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Abstract—Chemical and biological functions of hemoprotein nitrosyl complexes as well as their photolysis products are dis-
cussed in this review. Chemical properties of nitric oxide are discussed, and major chemical reactions such as interaction
with thiols, free radicals, and transition metals are considered. Specific attention is paid to the generation of hemoprotein
nitrosyl complexes. The mechanisms of nitric oxide reactions with hemoglobin and cytochrome ¢ and physicochemical
properties of their nitrosyl complexes are discussed. A review of photochemical reactions of nitrosyl complexes with various
ligands is given. Finally, we observe physiological effects of visible radiation on hemoprotein nitrosyl complexes: smooth
muscle relaxation and reactivation of mitochondrial respiration.
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The discovery by R. Furchgott of a factor that can
induce smooth muscle relaxation of blood vessel wall,
produced in the endothelium and named endothelium-
derived relaxing factor (EDRF), prompted researchers to
reconsider the function of endothelial cells [1]. In the
beginning of the 1990s, EDRF properties were studied
enough to suggest that NO is a part of EDRF [2]. Later, it
was experimentally proven that NO binding to the active
site of guanylate cyclase produces a complex with enzy-
matic activity much greater than that of the original
enzyme [3]. In 1998, a Nobel Prize was awarded to R.
Furchgott, L. Ignarro, and F. Murad for “... studies of the
physiological function of nitric oxide”.

Primary interest in NO was based on its ability to
induce blood vessel relaxation, but soon the list of biolog-
ical activities of NO was significantly expanded. Nitric
oxide was found responsible for neuron signal transduc-
tion, immune reactions, reproductive functions, etc. A
molecule previously considered toxic and carcinogenic
demonstrated various physiological activities, and thus in
1992 the journal Science awarded nitric oxide the status of
“molecule of the year”.

Not only nitric oxide, but also its numerous deriva-
tives can manifest this activity. Among them peroxyni-
trite, nitrites, nitrates, nitrosothiols, and heme- and non-
heme nitrosyl complexes occupy a specific place. Except
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for peroxynitrite, all of them can release free nitric oxide
and thus play a role of nitric oxide depot. The aim of the
present review is to discuss and clarify the generation and
decay mechanisms of nitrosyl complexes and their bio-
logical activity.

CHEMICAL AND BIOLOGICAL
PROPERTIES OF NO

NO production in vivo. There are several brilliant
reviews on the chemical and biological activities of nitric
oxide, for instance the paper of Wink and Mitchell [4].
Nevertheless, we decided to present here a short analysis
of the properties of NO as they have a direct relationship
to the main goal of this review. There are two major path-
ways of NO generation in the organism: enzymatic and
non-enzymatic. The non-enzymatic one is the reduction
of nitrite or nitrate to NO. Usually, it occurs as a dismu-
tation of nitrite ions in acidic medium or as a direct
reduction of nitrite (for instance with iron ions). Nitrite
dismutation becomes detectable at pH < 6 [5]. Zweir pro-
posed the following reaction scheme for this mechanism:

NO; + H* <> HNO,, (1)
NO; + HNO, <> N,0, + OH", )
N,0; <> NO, + NO. 3)

However, this mechanism can take place in specific
conditions when cells are acidified, in ischemia/reoxy-
genation or in inflammation. Direct reduction of nitrite
by hemoproteins occurs at neutral pH [6].

Among hemoproteins demonstrating nitrite reduc-
tase activity, hemoglobin, myoglobin, cytochrome c¢
reductase, and cytochrome P450 are the most active [7,
8]. An approximate reaction for hemoglobin is as follows

[9]:
Hb + NO3 + 2H" — metHb + NO + H,0.  (4)

Enzymatic synthesis of NO in cells is catalyzed by
proteins called NO-synthases [10, 11]. NO is synthesized
through transformation of L-arginine into L-citrulline
and acquiring of two oxygen atoms [12]. This means that
NO synthesis is an oxygen-dependent reaction. There are
two isoforms of the enzyme—constitutive and inducible
NO-synthases [13]. Constitutive isoform is represented
by neuronal and endothelial NO-synthases. Neuronal
NO-synthase (nNOS) is produced in neurons, microglia,
astrocytes, and skeletal muscle cells. Endothelial NO-
synthase (eNOS) is localized in endothelial and smooth
muscle cells [14, 15]. The presence of Ca>" ions and
calmodulin is necessary for enzyme activation. The
eNOS maintains a constant level of NO equal to
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~4 pM/min per mg of protein. Daily NO production by
endothelium is 1.7 mM, and the steady state NO concen-
tration in blood plasma is about 3 nM [16]. Inducible
NO-synthase (iNOS) is present in neutrophils and
macrophages, i.e. in cells participating in inflammation,
and is synthesized in response to cytokines and
lipopolysaccharides. In contrast to nNOS and eNOS,
inducible NO-synthase does not need Ca?* for activation.

Physical and chemical properties of nitric oxide.
Nitric oxide exists in three forms that can be intercon-
verted. Besides NO itself there are two more forms,
nitrosonium cation (NO¥) and nitroxyl anion (NO"),
occurring as a result of oxidation or reduction of NO. The
main reactions of NO are reactions with oxygen, free rad-
icals (including O; and "OH), thiols, and transition met-
als:

2NO + 0, —> 2NO,, (5)
NO, + NO <> N,0,, (6)
N,O; + H,0 - 2NO; + 2H". (7)

NO decay in this process is a first order reaction with
k = 0.124 sec™! [17]. The rate of the reaction of NO with
superoxide anion-radical is extremely high and is diffu-
sion limited (6.7-10° M~!sec™!). This reaction results in
the production of a highly reactive compound—peroxyni-
trite [18]:

NO + O; - ONOO™. (8)

This reaction accounts for cell injury in the
ischemia/reoxygenation process, as reoxygenation is
responsible for enhanced superoxide anion-radical pro-
duction [19]. Interaction of NO with other radicals is
effective too, for instance, in the reaction with hydroxyl
radical a nitrite anion is generated:

NO + "OH — HNO, <> NO; + H". 9)

Reaction with peroxyl and alkoxyl radicals quenches
lipid peroxidation process by reducing radicals to corre-
sponding lipid hydroperoxides or oxy-derivatives [20, 21].
Thus, NO can effectively control the free radical lipid
peroxidation processes.

NO can interact with hemoproteins in two ways: i)
producing nitrosyl complex with heme iron in the active
site (the rate constant is in the range 10°-10” M~'sec™)
or, ii) participating in oxidation—reduction reactions,
mostly as a reductant. Thus, NO can inhibit cyclooxyge-
nase by reducing compound I or II of the peroxidase cycle
[22], or reduce ferryl hemoglobin to metHb [23].

