyl metalloporphyrins was the subject of

many investigations [20,21]. Despite many ambiguities

existing in the literature concerning the explanation for

the low quantum yields of nitric oxide photodissocia-

tion, there appears to be a general agreement that

mechanical effects resulting from the presence of the

Table 1

Binding and dissociation rate constants for the reaction of nitric oxide with representative hemoproteins and model iron(II)/(III) porphyrins

Fe(II)/(III) porphyrin Conditions kon (M�1 s�1) koff (s�1) K (M�1) References

Mb(II) Phosphate buffer, pH 7.0 1.7�107 1.2�10�4 1.4�1011 [10]

Hb(II) Phosphate buffer, pH 7.0 2.5�107 4.6�10�5 5.3�1011 [10]

Cyt cII H2O 8.3 2.9�10�5 2.9�105 [11]

Cytochrome oxidase PH 7.0 1�108 1.2�10�2 8.3�109 [12]

Guanylate cyclase PH 7.0 7�108 7�10�4 1.0�1012 [13,14]

Mb(III) H2O, pH 6.5 1.9�105 13.6 1.4�104 [11]

Tris buffer, pH 7.4 2.71�104 16.0 1.7�103 [15]

Hb(III) 4�103 1 4�103 [16]

Cyt cIII H2O, pH 6.5 7.2�102 4.4�10�2 1.6�104 [11]

Cat(III) H2O, pH 6.5 3�107 1.7�102 1.8�105 [11]

Microperoxidase 1.1�106 3.4 3.2�105 [17]

Fe(II) (TPPS) H2O, pH 6.5 1.8�109 �0 �109 [11]

Fe(II) (TMPS) PH 7.0 1�109 �/ �/ [18]

Fe(III) (TPPS) H2O, pH 6.5 7.2�105 6.8�102 1.1�103 [11]

Fe(III) (TMPS) H2O pH 6.0 3�106 7.3�102 4.1�103 [19]
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protein pocket may play an important role in such

denitrosylation processes [20]. Valuable information on

the role of the protein pocket in the binding of nitric

oxide to hemoproteins can be obtained from kinetic
studies on the nitrosylation reactions of heme models,

i.e. protein-free iron porphyrin complexes. Water solu-

ble iron(II)/(III) porphyrins readily bind nitric oxide (see

Table 1) and the kon values for these reactions can be

conveniently measured using nanosecond flash photo-

lysis techniques, the more so because the quantum yields

Fdis observed for such processes are close to unity, i.e.

are much higher than for the hemoproteins [18,19]. The
fast rates for NO binding to model complexes reflect the

lability of the iron(II)/(III) porphyrins. Clearly, in the

absence of the protein pocket where access to the metal

heme centre is not limited, more facile reactions can

occur. The dissociation rate constants determined for

the model complexes are in general also significantly

larger than for the hemoproteins, indicating that dis-

sociation of nitric oxide from the latter can be hindered
by the presence of the protein surrounding [20]. If so, the

question is how the presence of the protein pocket can

affect the mechanistic behaviour of nitric oxide binding

to hemoproteins.

Recently, we have performed detailed kinetic and

mechanistic studies on the reversible binding of nitric

oxide to metmyglobin (Mb(III)) using laser flash

photolysis and stopped-flow techniques at ambient and
high pressure [15]. The Fe(III) centre of metMb is six

coordinate, with a water molecule occupying the site to

which NO will coordinate. From a mechanistic perspec-

tive, the nitrosyl complex of metmyoglobin is of

particular interest given that both association and

dissociation of NO are conveniently observable under

physiological temperatures and pH [11]. Nitric oxide

binds reversibly to metmyoglobin according to (Eq. (1)).

metMb(H2O)�NO?
kon

koff

metMb(NO)�H2O (1)

From UV�/vis spectral changes and the use of an NO-
electrode, the equilibrium constant for (Eq. (1)) was

determined to be 2.4�/103 M�1 at 20 8C and pH 7.4

(0.1 M Tris buffer) [15]. This value is consistent with the

ratio of the ‘on’ and ‘off’ rate constants (K�/kon/koff)

determined under similar conditions (see below). When

one of the reactants (in the present case NO) is used in

large excess, the reaction depicted in (Eq. (1)) is expected

to follow pseudo first order kinetics. The observed rate
constant for such a process can be expressed as in (2).

kobs�kon[NO]�koff (2)

Accordingly, plots of kobs versus [NO] were linear

with slopes equal to kon and non zero intercepts equal to
koff. Laser flash photolysis of equilibrated mixtures of

metMb(NO)/metMb at pH 7.4 (Tris buffer) gave

transient difference spectra consistent with the spectral

differences between metMb and metMb(NO), i.e. with

labilisation of coordinated NO to give non-equilibrium

concentrations of these species. The transient spectra

decayed exponentially to the original spectrum of
metMb(NO), and no permanent photoproducts were

observed [15].

