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Abstract

Cytochrome c oxidase is discussed as a possible photoacceptor when cells are irradiated with monochromatic red to near-IR radiation. Four
primary action mechanisms are reviewed: changes in the redox properties of the respiratory chain components following photoexcitation of
their electronic states, generation of singlet oxygen, localized transient heating of absorbing chromophores, and increased superoxide anion
production with subsequent increase in concentration of the product of its dismutation, H,O,. A cascade of reactions connected with alteration
in cellular homeostasis parameters (pH;, [Ca;], cAMP, E,, [ATP] and some others) is considered as a photosignal transduction and

amplification chain in a cell (secondary mechanisms).
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1. Introduction

The most frequently used mechanism of photon energy
conversion in laser medicine is heating. Average heating of
irradiated samples occurs with all methods of tissue destruc-
tion (cutting, vaporization, coagulation, ablation). Many of
these surgical laser techniques are reviewed elsewhere.

At low light intensities the photochemical conversion of
the energy absorbed by a photoacceptor prevails. This type
of reaction is well known for specialized photoacceptors such
as rhodopsin or chlorophyll. In medicine light absorption by
non-specialized photoacceptor molecules (i.e., molecules
that can absorb light at certain wavelengths, but that are not
integral to specialized light-reception organs) is used rather
extensively (Fig. 1). The absorbing molecule can transfer
the energy to another molecule, and this activated molecule
can then cause chemical reactions in the surrounding tissue.
This type of reaction is successfully used in photodynamic
therapy (PDT) of tumors. Alternatively, the absorbing mol-
ecule in a light-activated form can take part in chemical reac-
tions, as occurs in treatment of skin diseases with psoralens
and UV-A radiation (PUVA). Importantly, in both PDT and
PUVA therapy the photoabsorbing molecules are artificially
introduced into a tissue before irradiation.
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Fig. 1. Methods of light therapy based on endogenous and exogenous
photoacceptors in cells.

Irradiation of cells at certain wavelengths can also activate
some of the native components. In this way specific biochem-
ical reactions as well as whole cellular metabolism can be
altered. This type of reaction is believed to form the basis for
low-power laser effects [ 1-3]. One should note that light-
therapy methods based on photochemical conversion of
photoabsorbing molecules (Fig. 1) are not laser-specific
methods. Conventional light sources generating the appro-
priate wavelength can also be used (as is done in PUVA and
UV therapy). Laser sources are just handy tools providing
many practical advantages (e.g., efficient fiber-optic cou-
pling to irradiate interior body parts, high monochromaticity
and easy wavelength tunability, simplicity of use and electri-
cal safety in the case of semiconductor lasers).
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Low-power laser effects and, in particular, their primary
and secondary mechanisms, are the topic of the present paper.
During the past few years numerous reviews on this topic
have been written describing various aspects of the problem:
history [ 1,4], controversies [3-9], quantitative laws of vis-
ible-light action on cells [1,2,10], photobiological funda-
mentals [4,9], and molecular mechanisms [11,12]. Specific
data about the effects of irradiation on various cells have also
been reviewed, including: cell cultures in vitro [13,14],
Escherichia coli [15], microorganisms [16], and human
lymphocytes [17,18]. In addition, clinical applications of
low-power laser therapy have been surveyed [19-22]. As a
rule, the material from these previous reviews is not repeated
here.

2. Photoacceptors

A photobiological reaction involves the absorption of a
specific wavelength of light by the functioning photoreceptor
(photoacceptor) molecule. To distinguish specialized pho-
toreceptor molecules such as rhodopsin, phytochrome, bac-
teriorhodopsin, and chlorophylls from nonspecialized
chromophores, let us call the last ones photoacceptors. The
photoacceptors take part in a metabolic reaction in a cell
which is not connected with a light response. After absorbing
the light of the wavelength used for irradiation, this molecule
assumes an electronically excited state from which primary
molecular processes can lead to ameasurable biological effect
in certain circumstances. To work as a photoacceptor taking
part in photobioregulation, this molecule must be part of a
key structure that can regulate a metabolic pathway. Redox
chains are an example of this type of key structure which fits
these requirements.