Our experiments demonstrated that NO can interact
with strong oxidants (compounds I or II of hemoglobin
containing Fe’" or Fe*"), reducing them to metHb (with
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Fe**) without producing nitrosyl complexes. Due to the
reduction of Mb and Hb oxoferryl radicals, NO plays an
antioxidant role [23]. We have shown that oxoferryl radi-
cals Mb-Fe*"=0 and Hb-Fe*'=0, produced in the reac-
tion with H,O, or organic hydroperoxide (say, ferf-butyl
hydroperoxide), are strong oxidants. Addition of NO
inhibits oxidative processes induced by Mb-Fe*'=0 or
Hb-Fe*'=0 by reducing these radicals to metMb or
metHb [23].

The chemical properties of NO* are mainly reac-
tions of addition and substitution with nucleophiles and
aromatic compounds. Among a variety of organic com-
pounds participating in these reactions, amines, car-
boxyls, and thiols can be listed. Under physiological con-
ditions thiols are the most efficient NO acceptors—they
can produce stable nitrosothiols [24, 25]:

NO" + RS~ <> RS-NO. (10)

Transition metals can react with NO and its deriva-
tives too. Cu and Fe ions can catalyze decomposition of
nitrosothiols producing NO, NO*, and RSSR or RS™[26,
27]. For instance:

Cu® + RS-NO < Cu*" + NO + RS, (11)

This reaction is reversible and its equilibrium can
often be shifted to RS-NO production [28]:

RS-NO <> RS~ + NO™. (12)

Moreover, NO can produce non-heme mono- and
dinitrosyl iron complexes [29, 30]. In this case, transition
metals can form nitrosyl complexes and facilitate the
transformation of NO redox forms.

The lifespan of free NO in cells and tissues is rather
short due to its fast interaction with oxygen, various radi-
cals (such as superoxide and lipid radicals), and metals.
Its lifespan is about 100 msec in blood plasma, and diffu-
sion distance of NO from the point of generation does not
exceed 200 um [31, 32]. These properties of NO define its
biological functions: i) NO activity takes place close to
the point of production, and ii) NO can be stored in and
released from stable intracellular complexes that belong
to the NO pool. Major chemical reactions of NO are
summarized in Fig. 1.

NO pool in the organism. Dinitrosyl iron complexes
(DNIC) are considered to be rather stable forms of NO in
cells. To produce DNIC, SH-groups of proteins or low
molecular weight thiol and non-heme iron are necessary
[33]. DNIC are formed in macrophages and endothelial
cells and they are considered to be the main pool of NO
in the organism [34]. Experimental evidence exists that
NO can be released from cells not as free NO, but as
DNIC. It is well known that low molecular weight thiols
(such as cysteine or glutathione) can compete with pro-
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Fig. 1. Main chemical reactions of NO.

teins for NO, generating DNIC. Finally, DNIC have
almost the same stability and physiological activity as
EDREF [35].

Dinitrosyl non-heme iron complexes are in dynamic
equilibrium with S-nitrosothiols, non-heme iron, and
thiols. Like DNIC, nitrosothiols possess EDRF-like
activity, but their lifespan is much shorter [36]. Most sta-
ble are nitrosoproteins; that is why 95% of total nitroso-
thiols is nitrosoalbumin [2]. S-Nitrosothiol concentra-
tion in plasma is 3-4 orders of magnitude higher than NO
concentration. Decomposition of nitrosoproteins is cat-
alyzed by transition metal ions, and iron ions are the most
efficient among them [27, 28].

Besides nitrosylation of albumin, NO can nitrosylate
B-chain Cys93 in hemoglobin producing S-nitrosohemo-
globin (Hb-SNO) [37]. It was long considered that the
main product of interaction of NO and oxyhemoglobin
(90% in arteries and 70% in veins) is nitrate:

HbO, + NO — metHb + NOj. (13)

However, Stamler et al. detected 0.3-0.4 nM Hb-
SNO in rat arterial blood; in venous blood Hb-SNO con-
centration was negligibly low. It was proposed that Hb-
SNO is produced in the organism, and, moreover, it can
serve as a NO donor. It was also found that if Hb-SNO in
R-conformation is transformed into T-conformation,
releasing free oxygen, then the nitrosothiol bond breaks
and free NO is released. Stamler et al. demonstrated that
Hb-SNO can dilate blood vessels and enhances blood
flow. Opposite to Hb-SNO, HbO, induces vessel contrac-
tion and converts NO into nitrate [38]. Thus, Hb-SNO
both in solution and in erythrocytes shows EDRF-like
properties.

Moreover, NO can react not only with Hb SH-
groups, but with heme too, producing nitrosyl complexes
(HbNO). HbNO was detected in human blood plasma in
ischemia/reoxygenation [39], tumor necrosis [40],
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hyperthermia [41], and transplant seizure [42]. At the
same time, it was found that Hb in erythrocytes reacts
with NO 2-3 orders of magnitude more slowly than in
solution. Up to the middle of 1990s, it was supposed that
erythrocytes in vivo cannot accumulate NO [43].
Moreover, it was considered that oxyHb is more likely
undergoing oxidation than nitrosyl complex formation in
reaction with NO [44]. In 1996, Stamler et al. observed
that both arterial and venous blood in rats contains
HbNO (0.6 and 0.9 nM, correspondingly) [37]. It was
experimentally proven in vitro that at physiological ratio
NO and Hb (~1 : 1000) and oxygen saturation of Hb,
approximately 10-40% of NO is engaged in nitrosyl com-
plex formation [45, 46], and the rest in Hb-SNO forma-
tion. Hb conformation transitions (R—T transition) are
accompanied with NO transfer from Cys SH-group to
heme and its release in the free state [45].

Thus, Hb-SNO, HbNO, and non-heme iron nitrosyl
complexes form the main pool of stored NO [8].
However, interaction of NO with thiols and heme and
nitrosyl complex production can be considered both as
means to accumulate NO and as enzyme nitrosylation, if
thiols constitute the enzyme active site.

Regulatory functions of NO. NO can modify the
activity of an enzyme, interacting with its functional
groups, especially with heme Fe and thiols. The most
impressive example is activation of guanylate cyclase.
Addition of NO to heme iron of the guanylate cyclase
regulatory subunit induces breaking of the bond between
Fe and histidine imidazole group nitrogen and as a result
protein conformational transition and change in active
site structure [47]. Enzymatic activity in this case and
c¢GMP level is increased a hundred times. If the target
cells are platelets, then elevation of cGMP induces
decrease in blood coagulation. If the target cell is a
smooth muscle cell, then elevation of cGMP induces
muscle relaxation. The mechanism described is the basic
mechanism for blood vessel tension and intestine sphinc-
ter control.

In addition to guanylate cyclase, NO also forms
nitrosyl complexes with Cug and heme of cytochrome a;
and in the active site of cytochrome ¢ oxidase, a terminal
acceptor in the mitochondrial respiratory chain. These
complexes are unstable, and obviously are intermediates
in the reduction of NO to NO™ [48]. As a result of the
interaction of NO with cytochrome ¢ oxidase, cell respi-
ration is inhibited irreversibly [49].