The equilibrium constants K are sufficiently small

that extrapolation to [NO]�/0 gives a measurable

intercept, i.e. koff. However, such intercepts are suscep-

tible to extrapolation errors. Consequently, the relia-

bility of the koff values obtained from the [NO]

dependence of kobs was confirmed more directly by
employing an NO-trapping method, in which an excess

[Ru(edta)H2O]� is used as a scavenger for the NO

released during the dissociation of metMb(NO).

The activation parameters for the ‘on’ and ‘off’

reactions obtained from systematic measurements of

kon and koff as a function of temperature and pressure,

using the two different techniques, are summarised in

Table 2. The respective values of the activation para-
meters indicate reasonable agreement between the two

various techniques used [15]. The DHon
", DSon

" and DVon
"

values are large and positive, features also seen for the

‘on’ reactions of the water soluble model complexes

Fe(III)(TPPS) and Fe(III)(TMPS) with NO [19]. The

pattern of large and positive DSon
" and, more diagnos-

tically, large and positive DVon
" values provides direct

evidence for a dissociative ligand substitution mechan-
ism, analogous to that observed for model iron(III)

porphyrine complexes [19]. In agreement with this

proposal is the reported rapid exchange between co-

ordinated and bulk water molecules on Fe(III)(TPP-

S)(H2O)2 (kex�/1.4�/107 s�1 at 25 8C) [22], and the

dissociative nature of this process is underlined by the

large and positive activation entropy [22] and activation

volume found for this reaction [23].
A similar mechanism accounts for the activation

parameters for the nitrosylation of metMb, i.e.:

metMb(H2O) X
k1

k�1

MetMb5�H2O

metMb5�NO X
k2

k�2

metMb(NO) (3)

where metMb5 is the five-coordinate intermediate
formed by dissociation of coordinated water. FTIR

and Resonance Raman data indicate that the reaction

product metMb(NO) formally has a linear Fe(II)�/NO�

character, which means that partial charge transfer from

NO to Fe(III) occurs during the bonding process [24].

Recent multiple scattering XAFS analysis of

metMb(NO) confirm this structural assignment [25].

Notably, the k�1 pathway occurs between two high
spin Fe(III) species, so the volume change involves

primarily formation of the Fe(III)�/OH2 bond. In

contrast, the k2 pathway not only involves Fe�/NO

A. Wanat et al. / Coordination Chemistry Reviews 229 (2002) 37�/4940



bond formation but considerable charge transfer from

NO to give (formally) a Fe(II)�/NO� species and the

change from a quintet spin state to a low-spin diamag-

netic complex. For model porphyrin complexes, the high

spin to low spin Fe(III) transformation is accompanied

by a negative contribution to DV , [26,27] as is also for

the co-ordination-induced high spin to low spin trans-

formation of Fe(II) [28]. Differences in the activation

parameters for the k�1 and k2 steps will largely cancel

out given the likely scenario of early transition states in

going from metMb5 to either of the six coordinate

species. It may, therefore, be concluded that the

reported values for DVon
" mainly represent the volume

changes associated with the k1 pathway. These are

significantly larger than reported for the model por-

phyrin systems [19]. This can further be seen from a

comparison of the volume profiles for the

metMb(H2O)�/NO and Fe(TPPS)(H2O)2�/NO reac-

tions shown in Fig. 2. Dissociation of a coordinated

water molecule from an octahedral metal centre is

expected to be accompanied by a maximum volume

increase of 13 cm3 mol�1 [26]. The larger value of DVon
"

reported here for metMb suggests that the protein may

also undergo some structural rearrangement during the

formation of the five-coordinate metMb5. In fact, the

XAFS structural findings referred to above [25] indicate

steric strain in the linear coordination of NO to the

Fe(III) centre, which could involve an increase in the

size of the protein pocket prior to the binding of NO,

and, therefore, a larger DVon
" than that observed for the

model porphyrin complexes. Microscopic reversibility

argues that the reverse process will be dominated by the

k�2 step, the dissociation of NO from the Fe(II)(NO�)

species accompanied by a charge transfer from metal to

nitrosyl to give metMb5 plus NO, and a concomitant

spin change. As a result, the activation parameters must

reflect the intrinsic entropy and volume changes asso-

ciated with bond breakage and the solvational changes

associated with solvent reorganisation concurrent with

charge redistribution and the spin change. Such factors

are consistent with the large and positive values of DSoff
"

and DVoff
" demonstrated here for metMb and previously

for the water soluble ferri-heme models [19]. In both the

heme protein and model porphyrin systems, Fe(III)�/

NO has a Fe(II)�/NO� character and bond cleavage is

accompanied by a formal oxidation of Fe(II) to Fe(III),

and thus should result in a similar volume increase in

both cases. The more negative DV for the overall

reaction in the case of the model compounds may reflect

Table 2

Rate constants and activation parameters for the binding of NO to metMb (kon) and the dissociation of NO from metMb(NO) (koff) as determined

by laser flash photolysis and stopped-flow techniques a

Methods kon (M�1 s�1) Koff (s�1) DH# (kJ mol�1) DS#(J mol�1 K�1) DV#(cm3 mol�1)