Several pieces of evidence show that mitochondria are
sensitive to irradiation with monochromatic visible and near-
infrared (IR) light. The illumination of isolated rat liver
mitochondria increased adenosine triphosphate (ATP) syn-
thesis and the consumption of O, [23-25]. Irradiation with
light at wavelengths of 415 [23], 602 [26], 632.8 [24], 650,
and 725 nm [25] enhanced ATP synthesis. Light at wave-
lengths of 477 and 554 nm [23] did not influence the rate of
this process. Oxygen consumption was activated by illumi-
nating with light at 365 and 436 nm, but not at 313, 546, and
577 nm [26]. Irradiation with light at 633 nm increased the
mitochondrial membrane potential (Ay) and proton gradient
(ApH), caused changes in mitochondrial optical properties,
modified some NADH-linked dehydrogenase reactions
(NADH is a reduced form of nicotinamide adenine dinucleo-
tide) [27], and increased the rate of ADP/ATP exchange
(ADP is adenosine diphosphate) [28], as well as RNA and
protein synthesis in the mitochondria [29]. In the case of
state 4 respiration, 351 and 458 nm laser irradiations accel-
erated the oxygen consumption of rat liver mitochondria;
such an acceleration was not observed with 514.5 nm irra-
diation. On the contrary, in the case of state 3 respiration,

514.5 nm laser irradiation activated the oxygen consumption
of mitochondria. Activation did not occur with 458 nm irra-
diation and 351 nm irradiation reduced the oxygen consump-
tion in state 3 [30]. 660 nm irradiation increased state 3
oxygen consumption at both coupling II and III sites, as well
as increasing the respiratory control ratio [31].

It is also believed that mitochondria are the primary targets
when the whole cells are irradiated with light at 630 [29],
632.8 [32-34], or 820 nm [35]. Irradiation with light at 812
[36] or 632.8 nm [37] altered the rhodamine 123 uptake by
fibroblasts. These results were interpreted by the authors as
inducing the perturbation of mitochondrial energy production
[36] and membrane potential [37].

The question is, which molecule in a mitochondrion is
responsible for the effects mentioned above? When consid-
ering the cellular effects, this question can be answered with
the aid of action spectra. We know that within certain limits,
an action spectrum follows the absorption spectrum of the
photoacceptor molecule [38]. On the other hand, the action
spectrum is insufficient to distinguish between potential pho-
toacceptor pigments with very similar absorption spectra.
Moreover, the absorption spectrumn for the photoacceptor pig-
ment may depend strongly on its environment, but this envi-
ronment remains unknown as long as the photoacceptor
pigment itself is unknown. Because of these inadequacies of
the photoacceptor pigment, some other criteria for identifi-
cation are also used.

Action spectra for the DNA and RNA synthesis rate in
HeLa cells in the exponential and plateau phase of growth as
well as those for the adhesive properties of HeLa cellular
membranes were published by Karu et al. [39-41]. Fig. 2
shows a generalized action spectrum for HeLa cells (the sum
of the four spectra for nucleic acid synthesis stimulation,
which were very similar to each other) taken from Refs.
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Fig. 2. The generalized action spectrum of proliferation increase of HeLa
cells for A=330-860 nm [39,40]: curve 1, dose 10 J m 2 curve 2, dose
100 T m~*. A possible assignment of peaks to absorbing chromophores is
marked as suggested in Ref. [61].
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[39,40]. Recall that in the wavelength range 310-500 nm, a
maximum stimulating effect was obtained with a radiation
dose one order of magnitude less than in the longer-wave
spectral range [39,40].

Fig. 2 shows that the action spectrum in the range 580-
860 nm consists of two series of doublet bands in the ranges
620-680 and 760-830 nm with well-pronounced maxima at
620, 680, 760, and 820 nm. In the violet-blue region there is
one maximum at 400 nm with the edge of the envelope near
450 nm.