Another mechanism of NO-mediated modulation of
enzyme activity is nitrosylation of an SH-group that is
involved in the enzymatic activity. As a rule, reduction or
oxidation of these groups can induce protein conforma-
tional transitions and as a result variation of enzymatic
activity. A good example is the modulation of glutamate
receptor activity. NO can nitrosylate glutamate receptor
SH-groups of postsynaptic membranes, the conforma-
tion of this complex is changed, and it becomes inactive.

OSIPOV et al.

This is the way that NO can modulate signal transduction
in brain neurons [50].

Protein S-nitrosylation/denitrosylation reactions are
one of the major mechanisms in intracellular signal trans-
fer. This is the way that serine protease (caspase) activity
participating in apoptosis can be controlled too [51]. One
of the most likely mechanisms of induction of Fas-medi-
ated apoptosis is activation of caspase 3. In a resting cell,
caspase 3 is inactive (it exists as a procaspase 3). To acti-
vate procaspase 3 (to convert it into caspase 3), a catalyt-
ically active subunit should be removed. In some cases
this is not enough, if the caspase 3 active site Cys is nitro-
sylated [52]. In this case denitrosylation is the second step
of the activation process. Both activation steps are sup-
ported by Fas protein [51]. Caspase S-nitrosylation
inhibits both caspase 3 activity and apoptosis. It is clear
that induction of the apoptotic cascade is mediated by
intracellular NO level.

Finally, NO can nitrosylate SH-groups in proteins
participating in transition metal transport and deposition.
These are copper metabolizing proteins and metallo-
thioneins [53, 54]. An important characteristic of these
proteins is a high cysteine content. Cysteine SH-groups
produce stable complexes with Cu ions and maintain
their enzymatic activity. Interaction of NO with cysteine
and nitrosyl complex formation induces the release of free
copper ions [55]. Released copper can catalyze oxidative
processes in cells (first of all Fenton-like reactions) and
cause necrosis or apoptosis [56]. Moreover, copper
released from metallothioneins can be incorporated into
superoxide dismutase and increase SOD activity [55, 57].

Controlling of enzyme activity by means of forma-
tion/decomposition of nitrosyl complexes in the active
site is a very significant phenomenon not only in normal
physiological conditions, but also in pathology.

Role of NO in pathology. NO is an active participant
in pathogenesis of heart diseases, including hypertension
and atherosclerosis; it controls blood vessel tension and
blood pressure. A protective role of NO in the develop-
ment of initial stages of ischemia and blood flow normal-
ization and decreasing of tissue injury is well known [58].
The ability of NO to affect blood flow in the lungs is used
in clinical practice [59]. S-Nitrosoglutamate (a natural
NO metabolite), for instance, can control aerial resist-
ance in bronchial tubes [36]. Being a neurotransmitter of
the peripheral nervous system, NO controls reproductive
functions in men and plays an important role in the treat-
ment of impotence [60].

NO participates in inflammatory and immune
processes. Macrophages stimulated with y-interferon,
TNE, or LPS dramatically increase NO and ONOO™syn-
thesis, damage bacterial cells, and in such a way manifests
their antimicrobial activity. At the same time, NO pro-
duction in excessive amounts (for instance, in sepsis)
plays a negative role. NO-induced weakening of a vessel
tension and subsequent decrease in blood pressure can
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develop a shocking status. Excessive synthesis of NO and
ONOO™ in ischemia/reoxygenation is a cause of tissue
injury and cell death [18]. NO toxicity in cells is realized
through hemoprotein nitrosyl complexes formation
and/or protein S-nitrosylation. Inhibition of mitochon-
drial respiratory chain, Krebs cycle enzymes, and DNA
synthesis reactions is the result of nitrosylation and nitro-
syl complex formation. Moreover, the development of
NO-dependent oxidative stress is mediated by the gener-
ation of the efficient oxidant ONOQO™, which can irre-
versibly inhibit enzymes and oxidize lipids and DNA. NO
can easily interact with free radicals, thus quenching lipid
peroxidation or inhibiting its initialization [20, 21, 61].

Thus, on one hand, due to the production of
ONOO™, NO plays a role of prooxidant, and on the other
hand, being a scavenger of free radicals and a reducing
agent it is an antioxidant.

INTERACTION OF HEMOPROTEINS WITH NO

Structure and properties of nitrosyl complexes.
Specific interest of researchers in hemoprotein nitrosyl
complexes was based, first, on their important biological
functions and, second, on the fact that nitrosyl complex
formation is followed by structural alterations of the heme
environment. Impressive examples of this phenomenon
are nitrosyl complexes of hemoglobin and cytochrome ¢
oxidase [62-64].

It is well known that heme iron has six coordinating
bonds. Four of them are bonds with nitrogen of the por-
phyrin ring, and they are located in the heme plane. The
5th and the 6th bonds have axial location, and in hemo-
proteins they are occupied by imidazole nitrogen atoms
or sulfur atoms of the protein globule. Proteins with
unoccupied 6th bond (hemoglobin, myoglobin, peroxi-
dases) can interact with NO faster than those with entire-
ly occupied coordinative bonds (cytochrome ¢). The lat-
ter will need additional energy to displace the 6th ligand.

Proteins in the ferric state with vacant 6th bond can
have a water molecule in this position (as in metHb). The
presence of a ligand in the 6th position hampers embed-
ding of a NO molecule and formation of a nitrosyl com-
plex if compared to the ferrous state [65], i.e. heme reacts
with NO faster in ferrous state (10’-10* M~"-sec™") than in
ferric state (10?-107 M~"sec™") [66]. And vice versa, the
dissociation rate of these complexes is higher for ferric
state of hemoproteins (Fe3"-NO).

Complex formation between NO and heme affects
the heme physical properties: the optical spectrum
changes, and in the case of Fe?*-NO an ESR signal with
g~ 2.0 can be detected [63, 67]. In contrast to Fe?"-NO,
Fe**-NO complex is diamagnetic [68].

Nitrosyl hemoprotein complexes are rather stable.
Hemoglobin has high affinity to NO, which is about
10" M~". NO and heme can participate in redox reac-
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tions. NO is neither a strong reducing agent nor a strong
oxidant (Exo/no+ = 380 mV, Exono = 1210 mV) [69],
and the direction of these reactions depends, mostly on
the redox properties of the protein:

heme-Fe?" + NO < heme-Fe?*-NO <

< heme-Fe*" + NO™, (14)
heme-Fe’" + NO &
< heme-Fe**-NO — heme-Fe?" + NO*.  (15)

In spite of the fact that heme redox reactions are
mostly reversible, the reactions of the subsequent prod-
ucts can shift the equilibrium and make the process prac-
tically irreversible.