Laser flash photolysis 4.7�104 6392 5598 2096 b

37 6894 14913 1893 b

Stopped-flow 4.8�10�4 7192 8297 2191 c

28 8392 6298 1691 c

NO-trapping 29 7892 4697 2091 d

a Data from [15].
b Determined at 20 8C.
c Determined at 5 8C.
d Determined at 10 8C.

Fig. 2. Volume profiles for the reactions: Upper, metMb(H2O)�
NO?metMb(NO)�H2O (data from ref. [15]); Lower,

Fe(III)(TPPS)(H2O)2�NO?Fe(III)(TPPS)(H2O)(NO)�H2O (data

from ref. [19]).
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specific solvation of the NO� moiety. Similar solvation

by water is less likely in the protein pocket of metMb,

which excludes the bulk solvent.

4.1.2. Non-heme iron proteins

Metalloproteins containing non-heme iron centres

represent an important biological target for nitric oxide

[29]. Nitric oxide is able to bind to iron�/sulphur (Fe�/S)

clusters, as well as to non-heme mononuclear iron

proteins (soybean lipoxygenase, estradiol dioxygenase,

isopenicillin N synthase, etc) [30]. Reactions of nitric

oxide with the iron�/sulphur clusters result in alteration

of functional properties of proteins: a loss, a decline or
an increase in their activity. For instance, EPR studies

demonstrated that association of nitric oxide to the non-

heme diiron centre of ribonucleotide reductase brings

about the enzyme inhibition preventing DNA synthesis

and cell proliferation [31]. The effect of NO binding to

cytoplasmic aconitase, a metalloregulatory enzyme

known as an ‘iron regulatory protein’ (IRP) is of special

interest. It has been shown that by reaction with the Fe�/

S centre of the enzyme, nitric oxide can switch IRP into

its mRNA binding mode, mimicking the response of

iron starvation [32].

In contrast to the reactions with the heme iron

centres, the reactions of NO with Fe�/S clusters usually

result in destruction of the clusters [29]. Recent studies

indicate that NO, unlike O2
� and ONOO�, does not

affect mitochondrial aconitase activity. This means that
metal�/NO species detected in cells may be markers

rather than causes of cellular responses, and the

inactivation of [FeS]n proteins in biological systems

should be examined in the context of relative reactivities

of NO, O2
� and ONOO� with other available substrates

[33].

Due to the extremely high reactivity of nitric oxide,

paracrine actions of NO require intracellular transfer of
this small molecule from the donor cells to the target

cells. It has been assumed that nitric oxide might be

stabilised in organisms by binding to iron(II) dithiolate

complexes. Dinitrosyl iron complexes (DNICs) have

been found in animal tissues and microorganisms due to

their characteristic EPR signal. The biologically pro-

duced nitric oxide can be stabilised and stored as a

dinitrosyl�/iron(II) complex with protein thiols, and can
be released from cells in the form of a low molecular

weight dinitrosyl�/iron(II)�/dithiolate by intra- and ex-

tracellular thiols.

Kurepteva et al. have demonstrated that ferrous�/

ascorbate nitrosyl complexes (Fe�/AA�/NO) which can

be detected under physiological conditions due to their

characteristic EPR signal with a g-factor close to 2.02,

can also act as carriers of NO and possibly of O2 in the
blood plasma. It is also suggested that these complexes

can be a NO containing species involved in the tile blood

vessel relaxation [34].

It has been revealed that nitrile hydratase (Nhase), a

bacterial metalloenzyme catalysing the hydration of

nitriles to the corresponding amides, is a photoreactive

enzyme which is inactivated by nitrosylation of the non-
heme iron centre and activated by photodissociation of

nitric oxide. The iron-containing Nhase is the first

enzyme with a mononuclear low-spin non-heme iro-

n(III), which is thought to be involved in the catalysis

[35].