It is known that the action spectrum is roughly the same
shape as the absorption spectrum of the photoacceptor [38].
Therefore, the bands in the action spectra were identified by
analogy with the metal-ligand system absorption spectra
characteristic of this spectral range [42-44]. The regions
400—450 and 620680 nm are characterized by the bands
pertaining to complexes with charge transfer in a metal-ligand
systemn, and within 760-830 nm, these are d—d transitions in
metals. The region 400-420 nm is typical of —m™ transitions
in a porphyrin ring [45].

Comparative analysis of spectral data for transition metals
and their complexes on one hand, and biomolecules partici-
pating in the regulation of cellular metabolism on the other,
allows us to suggest that multinuclear enzymes containing
Cu(1I) may be participating [ 12,44,45]. Analysis of the elec-
tron excitation transitions of participating molecules contain-
ing Cu(Il) [46—49] shows that metal-ligand transitions in
the range 400450 nm correspond to the N; i4a,01 — Cu tran-
sition, at 620 nm, to the S.yq.ine = Cu transition, and at
680 nm to the S, cnionine —> Cu transition.

Comparing the lines of possible d—d transitions and charge-
transfer complexes of Cu [44,47-50] with our action spec-
trum (Fig. 2) allows us to assume that the photoacceptor

molecule has different types of centers containing Cu(II) in
the ranges 420-450 and 760-830 nm. In the range 420450
nm, this may be a combination of centers of types I and II
(for the characteristics of centers of types I, II and III, see
Ref. [46]) though a center of type I may be present. At 330
nm, a center of type I1I may be present, and in the range 760-
820 nm centers of types I and III coexist. Within 620680
nm, there is a center of type I and a combination of centers
of different types is unlikely.

The above analysis allows us to conclude that all bands in
the action spectrum in Fig. 2 may be related to the cytochrome
¢ oxidase. The fact that the photoacceptors are components
of the respiratory chain was considered earlier [4]. Cyto-
chrome c oxidase (or cyt a/a,) is the terminal enzyme of the
respiratory chain in eukaryotic cells (Fig. 3(a) ), which medi-
ates the transfer of electrons from cyt ¢ to molecular oxygen.
Ferrocytochrome c is oxidized, dioxygen is reduced, and pro-
tons are pumped vectorially from the mitochondrial matrix
to the cytosol. Free energy resulting from this redox chemistry
is converted into an electrochemical potential across the inner
membrane of the mitochondrion, which ultimately drives the
production of ATP. Accordingly, cytochrome c oxidase plays
a central role in the bioenergetics of the cell.

Cytochrome ¢ oxidase of mammalian cells is a large mul-
ticomponent membrane protein of considerable structural
complexity (molecular size 200 kDa). Two heme moieties
(heme a and heme a3), two redox-active copper sites (Cu,
and Cug), one zinc, and one magnesium are the possible
absorbing chromophores for visible light. Recently, the high-
resolution three-dimensional X-ray structures of cytochrome
¢ oxidase of bovine heart [51,52] and Paracoccus denitrifi-
cans {53] were reported. These studies indicated that Cu,, is
adinuclear copper center with an unexpected structure similar
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Fig. 3. (a) Mitochondrial respiratory chain of eukaryotic cells. (b) A scheme of the structure of cytochrome ¢ oxidase (after [51,52,54]).
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to a [2Fe-2S]-type iron-sulfur center in which the Fe ions
and inorganic sulfur atoms are replaced with Cu ions and
cysteine sulfur atoms, respectively. The O, binding site con-
tains heme a,, iron, and Cug; there is no detectable bridging
ligand between the iron and copper atoms. Heme a is coor-
dinated with two imidazoles of histidine residues. The fifth
ligand of heme a; is an imidazole, whereas Cuy is coordinated
by three imidazoles of histidine. The Cu, (Cu—Cu) center is
coordinated by residues of two cysteins, two histidines, one
methionine, and one peptide carbonyl of a glutamate [51].