Hemoglobin nitrosyl complexes. Hemoglobin nitrosyl
complexes first were described in the 1960s [64]: they are
formed when NO is associated with heme iron, and the
iron atom is most often in the reduced state (heme-Fe?*-
NO). The paramagnetic properties of this complex are due
to the presence of an unpaired electron that belongs to
NO". Both reduced (Hb(Fe?")) and oxidized (Hb(Fe*") —
metHb) forms of hemoglobin can interact with NO. The
reaction of metHb with NO is reversible, and the rates of
the direct and reverse reactions are rather low (Table 1):

NO + metHb <> metHb-NO. (16)

The reaction of Hb (deoxyHb) with NO is diffusion
limited and practically irreversible. NO binding to Hb is
not a cooperative process, in contrast to O, binding. This
phenomenon is confirmed by a saturation dependence of
Hb on NO concentration and by the fact that NO bind-
ing to heme does not require structural changes in the
protein globule [70, 71].

Due to the high affinity of deoxyHb for NO (K =
10"> M), the dissociation rate of Hb nitrosyl complexes
is rather low. This affinity is three orders of magnitude
greater than that to CO [44]. That is why NO can displace
CO from carboxyhemoglobin (HbCO):

Table 1. Rate constant of the reaction of NO and Hb

Hb type Ky, M''sec™! | Ky, sec™! | Reference
metHb, a-chain 1.7-10° 0.65 [66]
metHb, B-chain 6.4-10° L5 [66]
Hb, R-conformation 1.4-107 1.8-107° | [72,73]
Hb, T-conformation 1.4 -107 3.0-103 [72,73]
Hb, a-chain 2.4.107 4.6-107 [72,73]
Hb, B-chain 2.4 - 107 22107 [72,73]
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HbCO + NO — HbNO + CO. (17)

In contrast to CO, which is toxic, NO does not have
any negative consequences and, moreover, can be used for
treatment of lung hypertension in newborns [74]. This
fact can be explained as following: the CO molecule,
when bound to the deoxyHb subunit, can transfer the
protein into R-state and decrease its affinity to oxygen.
Binding a NO molecule to deoxyHb can also change the
affinity to O,, but the rate constant of this process
depends on pH. Decreasing the pH lowers the affinity of
Hb to O,. At pH 7.4 the affinity of the partially nitrosylat-
ed Hb to O, is higher than that of the native protein
(Hb,NO binds O, better than Hb,O,), but at pH 5.8 the
opposite situation can be observed (Hb,NO(O,); better
releases O, than Hb,(O,),). Thus, nitrosylation facilitates
O, transport to the tissues [71].

The reaction of Hb entirely saturated with O, and
NO has a rate constant of 3-10 M~!sec™! and produces
metHb and nitrite ion [75]. However, under physiological
conditions Hb has saturation of about 35% (in capillaries)
to ~95% (in arterial blood) and the number of vacant
binding sites is higher than NO concentration (<1 uM).
This means, that in parallel with Hb oxidation formation
of nitrosyl complexes should take place [45]. Moreover,
HbNO can be produced in the reaction of S-nitrosothiols
with HbO, [76]. And finally, generation of HbNO was
demonstrated not only in solution, but also in erythro-
cytes [37, 77]. HbNO can undergo decomposition pro-
ducing metHb [46]:

dX"/dH

-2 +

3200 3300

H, Gauss

Fig. 2. ESR spectra of Hb nitrosyl complexes [63]. X-Axis, mag-
netic field (H, Gauss); Y-axis, signal intensity (dX"/dH). aNO,
BNO, and a-hyperfine are ESR signals of a-chain and f-chain
nitrosyl complexes (in 6-coordinated state) and o-hyperfine (o~
chain in 5-coordinated state, hyperfine structure can be seen).
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HbNO — metHb-NO~, (18)

2 metHb-NO™ + 2 H* — 2 metHb + N,O + H,0. (19)

ESR spectroscopy is a very effective method for
studying the structure of nitrosyl complexes. In most
cases, the ESR signal of a hemoprotein nitrosyl complex
is a single asymmetric line with g-factor 2.03. Alteration
of the nitrosyl complex structure with hexainositol phos-
phate (IPg) or sodium dodecyl sulfate induces the forma-
tion of triple hyperfine structure in the ESR spectrum.
The central line of this spectrum has g = 2.01 and splitting
constant 16.5 G. The mechanism of this phenomenon is
as following: it is known that the unpaired electron is
localized mostly on the d-orbitals of the iron ion and
slightly on the m-orbitals of the nitrogen atom [78].
Addition of 1P (or sodium dodecyl sulfate) cleaves the
iron histidine bond, and 5-coordinated heme is pro-
duced. The heme iron is shifted to NO and hyperfine
splitting structure can be observed [78, 79]. The ESR
hyperfine splitting structure is specific for HbNO a-
chains only (Fig. 2) [72].

Shifting of a-chain heme iron along the NO bond
changes the shape of the plane heme into a dome-shaped
form, and this complex becomes a high spin complex.
This kind of heme—ligand interaction with proximal his-
tidine is specific for Hb-NO reactions. If the heme ligand
is CO or O,, then the Fe—His bond is not changed [71].

Hill et al. concluded that all the variety of ESR spec-
tra observed in experiments is a combination of .- and f3-
chain of 6-coordinated heme iron (Fe(aNO and BNO))
and a-chain of 5-coordinated iron (Fe(a(5)NO)) (Fig. 1)
[63]. The contribution of a(5)NO fraction depends on
several factors: it increases with decreasing pH and lower-
ing of Hb saturation [63, 71]. At pH = 6 HbNO, 10% sat-
urated, has a(5)NO-signal, and at pH = 8 and complete
saturation Hb with NO there is no hyperfine splitting
structure at all. It is obvious that the pH effect can be
explained by histidine pK value—when pH is increased it
becomes more stable, and all the hemes are transferred
into the 6-coordinated state. The increase of a(5)NO
fraction at lower saturation values can be explained by the
fact that the affinity of a.-chain to NO is higher than that
of B-chain (Table 1) [71-73].

Cytochrome c nitrosyl complexes. Another interest-
ing protein producing nitrosyl complexes is cytochrome
¢. Cytochrome ¢ can produce nitrosyl complexes both in
reduced and oxidized states (cyt ¢*" and cyt ¢**):

cyt ¢ + NO « cyt ¢?"-NO, (20)

cyt " + NO © cyt ¢**-NO. (21)
In contrast to Hb, these reactions are much slower

(Table 2). The equilibrium rate constants for cytochrome
¢ nitrosyl complexes in reduced and oxidized state (cyt
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c**-NO and cyt ¢*"*-NO) are 2.9:10° and 1.6:10* M,
correspondingly. They are several orders of magnitude
lower than that for Hb. This phenomenon can be
explained by the fact that in native cytochrome ¢ heme
iron is in the 6-coordinated (and not 5-coordinated as in
Hb) state. Both the reduced and oxidized protein states
have two axial ligands besides the four that belong to
heme. These ligands are histidine (His18) and methion-
ine (Met80).