4.2. Copper complexes

The reactions of nitric oxide with copper proteins as
possible NO targets in vivo are not as well characterised

as those with iron proteins. Perhaps the most character-

istic feature of the interaction between NO and copper

in biological systems is its dual nature in that NO can

act as a ligand and/or as a redox partner. Recent studies

indicate that redox reactions can be very fast even at low

NO concentrations and in the presence of oxygen, and

may, therefore, be of physiological relevance [36]. NO
has also been used extensively as a spectroscopic probe

to elucidate the nature of the copper sites in a number of

copper proteins such as haemocyanin, tyrosinase, cer-

uloplasmin (Cp), ascorbate oxidase (AO), laccase,

azurin, halocyanin and the iron/copper binuclear centre

in cytochrome c oxidase [37]. In general it is assumed

that different spectroscopic types of copper centres (T1,

T2 and T3) react differently with NO.
Haemocyanin (Hc), an oxygen carrier protein found

in invertebrates, possesses a pair of copper atoms, which

are EPR silent (T3) in both the oxygenated and

deoxygenated form. The addition of NO to deoxyHc

gave rise to two types of EPR signals ([38a,38b]). Similar

EPR signals were detected when NO was added to

tyrosinase, a copper protein also possessing a pair of

copper atoms. The reaction between deoxyHc and NO
was interpreted in terms of two kinetically distinguish-

able processes: an initial reaction that results in metHc

and N2O formation, and a slower reaction leading to the

nitrosyl derivative. However, the re-examination of this

reaction led to the conclusion that the redox process

observed is not due to NO but to NO2, and the final

derivative consists of a half-met centre with no NO

bound to it ([38c]).
EPR studies on the reactions of nitric oxide with

oxidised multicopper oxidases such as Cp or AO,

established the stoichiometry of the active sites in these

multicopper proteins. As a result it was found that the

structures of both Cp and AO contain three T1 coppers

and one trinuclear cluster comprising T2 and T3 copper

sites. The longer incubation of multicopper centres with

NO led to irreversible reduction of T1 copper [39].
The reaction of nitric oxide with laccase containing

three types of copper atoms, resulted in the simulta-

neous reduction of T1 and T3 coppers and slower
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reduction of the T2 copper centre. Experiments carried

out with a derivative lacking the T2 copper, revealed

that the T1 centre was reduced but not T3. The above

and further studies on the NO binding to laccase
confirmed that all these reactions occur via the T2

copper site ([37d]).

The reaction of NO with cytochrome c oxidase (CcO)

containing two haem groups (Fea and Fea3) and two

copper centres CuA and CuB, is much more complex

than that with laccase. Both Fea3 and CuB, when

reduced, can bind nitric oxide [40a]. It was found that

depending on the redox state of the enzyme under
anaerobic conditions, CcO can catalyse reduction of

NO to N2O or oxidation to NO2 [40b]. It was reported

that NO binding to CcO is responsible for the reversible

inhibition of mitochondrial respiration, and this reac-

tion may play a role in modulating the rate of oxygen

consumption under normal physiological conditions.

The fast reaction between nitric oxide and CcO prob-

ably involves NO binding to CuB
2� with the formation of

CuB
1��/NO� species. The latter is then hydroxylated

giving nitrous acid (HNO2) and the reduced form of

CuB. The electron residing on CuB can be subsequently

transferred to other redox centres of CcO, such as Fea,

CuA or Fea3 [36a,36c,12,41]. Based on these studies, it is

suggested that NO may play a vital role in the regulation

of important Type 2 copper containing enzymes.

The copper�/NO complexes were also studied in the
context of their susceptibility to photodissociation [39b].

The nitrosyl complexes with T3 copper sites in Cp and

Hc occurred to be inert to light, whereas T1 copper sites

were found to bind NO in photolabile complexes. This

observation has been used to suggest that CcO CuB

might resemble a T1 copper site in contrast to other

views in which this centre is compared with a T2 type

site. The photolability of nitrosyl complexes at the T1
copper site has also been used to investigate the

temperature dependence of the ligand binding equili-

brium and the kinetics of the association reaction after

photodissociation in azurin and halocyanin over a range

of temperatures [42]. These studies showed the presence

of conformational substrates in the studied enzymes.

4.3. Cobalt complexes

Cobalt, present in human organisms in the form of

cobalamin cofactors (vitamin B12 derivatives), partici-

pates in a variety of biological pathways involving

enzyme�/catalysed molecular rearrangements and meth-

yl group transfer reactions. One of the recent interests in

the biological functions of vitamin B12 concerns the

modification of physiological actions of nitric oxide by

vitamin B12 derivatives [43]. According to the observa-
tions reported in the literature, from the four most

important cob(III)alamin derivatives (aquacobalamin,

methylcobalamin, adenosylcobalamin and cyanocoba-

lamin) only aquacobalamin (Cbl(III)(H2O)) has been

claimed to react with NO in vivo to produce nitrosylco-

b(III)alamin, Cbl(III)NO. Recent kinetic and spectro-

scopic studies have shown, however, that direct
interaction between NO and aquacobalamin does not

occur, and, therefore, cannot account for the observed

physiological effects [42]. The UV�/vis spectral changes

observed on introducing NO into aqueous solutions of

Cbl(III)(H2O) have been shown to result from the

reaction of Cbl(III) with nitrite (present as an impurity

in aqueous NO solutions), rather than from the reaction

of aquacobalamin with NO [43].
As indicated by UV�/vis, NMR and resonance Raman

spectroscopic studies, the reduced form of vitamin B12

reacts with NO to form a stable nitrosyl complex [42�/

44] according to the overall reaction given in (Eq. (4)).