In the catalytic cycle of cytochrome ¢ oxidase electrons
are transferred sequentially from water-soluble cytochrome
¢ to Cu,, then to heme a and to the binuclear center a;~Cug,
where oxygen is reduced to water (Fig. 3(b) ). Oxygen binds
to heme a; and is reduced to water through a series of short-
lived elusive intermediates. Singular value decomposition
analysis indicated the presence of at least seven intermediates
[55]. The best-characterized species up to now are ferrous-
oxycomplex and peroxy species [ 55-57].

Generally speaking, the cytochrome ¢ oxidase can be fully
oxidized (four redox-active metal centers: Cu,, Cug, and iron
in hemes a and a5, are in their common higher oxidation state;
3* for iron and 2* for copper), or fully reduced (four metal
centers are in their common lower oxidation state; 2* for
ironand 1 * for copper). A partially reduced enzyme, usually
called a mixed-valence enzyme, has some metal centers in
their higher oxidation state and the remainder in their lower
oxidation state. There are also a number of forms of oxidized
enzyme: fastenzyme (reacts relatively rapidly withcyanide),
slow enzyme (reacts at about of 1% of the rate of the fast
enzyme, also called resting enzyme), pulsed enzyme
(obtained by reducing slow enzyme and oxidizing it with
oxygen under conditions in which the production of H,0, is
avoided), and oxygenated enzyme (subjected to a cycle of
reduction and reoxidation under conditions in which H,0, is
produced) [58-60]. These details are given to illustrate how
complicated and controversial the overall picture of the func-
tioning of cytochrome ¢ oxidase still is.

Coming back to the comparative analysis of the action
spectrum in Fig. 2 and available spectroscopic data on cyto-
chrome ¢ oxidase cited above, it was suggested [61] that the
825 nm band belongs to the oxidized Cu,, the 760 nm band
to the reduced Cug, the 680 nm band to the oxidized Cug,
and the 620 band to the reduced Cu, (Fig. 2). The 400-450
nm band is more likely to be the envelope of a few absorption
bands in the range 350~-500 nm (i.e., a superposition of sev-
eral bands). This means that the main contribution to the
mentioned absorption bands is made by these particular chro-
mophores. It does not mean that other chromophores are not
participating to a lesser extent. The band with a maximum
near 404-420 nm can be assigned to the oxidized heme,
whereas the longer-wave edge of the envelope at 450 nm
(due to its asymmetry) should evidently be assigned to the
reduced Cug. The participation of the heme in the action
spectra is confirmed by the optimal dose ratio (10 and 100J
m 2, respectively, for 404 nm and other visible-region max-

ima [39,40]). It should be noted that the Soret band of heme
compounds (i.e., the band in the range 400420 nm) is more
intense by an order of magnitude than the absorption bands
of these compounds in the visible region [45]. The weak
band at 330 nm may belong to the oxidized Cug. Thus, the
bands at 330, 404420, 680, and 825 nm can be attributed to
the oxidized form of cytochrome ¢ oxidase; the edge of the
blue-violet band at 450 nm and the distinct bands at 620 and
760 nm belong to the reduced form of the enzyme.

Analysis of the band shapes in the action spectra (Fig. 2)
and the line intensity ratios enables us to conclude that cyto-
chrome ¢ oxidase cannot be considered as a primary pho-
toacceptor when it is fully oxidized or fully reduced, but only
when it is in one of the intermediate forms (partially reduced,
or mixed valence enzyme).