It was found that the reaction rate of a small ligands
(say, NO or H,0,) with hemoproteins which have 6-coor-
dinated heme can be altered. This phenomenon was stud-
ied on cytochrome c. This problem was also interesting
because the interaction of cytochrome ¢ and NO or H,0,
plays an important role in apoptosis in mitochondria. The
main idea is that interaction of cytochrome ¢ with some
negatively charged lipids (especially cardiolipin and
phosphatidylserine) increase peroxidase activity of
cytochrome c¢ complex. This phenomenon can be
explained by the enhancement of the interaction of Fe
and H,0,. Interaction of cytochrome ¢ with cardiolipin
modifies the structure and properties of the active site of
cytochrome ¢. As it was shown by means of ESR [80],
Raman [81], and *'P-NMR [82] spectroscopy, the
cytochrome ¢ heme channel becomes open and heme
iron is transferred from low spin (6-coordinated) to high
spin (5-coordinated) state. The NMR data demonstrates
that this interaction affects the polypeptide chain confor-
mation and destabilizes the a-helixes [82]. IR spectro-
scopic data shows that approximately 10% of the a-helix
becomes unfolded [83]. The NMR spectroscopy data
suggested that cardiolipin and cytochrome c¢ binding
increased the distance between Met80 and heme, as well
as modifying the environment of Met65, which is close to
the heme [84]. Finally, these intermolecular rearrange-
ments increase the distance between Met80 and the heme
and facilitate the access of H,0, or NO to the heme iron.
In the case of H,0,, these rearrangements result in a dra-
matic enhancement of cytochrome ¢ peroxidase activity.
In mitochondria, increase of cytochrome ¢ peroxidase
activity can destroy the mitochondrial membrane and
cause cytochrome c release, which is observed in apopto-
sis. The presence of NO close to the iron atom can lead to
production of the cytochrome c¢ nitrosyl complex. If NO
interacts with cytochrome ¢ heme, then the Met§0—heme
bond is cleaved with replacement of amino acid by NO as
the 6th ligand. Nitrosyl complex formation inhibits
cytochrome ¢ peroxidase activity due to the impediment
of H,0, access to heme Fe [85, 86].

Thus, low rate and equilibrium constants are due to
energy losses for 6th ligand replacement. In fact,
cytochrome ¢ with alkylated Met80 (and 5-coordinated
heme) has two orders of magnitude higher affinity to NO
(2:107 M) than that in the native protein [67].

Cyt ¢** nitrosyl complex (cyt ¢**-NO), as in HbNO,
has an ESR signal with g ~ 2.0. As in the case of Hb, the
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Table 2. NO and cytochrome c rate constants
Redox state K., Mlsec™! Ky, sec—! | Reference
eyt ¢ 8.3 2.9-10° | [87,88]
cyt 7.2 - 102 4.4.102 | [87,88]
eyt e 1.3-10° 8.7-1072 [89]

ESR spectrum corresponds to a rhombic symmetry iron
center.

Besides nitrosyl complex formation, cytochrome ¢
can participate in redox reactions with NO. Reduction of
cytochrome ¢ with NO is well known and is analogous to
that of Hb [90]:

cyt ¢ + NO o cyt *-NO, (22)

cyt ¢7*-NO < cyt ¢**-NO*, (23)

cyt ¢¥*-NO™ + 20H™ > cyt ¢* + NO; + H,0. (24)

Sharpe et al. demonstrated that cyt ¢**-NO complex
can be spontaneously destroyed, and in this case practi-
cally the entire NO is converted into nitrite [89]. Besides
that, NO can be reduced to nitroxyl anion (NO™), and
this reaction is characterized by rate constant
200 M~'sec! [89]:

cyt ¥+ NO — cyt ¢ + NO™. (25)

Finally, we can say that both Hb and cytochrome ¢
can produce rather stable nitrosyl complexes that serve as
a NO depot in the organism, and NO can be released
from this depot. Moreover, these nitrosyl complexes pos-
sess photosensitivity and can be destroyed upon irradia-
tion with visible light.

PHOTOCHEMICAL REACTIONS
OF LIGAND-BOUND HEMOPROTEINS

Mechanisms of photochemical reactions of nitrosyl
complexes. Photolysis of hemoprotein complexes have
been known for more than 100 years, since the publica-
tions of Holdane and Lorrain, who studied carboxyhe-
moglobin (HbCO) photolysis with visible light [91]. More
than 60 years later Keilin and Hartree observed
cyanomyoglobin photolysis [92]. Then, Gibson and
Einsworth expanded the list of photolyzed hemoprotein
complexes to O, and NO hemoglobin complexes [93].

Initially, hemoprotein photochemistry was studied
mainly by optical and IR spectroscopy. The most popular
object in these studies was HbCO, as its photolytic effect
is greatly expressed. In the 1950-60s the quantum yields
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of these Hb complexes were evaluated to be for HbCO =
0.4 [94], HbO, = 0.01, and HbNO < 0.001 [95]. In paral-
lel with improvement of spectroscopic techniques, these
quantum yields were evaluated more precisely: HbCO =
0.7, HbO, = 0.08, HbNO < 0.004 [96]. Many publica-
tions have appeared clarifying the mechanisms of the
photodissociation process, to evaluate the rate constants,
and to study the conformational changes [96-98].
Recently it was found that that the quantum yields for the
variety of hemoproteins (Hb, Mb) and complexes (CO,
0,, NO) are similar to each other [99]. Petrich et al.
demonstrated that the kinetics consist of several general
stages [98, 99]: (i) transformation of hemeprotein—ligand
complex into the excited state (t,,, < 50 fsec); (ii) com-
plex photodissociation and appearance of the absorption
spectrum of the original protein (t,,, = 300 fsec); (iii) fast
relaxation and conversion of the excited molecule to the
ground state (t,, = 2.5-3.2 psec); (iv) slow recombina-
tion of the photolysis products (say, heme—ligand associ-
ation) [97]. This recombination has various half-life times
for different ligands: 0.1 psec for HbCO, 1-3 nsec for
HbO,, and about 10 psec for HbNO.

The comparative study of Hb complex absorption
spectra in the Soret band showed that Hb transfer into the
excited state is realized within 50 fsec, independent of lig-
and type. After dissociation Hb can be found in one of the
two excited states—Hb(I)* or Hb(IT)*. From the state
Hb(I)*, heme can relax to the ground state with 1,, =
300 fsec, and from Hb(I)* with 1,, = 2.5 fsec. The
Hb(I)*/Hb(II)* ratio depends on ligand type. In the case
of CO, Hb(I)* is mainly produced, and vice-versa, disso-
ciation of HbNO most probably results in Hb(II)*. This
fact can explain a fast recombination of HbNO (10 psec).