Cbl(II)�NO?
k

Cbl(II)NO (4)

The large values of the formation constants for this

complex (K�/1.0�/108 M�1 at pH 7.0 [43] and K�/

3.1�/107 M�1 at 20 8C and pH 7.4 [44]) indicate that
the binding of NO by cob(II)alamin is very efficient, and

thus may account for the observed physiological effects.

UV�/vis, 1H-, 31P-and 15N-NMR data further suggest

that the reaction product under physiological conditions

is a six-coordinate, ‘base-on’ form of the vitamin with a

weakly bound a-dimethylbenzimidazole base and a bent

nitrosyl ligand coordinated to cobalt at the b-site of the

corrin ring. In analogy to porphyrin Co(II)�/nitrosyl
complexes, the cob(II)alamin nitrosyl adduct formed in

reaction (4) can formally be described as Cbl(III)NO�.

The kinetics of NO binding to cob(II)alamin was

recently studied with the use of laser flash photolysis

technique [44]. Irradiation of the Cbl(III)NO� complex

in aqueous solution under pseudo-first order conditions

with respect to NO led to the formation of Cbl(II) and

free NO, after which the re-formation of Cbl(III)NO�

could be observed. The photochemical reaction induced

by the laser flash can, therefore, be expressed as in (5).

Cbl(III)NO�0
hn (532nm)

Cbl(II)�NO0
kon

Cbl(III)NO� (5)

The decay of the transient spectrum of the photo-

induced Cbl(II) species in the presence of excess NO

enables the measurement of the pseudo-first order rate

constant for the formation of the Co�/NO bond, kobs, as

a function of [NO].

kobs�kon[NO]�koff (6)

Plots of the observed rate constant versus [NO] were

linear under the studied conditions. No measurable

intercepts, however, could be obtained from the plots

indicating that the koff values characterising the back
reaction were too small to be observed in the laser flash

experiment. It was, however, possible to measure these

values directly using the previously mentioned NO
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trapping method (see Section 4.1.1). The ‘on’ and ‘off’

rate constants and the corresponding activation para-

meters, DH", DS" and DV" determined from the

temperature and pressure dependence of kon and koff,

are summarised in Table 3.

It is reasonable to expect that binding of NO to the

vacant coordination site of the five-coordinate cobalt(II)

centre in reduced vitamin B12 should be very fast and

exhibit a significantly negative activation volume as a

result of bond formation and a partial oxidation of the

cobalt(II) centre in the rate-determining step. However,

although the observed reaction is very fast, it surpris-

ingly exhibits a small but significantly positive volume of

activation, viz. �/5.4 cm3 mol�1. This value cannot be

correlated with a simple bond formation process at the

vacant coordination site of cob(II)alamin, but provides

evidence for the operation of a dissociative interchange

(Id) ligand substitution mechanism for the photo-in-

duced ‘on’ reaction [26a,45]. It follows that the rate-

determining step in the binding of NO apparently

involves displacement of water at the Co(II) centre in

the photo-induced reactive intermediate. This conclu-

sion, although surprising at the first sight, could be

explained by a detailed spectrophotometric and kinetic

investigation of the studied system [44]. A thorough

study of the transient spectra recorded immediately after

the laser flash, revealed that the reactive Cbl(II) inter-

mediate generated in aqueous medium differs from the

intact Cbl(II) species, which binds NO in the thermal

reaction. According to the most self-consistent reaction

scheme based on all spectroscopic and kinetic measure-

ments performed for the studied system [44], photo-

dissociation of NO from nitrosylcob(II)alamin leads to

the formation of a five-coordinate Cbl(II) species with a

weakly coordinated DMBI ligand. This species rapidly

binds a water molecule prior to the recombination with

NO, forming a six-coordinate aqua intermediate (see

Scheme 2) [44].

Binding of NO to this intermediate is controlled by

displacement of the very labile water molecule according

to an Id mechanism, and accounts for the positive

volume of activation found for the ‘on’ reaction. Such

a water molecule is, however, not present in the intact

cob(II)alamin complex at physiological pH [46], such

that intimate reaction mechanisms are expected to differ

for the photo-induced and thermal nitrosylation of

reduced cobalamin. The latter process is presumably

controlled by NO binding to the vacant coordination

site on the intact Cbl(II) complex and is expected to be

even faster than the corresponding photo-induced reac-

tion, where the binding of NO involves substitution of

coordinated water on the photo-generated Cbl(II)

species.