The conclusion that the action spectrum (Fig. 2) reflects
the absorption spectrum of one of the intermediate forms of
the cytochrome c oxidase complex is supported by the results
of experiments using simultaneous dichromatic irradiation
(Fig. 4(b)). As well as irradiating the cells with light of
different wavelengths as normal (shown on the abscissa of
Fig. 4(b)), they were simultaneously irradiated with light at
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Fig. 4. Action spectra of (a) monochromatic and (b) simultaneous dichro-
matic irradiation with A=632.8 nm and A (wavelengths shown on the
abscissa) on the DNA synthesis rate in exponentially growing HeLa cells
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633 nm. This wavelength was close to the position of one
maximum in the action spectrum in Fig. 2 (620 nm). The
technique of this experiment is described in Ref. [62]. The
light doses in both irradiation processes were either optimal
(100 J m~? in the region 600-860 nm, Fig. 4(b), curve 3,
and 10 Jm~2, Fig. 4(b), curve 1) or increased (25 Jm~2in
the blue—green region, Fig. 4(b), curve 2). So, in the case of
simultaneous dichromatic irradiation a new action spectrum
is formed. The comparison of the action spectra in Fig. 4(a)
(curves 1 and 2) and (b) reveals essential differences
between them: the shift of the blue-violet maximum from
404 to 450 nm or its absence in the spectrum; new bands in
the green region (550-560 nm); the absence of bands at 680,
760, and 825 nm. It is known [59] that the shift of the band
from 400 to 450 nm can be observed in the course of cyto-
chrome ¢ oxidase reduction. It should be noted that in the
range 550-560 nm, one can observe an absorption band of
one of the intermediate forms [50]. These results enable us
to conclude that simultaneous dichromatic irradiation
changes the ratio of the reduced and oxidized forms of the
enzyme as compared with ordinary irradiation.

The suggestion that an intermediate form of cytochrome ¢
oxidase is the primary photoacceptor is also supported by the
results of Pastore et al. [63]. The fully oxidized form of the
enzyme appeared to be insensitive to He-Ne laser radiation
as revealed by absorption spectra. The irradiation increased
the absorption of the partially reduced enzyme as well as its
proton pump activity.

It is worth noting that when the cellular monolayer was
irradiated simultaneously with A = 633 nm and various wave-
lengths of visible light, the red and far-red peaks at 680 and
760 nm disappeared (Fig. 4(b)). When the cells were irra-
diated consecutively with wavelengths 633 and 760 nm and
the time interval between the two irradiation events was var-

ied, the DNA synthesis rate depended on the order in which
the wavelengths were used (Fig. 5(a)). Irradiation first with
the light at 760 nm and then with the red light (A =633 nm)
stimulated the DNA synthesis, whereas irradiation in the
reverse order (633 nm followed by 760 nm) inhibited it.
These effects reached their maxima when the time interval
between the successive irradiation events was between 1 and
3 min, and became progressively less pronounced with a
further increase in the interval. It should be noted that the
effects were not equal in magnitude: stimulation amounted
to 60%, while inhibition was 20% (Fig. 5(a)). This result
supports the conclusion made above that the 620 and 760 nm
bands do not belong to the one photoacceptor but to its dif-
ferent absorbing centers (probably Cu, and Cug). Electronic
excitation of these centers in a different sequence may influ-
ence the electron transfer in cytochrome ¢ oxidase in a dif-
ferent way which has an effect on the final photobiological
response, namely, DNA synthesis.

When the consecutive irradiation was performed with red
(633 nm) and blue (404 nm) light, the sequence 633 fol-
lowed by 404 nm had no effect on DNA synthesis, but the
sequence 404 followed by 633 nm stimulated it (Fig. 5(b)).
Again, as in the previous case (Fig. 5(a)), the effects did
not occur until the interval between the two irradiation events
reached 10 s, then increased as the interval was increased.
The difference between the results of the two experiments
presented in Fig. 5(a) and (b) is that in the case of far-red—
red light irradiations (Fig. 5(a)) the effect disappeared (was
reduced to control levels) when the time interval was
increased. In the second case, when irradiation was performed
in the sequence 404 nm + 633 nm (Fig. 5(b) ), the effect was
still maximal at the same time interval of 10* s. It is quite
possible that chromophores absorbing at 404 and 633 nm do
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