It is well known that Hb complex photodissociation
induces conformational alterations both in protein glob-
ule and in heme. These alterations of HbCO are studied
in detail [99]. These events can be explained as “iron
atom shifting from the heme plane” or as “dome-shaped
heme bending”. These transformations induce heme Fe
transition from low spin into high spin state. The Hb(I)*
excited state is a state with the dome-shaped heme.
Relaxation of Hb(I)* to the ground state evokes structure
changes inhibiting heme—ligand recombination. In
Hb(IT)* the conformation of the heme is not modified; it
remains flat and can follow fast association with the lig-
and.

A similar phenomenon was detected by Zhu et al. as
a consequence of irradiation of myoglobin nitrosyl com-
plex [100]. It was shown that quantum absorption induces
the cleavage of the heme—NO bond, alters the iron spin
state, extends the Fe—His bond, and the heme acquires
the dome shape.

Fast reassociation of the photolysis products does
not allow suggesting more precise mechanisms of the
heme—ligand complex photolysis rearrangements [98,
99]. It is known that recurring irradiation of these com-
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plexes results in the incomplete recovery of the protein
absorption spectrum due to side reactions [98, 101]. In
our case in the photolytic decomposition of HbNO we
can expect the formation of free NO and its derivatives—
nitroxyl anion and/or nitrosonium cation. Moreover, as
Hb reacts with NO with a rate constant =10” M~!-sec™!
and has the affinity of 210> M~!, we can expect that free
NO, produced in the photolysis, can reassociate with Hb.

Cytochrome ¢ nitrosyl complex photolysis is poorly
studied, but there are some publications [87, 88].
According to Hoshino and Rose, cyt ¢**-NO and cyt ¢**-
NO complexes are photosensitive and can be decom-
posed upon irradiation.

Photochemical reactions of Hb nitrosyl complex. We
have obtained in our lab some experimental evidence of
Hb nitrosyl complex photodissociation. It was shown that
irradiation of Hb nitrosyl complexes with He-Cd
(441 nm) results in the cleavage of the heme—NO bond
[102]. The heme iron in this process remains reduced,
and nitric oxide is released as a free radical (NO). The
photodissociation of HbNO is reversible. It was proven in
anaerobic experiments that: (i) HbNO complexes can be
reduced in the dark incubation after irradiation; (ii) the
intensity of the photolytic effect depends on the irradia-
tion power, and (iii) the effective quantum yield is low,
about <0.001. During aerobic irradiation of HbNO,
besides the photolytic decomposition/reassociation of
nitrosyl complexes, a reaction between the photolysis
products (Hb and NO) and oxygen takes place. The reac-
tion with oxygen make the photolytic effect irreversible:
(i) this effect becomes independent of irradiation power,
and (ii) the quantum yield of HbINO photolysis increases
to ~0.01.

Thus, if the photolysis occurs in the absence of oxy-
gen, then fast reassociation takes place. In the presence of
oxygen, the photolysis products can interact with oxygen
and the reassociation reaction becomes negligible [102].
In our experiments we have observed NO production
under anaerobic conditions when a spin trap (nitronyl-
nitroxyl radical) interacted with the photolysis products
[102]. This was due to the high rate constant of the inter-
action of NO with the spin trap (10* M~"-sec™"). This rate
constant for interaction with oxygen is approximately
10° M~"sec™!, so under aerobic conditions the photolysis
products cannot be seen. Oxygen is a good competitor for
NO with heme.

Photolysis of HbNO takes place both in high spin
(R) and in low spin (T) conformations. This observation
is very important as the generation of R- and T-confor-
mations occurs at low NO concentrations, close to phys-
iological ones [45], and also in vivo [37, 39-41].

Moreover, we found that photolysis of Hb nitrosyl
complex can be observed not only in solution but also in
erythrocytes. Nitrosyl complexes in erythrocytes have
even higher photosensitivity than in solution. HbNO
decomposition in erythrocytes takes place at lower doses,
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and NO generation can be detected even in the presence
of oxygen; moreover, its production remains after com-
plete decomposition of HbNO. This fact can be explained
by the interaction of free NO with thiols (especially with
glutathione, as its concentration is ~1 mM) inside the
erythrocytes and production of nitrosothiols. Nitrosothi-
ols can undergo decomposition upon irradiation produc-
ing free NO. Thus, on one hand, GSH facilitates pho-
tolytic decomposition due to the removal of free NO, and
on the other hand, it extends the lifespan of NO as the
nitrosyl complexes are formed.

Independent of erythrocyte HbNO photolysis mech-
anism, Hb nitrosyl complexes can serve as a NO donors.
It is obvious that laser irradiation induces decomposition
of HbNO and release of free NO [103]. Thus, HbNO can
participate in irradiation-mediated blood vessel relax-
ation. This mechanism occurs both in normal physiolog-
ical conditions (HbNO Ievel is about 1 nM [37]) and in
pathological cases when tissue reoxygenation decreases
and NO production rises [39].

We have experimentally tested the statement that
HbNO can serve as a temporal NO depot and can be
released to dilate blood vessels [104]. The experimental
procedure was as follows: animals were anaesthetized; an
aliquot of blood was taken from the femoral vein and sat-
urated with NO to produce nitrosyl Hb complexes. Then
blood containing HbNO was introduced back into the
femoral vein and the circulation in a. epigastrica and its
descending branches was monitored in the process of He-
Cd laser irradiation. We observed that the laser irradiation
of a. epigastrica induces significant enhancement of blood
flow (=230%) compared to that in control (without
HbNO). These results can be explained as follows: laser
irradiation induces HbNO decomposition and increases
generation of free NO, which activates guanylate cyclase
and finally leads to the blood vessel relaxation. Thus, Hb
nitrosyl complex photolysis can facilitate blood circula-
tion. These experiments are very important from the
point of view of improving circulation after organ trans-
plantation or vessel embolism. The main reactions of Hb
nitrosyl complexes are presented in Fig. 3.

Photochemical reactions of cytochrome c nitrosyl
complex. Reactions of NO with cytochrome ¢ play an
important role in the functioning of the mitochondrial
respiratory chain. Nitrosyl complex formation both of
ferrous and ferric cytochrome ¢ states can inhibit mito-
chondrial respiration. At the same time, reduction of NO
to NO™ by ferric cytochrome ¢ removes free NO from the
reaction sphere (cytochrome bc;, cytochrome a;, and
ubiquinol) and facilitates mitochondrial respiration
[105]. In this case, effects of visible light on cytochrome ¢
and NO interaction look very attractive.