Kinetic data for the ‘off’ reaction summarised in

Table 3, clearly indicate that the dissociation of NO

from nitrosylcob(II)alamin is slow and a high energy

barrier (reflected in a large DHoff
" value) must be

overcome to break the Co(III)NO� bond in the {Co�/

NO}8 corrin nitrosyl. A positive activation volume

observed for this process can be accounted for in terms

of a dissociative interchange mechanism in which the

breakage of the Co�/NO bond is partially accompanied

by the strengthening of the Co�/N(DMBI) bond in the

trans position to the leaving nitrosyl ligand.

Since the intermediate produced in the laser flash

experiment differs from that in the thermal reaction, the

data do not allow one to construct energy and volume

profiles for the thermal reaction. It is, however, possible

to construct a volume profile for the binding of NO to

the photo-generated aqua complex at pH 7.4, as shown

in Fig. 3. The volume profile once again illustrates the Id

character of the ‘on’ and ‘off’ reactions and the

important role of solvent molecules in determining the

mechanism of NO binding to the metal centre [44].

Table 3

Rate constants and activation parameters for the binding and release

of NO from cob(II)alamin a

Kinetic parameter ‘on’ reaction ‘off’ reaction

kon (M�1 s�1) b 7.4�108 M�1 s�1

koff (s�1) b 5.6 s�1

DH" (kJ mol�1) c 24.590.7 7691

DS" (J mol�1 K�1) c �792 �2495

DV" (cm3 mol�1) c �5.490.2 �7.990.5

a Data from reference [44].
b Experimental conditions: 25 8C, pH 7.4.
c Determined at pH 7.4.

Scheme 2.
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5. Nitric oxide donation and scavenging by transition

metal complexes

Since nitric oxide is implicated in a number of diseases

coupled to its over- or under-production, there is

substantial interest in finding new pharmaceutical

agents capable of regulating the NO-level in vivo. A

class of compounds, which have recently received

considerable interest for these purposes are transition

metal complexes. The application of metal complexes as
pharmaceutical agents creates a real challenge for the

development of a new generation of drugs.

5.1. NO-donors

There is an intense interest in the efficient delivery of

nitric oxide within a biological environment. In the

commonly applied medical therapies, this is achieved by

the use of stable NO compounds operating as vasodi-
lators through the pro-drug philosophy. Also of great

interest are photochemical strategies for targeted NO

delivery to biological systems. The NO photolabilisation

strategy is based on the application of precursors of low

thermal reactivity, which are photochemically active to

give NO when subjected to electronic excitation. For

instance, the photochemistry of metal nitrosyl com-

plexes has been used as a vehicle for delivering NO to
hypoxic cell cultures in order to sensitise g-radiation

damage [47]. To study known and new potential

photochemical precursors, continuous and flash photo-

lysis techniques are commonly used.

A class of metal complexes which has received

considerable attention in this respect, are iron�/

sulphur�/nitrosyl cluster anions of the type

FexSy (NO)z
n�. The Roussin’s Red Salt [Fe2S2(NO)4]2�

(RRS) and Roussin’s Black Salt [Fe4S3(NO)7]� (RBS)

contain a large number of NO ligands, which can be

released thermally or photochemically from these ionic

compounds. Exposure to light greatly enhances the

vasodilator actions of iron�/sulphur�/nitrosyl clusters.

Quantitative photoreaction studies demonstrated that

the anion of RRS undergoes photoconversion to the
black anion with no other detectable Fe�/S�/NO pro-

ducts, whereas photolysis of the Black Salt in aerated

solutions leads to the complete fragmentation of the

RBS cluster with a relatively small quantum yield [48].

Another group of light-sensitive nitrosyl complexes is

nitrosyl derivatives of ruthenium. Two-caged NO com-

pounds, i.e. trichloronitrosylruthenium (RuNOCl3) and

dipotassium pentachloronitrosylruthenate (K2Ru-
NOCl5), are thermally stable but photolabile, releasing

nitric oxide on exposure to near-UV light [49]. Pre-

liminary studies demonstrated that on irradiation in the

range 300�/350 nm, ruthenium nitrosyl compounds

liberate NO with product quantum yields of 0.012 and

0.06 for RuNOCl3 and K2RuNOCl5, respectively [50].

An interesting class of potential photochemical pre-

cursors, from which NO can be released by point
irradiation are metalloporphyrins [51,52]. These com-

plexes release nitric oxide with quantum yields varying

from almost zero to unity, when photons are absorbed

by the porphyrin macrocyclic p-system. The electronic

excited states in these systems are inherently short-lived

because empty d-orbitals of transition metals can couple

to the porphyrin p-orbitals, forming states of inter-

mediate energy. Both the rapid deactivation of the
excited porphyrin states (p, p*) and the spectroscopic

inaccessibility of the internal metal states make it

extremely difficult to determine factors controlling the

denitrosylation process [53,54].

In the course of probing photochemical precursors, it

was found that potential utility of the nitrosyl porphyrin

complexes of the first-row transition metals in the

photochemical NO delivery to specific targets is severely
hampered by their lability and oxygen sensitivity [20,54].

For that reason, attention was focused on nitrosyl

ruthenium porphyrin complexes, anticipated to be

more stable. This proposition has been the stimulus of

investigations into the synthesis, structural characterisa-

tion and photochemical reactivities of several ruthenium

porphyrin complexes of the type Ru(II)(P)(NO)(ONO),

where P�/TPP, OEP (octaethylporphyrin), TmTP (tet-
ra(m -tolyl)porphyrin) and FTTP (tetra(m -trifluoro-

methylphenyl)porphyrin) [55�/57]. Ford et al. showed

that the flash photolysis of the nitrosyl nitrito complexes

of ruthenium indicate the operation of at least two

pathways leading to the formation of a photoreaction

intermediate: Ru(P)(ONO) formed by NO photolabili-

sation and Ru(P)(NO) involving nitrito ligand photo-

labilisation [56].
Among nitrosyl ruthenium porphyrins and amines,

i.e. compounds of potential use for photochemically

activated labilisation of NO, a new synthetic platform

for ruthenium nitrosyls has appeared, viz. the salen-type

Fig. 3. Volume profile for the photo-induced reaction Cbl(II)�H2O�
NO?Cbl(III)�NO��H2O (data from ref. [44]).
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complexes Ru(R-salen((X)(NO), where R-salen is a

derivative of the N ,N ?-bis(salicylidene)ethylenediamine

dianion. Preliminary studies on the photoreactivity of a

representative member of this family, Ru(sa-
len)(Cl)(NO), demonstrated that this complex under-

goes NO labilisation upon near-UV irradiation to give

the solvent species, Ru(salen)(Cl)(Sol). Thus, this sys-

tem, especially when further modified, is exceptionally

promising as a precursor for photochemical NO delivery

to various targets [58].

Another group of potential NO-donors offered by

coordination chemistry are compounds containing
macrocyclic ligands. They provide an extremely stable,

sequestered metal core, while also altering the metal ions

reactivity. In this context, the synthesis, structural

characterisation and chemical reactivity of complexes

of the type trans -[Ru(II)(X)(NO)(cyclam)]2� (where

X�/halo or hydroxo ligand, and cyclam�/1,4,8,11-

tetraazacyclotetradecane) have recently been studied. It

was shown that such compounds can be promising
controlled-release NO prodrugs, acting as long-lasting,

although softer, vasodilators [59].

Studies on metallonitrosyl complexes as pharmaceu-

tical agents indicated that thermal instability of certain

systems in the aerobic aqueous environments under

physiological conditions is a problem. As a conse-

quence, Ford et al. have explored and described a new

strategy of NO generation from an air-stable, water-
soluble complex via the photolytic cleavage of coordi-

nated nitrite. The complex studied was trans -

Cr(III)(cyclam)(ONO)2
�, which was indeed found to

be thermally stable in aerated aqueous solution. The

preliminary studies indicate the viability of NO delivery

by photochemical extrusion of nitric oxide from the

coordinated nitrite [60].

5.2. NO-scavengers

Overproduction of nitric oxide can be the basis for

pathological events in the human body. Septic shock is

the most dramatic manifestation of systematic acute

inflammatory reactions. The design of new drugs that

can reduce nitric oxide levels in this and other diseases is

a current medical challenge. For that reason, a number

of transition metal complexes have been tested for NO
trapping and for antisepsis potential. Due to the rapid

kinetics of nitrosylation processes, laser flash photolysis

techniques have successfully been used in this area of

investigations.

The ligands that possess most of the desired pharma-

cokinetic properties are polyaminocarboxylates [61].

The parent compound K[Ru(III)(Hedta)Cl] has

emerged as a nitric oxide scavenger. Preliminary kinetic
studies performed with use of stopped-flow techniques

indicated that [Ru(III)(edta)H2O]� binds nitric oxide

very rapidly with a second rate constant higher than 108

M�1s�1 at body temperature, and very efficiently (K �/

108 M�1), forming a linear nitrosyl complex Ru(II)�/

NO� [62,63]. However, there still remain unanswered

questions concerning the mechanism by which NO binds
to the Ru(III)�/edta complex. It is hoped that further

mechanistic studies on this system will provide better

insight into the underlying reaction mechanism and

enable full elucidation of the nature of the nitrosylation

process [64].

Among inorganic compounds tested for antisepsis

potential, iron-based complexes have been investigated.