We have found experimental evidence of decomposi-
tion of both cyt ¢> and cyt ¢** nitrosyl complex upon He-
Cd laser irradiation. We have seen that laser irradiation
accelerates cyt ¢** nitrosyl complex decomposition, as

BIOCHEMISTRY (Moscow) Vol. 72 No. 13 2007

1499

HbFS) = HbFE)-NO him Hb(Fe™") + NO'
(Fe™) (Fe™)- Hb(Fe*") + NO™

+e‘ﬂﬂ-e'
+NO’ h 2+4) 4 +
Hb(Fe’*) ==> Hb(F*)-NO =—=> Hb(Fe ) + NO'
Hb(Fe ) + NO

Fig. 3. Scheme of generation and decay reactions of Hb nitrosyl
complex.

detected by the decrease of the ESR signal, at least 20-
fold compared to dark reaction. This phenomenon was in
parallel with the decrease of the optical band of cyt ¢**-
NO at 560-570 nm. It is obvious that photolysis of nitro-
syl complex generates reduced/oxidized cytochrome c¢
and free NO. In other words, the irradiation shifts the
equilibrium of the decay reaction to the increase of the
initial compounds. We have detected cyt ¢>"-NO dissoci-
ated upon irradiation with He-Cd laser into cyt ¢** and
NO, and cyt ¢**-NO into cyt ¢*" and NO*.

Based on our experimental results, we have suggest-
ed that He-Cd laser irradiation of mitochondria or native
cells can reactivate respiration and ATP synthesis. One of
the possible mechanisms of this reaction is the photodis-
sociation of cytochrome c¢ nitrosyl complexes.

It is appropriate to note the acceleration of cyto-
chrome ¢—NO interaction in the presence of anionic
lipids. We have found that not only H,0O,, but also NO can
easily react with cytochrome c if the cytochrome c—car-
diolipin or cytochrome c—phosphatidylserine complex is
formed. In the presence of cardiolipin, cytochrome ¢ pro-
duces rather stable nitrosyl complex with NO [86].
Formation of this type of complexes decreases or even
abolishes cytochrome ¢ peroxidase activity. If this event
takes place in mitochondria, then decrease in peroxidase
activity will inhibit apoptotic reactions.

It was found that cytochrome ¢ nitrosyl complexes
produced in the presence of cardiolipin are photosensitive
and can undergo decomposition upon irradiation with
visible light. Our experiments showed that He-Cd laser
irradiation (441 nm) induces nitrosyl complex decompo-
sition and hence facilitates H,0, access to the active site
of the cytochrome c, i.e. restores the peroxidase activity
of the cytochrome c. This means that laser irradiation can
serve as a proapoptotic factor if nitrosyl complexes are
present in the system. Thus, NO and laser radiation are
the means to effect the cytochrome ¢ peroxidase activity,
and, probably, apoptosis [85].

It is obvious that cytochrome c is not the only place
of NO application in the mitochondrial electron-trans-
port chain. It was demonstrated that NO can produce
nitrosyl complexes with cytochrome a; heme in
cytochrome ¢ oxidase and induces its reversible inhibition
[49]. Sarty et al. in the study of the cytochrome ¢ oxidase
inhibition showed that visible light reactivates the enzyme
and enhances oxygen consumption in the system of
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C Fe?* +NO' Cvt e(Fe*)-NO hv Cyt c(Fe?*) + NO'
yt c(Fe™) ==> Cytc(Fe )- = Cyt c(Fe*') + NO

+e ﬂﬂ -e”
+NO' h 2+ +
Cyt ¢(Fe**) ==> Cytc(Fe’")-NO v, Cyte(Fe™)+NO
Cytc(Fe**)+NO"

Fig. 4. Scheme of generation and decay reactions of cyt ¢ nitrosyl
complex.

cytochrome a;/NO [106]. Moreover, NO can irreversibly
inhibit compound I by means of enzyme thiol nitrosyla-
tion, and UV irradiation of the nitrosylated compound I
reactivates the enzyme. This effect is based on nitroso-
thiol photolysis [107]. Thus, we can conclude that not
only the NO, but visible light too can modulate the mito-
chondrial electron transport chain activity. Further stud-
ies of the photochemical and photobiological reactions of
NO can clarify the individual roles of the mitochondrial
electron transport chain components in the inhibition of
respiration. The major reactions of cytochrome c¢ nitrosyl
complex are presented in Fig. 4.

PHYSIOLOGICAL EFFECTS
OF VISIBLE RADIATION

Relaxation of smooth muscle upon irradiation.
Relaxation of rabbit aorta as a result of visible light irradi-
ation was discovered by Furchgott in 1955 [108]. Later it
became clear that light-induced vessel relaxation has very
much in common with EDRF-mediated vessel response:
both reactions elevated the amount of cGMP and both
reactions can be inhibited by methylene blue [109].
Light-induced blood vessel dilation does not depend on
endothelium, but it can be connected with the existence
in the vessel wall of photosensitive compounds that can
release NO on irradiation [110, 111]. This substance was
consumed with increasing irradiation dose, but it can be
restored by NO donors [103]. Venturini et al. demonstrat-
ed that photosensitive NO donors are S-nitrosothiols and
S-nitrosoproteins. These substances are produced physio-
logically and can release free NO on irradiation with UV
light [25, 103, 112].

Yu. A. Vladimirov suggested that nitrosyl Hb com-
plexes can be one of the photosensitive chromophores
participating in the mechanism of photorelaxation [113].
This hypothesis was based on the following experimental
data: i) NO can easily bind Hb, and ii) nitrosyl Hb com-
plexes were observed in vivo. Consequently, Hb can serve
as NO transporter from the point of production to the
biological targets. Finally, an important property of
HbNO as well as a variety of hemoproteins is their photo-
sensitivity. It is natural to suppose that light effect on
HbNO will be the decomposition of HbNO and the
release of free NO and subsequent blood vessel relaxation.
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Photoreactivation of the enzymes of the mitochondri-
al electron transport chain. It is well known that visible
light causes enhancement of mitochondria oxygen con-
sumption and increases transmembrane potential and
ATP production [114]. Similar effects were observed on
intact cells [115]. Based on the action spectra, it is sup-
posed that the primary acceptor of irradiation is
cytochrome ¢ oxidase [116]. Unfortunately, the mecha-
nism of cytochrome ¢ oxidase photoreactivation has not
been studied in detail.

As mentioned above, among the various effects of
NO the effect of inhibition of the mitochondrial electron-
transport chain is well known [49]. This phenomenon was
observed on isolated mitochondria [117] and intact cells
[118]. Moreover, the possibility of controlling cell respi-
ration by activated macrophages, producing NO, was
shown [119]. Great interest in this phenomenon
increased after the discovery of the mitochondrial NO-
synthase (mtNOS) [120, 121]. These studies have showed
that respiration can be controlled not only by exogenous
NO, but also by endogenous NO through the modulation
of mtNOS activity [122]. In this case, the consequence of
respiration inhibition is the reduction of all elements of
the electron transport chain and increase of O3, H,0,,
and peroxynitrite production [117, 123, 124]. Thus,
NO-—a free radical scavenger—becomes an inducer of
free radical generation in mitochondria. Induction of
oxidative stress initiated by NO leads to the oxidation of
mitochondrial lipids, decrease of transmembrane poten-
tial, opening of membrane pores, and release of
cytochrome ¢ into the cytoplasm [123, 125]. The latter
effect is the key event to initiate the apoptotic reaction
cascade and cell death [126].