Aminocarboxylate complexes of iron(II) are known for
their ability to bind NO rapidly, and have been used in

industry to enhance the solubility of NO in aqueous

solutions to facilitate the removal of NO from exhaust

gases [65�/67]. The potential medical application of these

complexes as clinically useful agents for the control of

NO levels in blood during septic shock has recently been

considered. Shepherd et al. synthesised and charac-

terised Fe(II)L(NO) complexes of the aminocarboxylate
and pyridyl-based ligand systems [68,69]. Although

these complexes bind nitric oxide rapidly and tightly,

forming relatively stable NO-adducts, the parent

Fe(II)L complexes are inherently sensitive to oxygen,

which can limit the utility of these complexes as NO

scavengers in the bloodstream since the corresponding

Fe(III)L complexes do not bind NO at all.

Little mechanistic information is at present available
on the nitrosylation reactions of Fe(II)(L) complexes,

although some selected rate and stability constants have

been reported in the literature [65�/67]. In this context,

we have performed systematic studies on the reversible

binding of nitric oxide to several Fe(II)(L) complexes,

where L�/H2O, edta (ethylenediaminetetraacetate),

hedtra (hydroxyethylenediaminetriacetate), nta (nitrilo-

triacetate), mida (methyliminodiacetate), dtpa (diethy-
lenetriaminepentaacetate), and ttha (triethylenetetra-

aminehexaacetate) [70�/73]. The binding of NO to

Fe(II)(L) complexes can be expressed by the overall

reaction (7).

Fe(II)(L)H2O�NO?
kon

koff

Fe(II)(L)NO�H2O (7)

Laser flash photolysis and stopped-flow (NO-trap-

ping method) techniques were applied in order to
determine the kon and koff values, respectively. Laser

flash photolysis of equilibrium Fe(II)(L)NO/Fe(II)(L)

mixtures gave transient difference spectra (Fig. 4)

consistent with the spectral differences between

Fe(II)(L) and Fe(II)(L)NO, i.e. with labilisation of

coordinated NO to give non-equilibrium concentrations

of these species. The transient spectra decayed exponen-

tially to the original spectra, and no permanent photo-
products were observed.

For a series of ligands the complex-formation rate

constants varied between 1.6�/106 and 2.4�/108 M�1
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s�1, whereas the dissociation rate constants varied

between 0.11 and 3.2�/103 s�1 at 25 8C. In general,

good agreement between the values of the equilibrium

constants K calculated from the kinetic data (kon/koff)

and those determined directly with the aid of a

combined spectrophotometric and potentiometric

(NO-electrode) technique was observed. The

Fe(II)(edta) complex is the species with the highest

complex-formation rate constant for NO and this result

agrees well with literature data [65�/67], whereas the

lowest kon values were found for the mida and aqua

complexes.
The tendency of Fe(II)(L) complexes to reversibly

bind NO correlated directly with the oxygen sensitivity

of the Fe(II) complexes, suggesting that Fe(L)NO is

stabilised in the form of Fe(III)(L)(NO�) similar to that

found for the binding of dioxygen, viz. Fe(III)(L)(O2
�).

The mida complex shows relatively low oxygen sensi-

tivity, exhibits a low binding affinity for NO, and

releases NO almost completely on passing an inert gas

through the solution. In contrast, the edta complex of

Fe(II) is extremely oxygen sensitive, shows a very high

binding affinity for NO, and releases NO only slowly

when treated with an inert gas [70].

Systematic studies of kon and koff as a function of

temperature and pressure enabled us to gain detailed

insight into the mechanisms of the thermal reactions by

which NO forms and breaks bonds with the iron centre

in the Fe(II) model complexes studied [73]. Activation

enthalpies and entropies obtained for the ‘on’ and ‘off’

reactions clearly indicate that the reversible binding of

NO can best be described by an Id mechanism, which is

also in agreement with that found for water exchange

reactions on these complexes [74]. The activation

volumes are small positive and also in line with an

interchange dissociative (Id) ligand substitution mechan-

ism (Fig. 5). The only exception in the selected series of

complexes seems to be the Fe(II)(nta) system, and the

reported data suggest the operation of an Ia mechanism.

6. Concluding remarks

Only a few subjects have grown as rapidly in their
importance as the biological and medical role of nitric

oxide. Despite the extensive studies on the metal�/NO

interactions, the fundamental chemistry of processes by

which NO forms and breaks bonds with metal centres

under biologically relevant conditions is still not well

understood and requires more research. As shown in

this paper, ambient and high pressure laser flash

photolysis can be a very useful tool in such studies.
Construction of volume profiles for the processes

studied in addition to conventional and commonly

used activation and reaction parameters, can bring a

decisive dimension to mechanistic considerations and

improve the design of metallodrugs for NO-mediated

diseases.
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