The attention of researchers studying the inhibition
of respiration in mitochondria was attracted to the func-
tioning of cytochrome ¢ oxidase as the main target of NO.
However, numerous experimental data demonstrate that
practically all elements of the mitochondrial electron
transport chain can interact with NO. Utilizing respirato-
ry chain inhibitors, it was shown that suppressive effect of
NO is revealed in all stages of the electron transport chain
[105]. NO can inhibit cytochrome ¢ oxidase [49] and
decreases the activity of cytochrome bc, [117, 124].

The inhibition of cytochrome ¢ oxidase by mito-
chondrial transport chain inhibitors was demonstrated on
the purified enzyme [106, 127], on mitochondria [105],
and on native cells [128]. The specific characteristic of
this phenomenon is its reversibility; decreasing the NO
concentration corresponds to restoration of the enzyme
activity. There are several explanations for this phenome-
non. One is that NO can produce nitrosyl complexes with
the heme iron of the cytochrome a; (cyt a?*-NO) and
with Cuj and Cud’ [48, 127-132]. However, besides the
nitrosyl complex formation with cytochrome c¢ oxidase
heme, NO can reduce the iron in the active site and hence
inhibit the enzyme. This is because during reduction of
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oxygen to water cytochrome c oxidase produces two
strong oxidative states: compound P (Fe(a;)*"=0 (oxo-
ferryl, similar to compound I in the peroxidase cycle))
and compound F (Fe(a;)**=0 (ferryl, similar to com-
pound II in the peroxidase cycle)). NO can reduce any of
these cytochrome ¢ oxidase compounds (P—F,
F—Fe(a;)**, Cui*—>Cuy), redirecting the reaction [127,
130].

Sarti made an interesting observation while studying
the inhibition of cytochrome ¢ oxidase by NO [106]. It is
known that nitrosyl complex of cytochrome ¢ oxidase (cyt
a¥'-NO) is photosensitive and can be decomposed on
irradiation with visible light [62]. Thus, if the main role of
this process belongs to the generation of cyt a3"-NO, then
the enzyme activity and mitochondria respiration should
be sensitive to the presence of NO, and irradiation should
reverse the inhibition induced by NO. In fact, it was
observed that visible light practically completely restores
the enzyme activity. These events can take place only in
the presence of a reducing agent. If the concentration of
a reducing agent was low, then oxygen consumption was
low both in the light and dark. In other words, if the
reducing ability of the media is high, the key step of inhi-
bition is the production of cyt a2"-NO, but if the reduc-
ing ability of the media is low the main mechanism of
inhibition is reduction of the cytochrome with NO or for-
mation of light insensitive complexes cyt a3"-NO; [106].
We suppose that in vivo, when the reducing agent concen-
tration is rather high, the first mechanism works. In
pathology, when the concentration of the reducing agents
is low, the second mechanism is engaged. This mecha-
nism can be observed in the process of inflammation.

Mitochondrial complex I can also serve as a NO
acceptor. It was shown on mouse J774 line macrophage
culture that complex I of the respiratory chain can be
inhibited in the presence of NO donor—DETA-
NONOate [107]. In contrast to cytochrome ¢ oxidase, the
inhibition of mitochondria respiration complex I by NO
proceeds rather slowly (90% inhibition of activity takes
approximately 3 h) and is irreversible. The mechanism of
this phenomenon is probably due to the S-nitrosylation of
a critical protein thiol group. The correctness of this sup-
position can be proved by two facts. First, etherified glu-
tathione (glutathione analog that can easily cross the
plasma membrane) restores cell respiration. Second, the
enzyme is reactivated after irradiation with visible light.
Glutathione can participate in transnitrosylation reaction
and thus reduce the protein SH-groups. UV radiation
induces the homolytic cleavage of RS—NO bond, and it is
reasonable to suggest that S-nitrosylation is responsible
for protein deactivation.

Thus, both cytochrome ¢ oxidase and its compound
I can be inactivated by NO. These mechanisms are fun-
damentally different. In one case, it is heme nitrosyl
complex formation, and in the other case it is thiol group
nitrosylation. Hence, visible light destroys both complex-
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es and in both cases respiration and enzymatic activity are
restored.

The mechanism of the reaction of cytochrome ¢ and
NO is complicated and is not entirely clear. However, as
mentioned above, both reduced and oxidized forms of the
cytochrome ¢ can produce nitrosyl complexes [133, 134].
Moreover, ferrous cytochrome ¢ can catalyze the reduc-
tion of NO to NO™ [117], and ferric cytochrome ¢ the
oxidation of NO to nitrite [90]. Thus, we can conclude
that both cytochrome ¢ forms participate in NO metabo-
lism. Moreover, in the presence of anionic phospholipids
(cardiolipin and phosphatidylserine) the reaction of
nitrosyl complex production is accelerated tenfold.
Cytochrome ¢ nitrosyl complexes formed are photosensi-
tive and can undergo decomposition on illumination. The
photochemical reactions described (nitrosyl complex
photolysis or alteration of catalytic activity) can play an
important role both in the regulation of mitochondrial
respiration and development of apoptosis.

The experimental data discussed in this review prove
the critical biological role of the hemoprotein nitrosyl
complexes. It is also obvious that this role is based on the
ability of nitrosyl complexes to serve as a nitric oxide
depot. Irradiation is often used to facilitate the release of
NO. Thus, laser irradiation can improve brain circula-
tion. Laser therapy shows positive effects in shock cases.
It was shown in animal models of hemorrhagic shock that
laser irradiation in the acute phase makes their conditions
better [135]. It was found that laser radiation of visible
range enhances cell proliferation and tissue regeneration.
For instance, in cardiology clinics laser therapy is used to
improve transmural revascularization [136]. This
approach significantly improves cardiologic status of the
patients. Moreover, it was shown that He-Ne laser radia-
tion facilitates wound and ulcer healing [137].
Proliferation activation upon laser irradiation was
demonstrated if lasers of the various wavelengths were
used: He-Cd (441.6 nm), argon (488 nm), Nd:YAG (760-
830 nm), He-Ne (632.8 nm), ruby (694.3 nm) [116]. It
was supposed that the sophisticated picture of biological
laser light effects can be explained by the existence of
numerous chromophores in cells. First of all, these are
the enzymes of the respiratory chain [116, 137]. Finally, it
was shown that laser irradiation can enhance NO produc-
tion in cells. Klebanov et al. have demonstrated neu-
trophil priming in the process of laser irradiation: this
means that a cell after irradiation can show many fold
higher response to a stimuli resulting in greater activation
degree and higher NO production [138]. He-Ne laser
irradiation can activate T-lymphocytes. This phenome-
non in parallel with increased NO synthesis can play an
important role in the control of inflammation [139, 140].
Thus, it becomes clear that visible light radiation can be
effectively applied as a therapeutic means if hemoprotein
nitrosyl complexes are present in the system.
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