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EFFECTS OF VISIBLE LIGHT EXPOSURE ON MITOCHONDRIAL STRUCTURE
' AND FUNCTION N

Bharat Bhushan Aggarwél
Membrane Bioenergetics Group
Lawrence Berkeley Laboratory:

University of California
Berkeley, California
ABSTRACT

Previous studies have suggested, mitochondria as a target

of visible light and oxygen in damage processes to human cells in

culturé.\ In the present investigation; mitochondria isolated from

rat liver cells were used as a model to study such damage. Whole

mitochondria and mitochondrial inner membranes were exposed to

" visible light of wavelength above 400 nm and of intensity

300 mW/cmz. The temporal sequence of changés in the mitochondrial
structure and functions following the onset of illumination were
examined.

The sequential changes in the mitochondria were: stimulation
of fespiration, a decline in.ATP syhthesis,,inactivation of
respiration,'increased;ATPase activity and finally, loss-.of
transmembrane.potential, Loss of respitatibn was mainly due to
destruction of dehydrogenases. Among ;he_components of dehydrogenasés,
destruction of flavinsiand loss of ubiquinone reductioh'and sulfhydryl
groués were most susceptible to iligminétiop. Suécinate-&ehydrogenase
was inactivated.mofe rapidly thanKNADH and choliﬁe dghydrogenasgs.
Redox reactions of cytochromés and cytochroﬁe ¢ oxidase activity were

unaffected.
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Concomitantly, visible light exposure to mitochondria
also resuited in structural damage. This was indicated by release
of soluble proteins, decfease in light scattering and increased NADH
penetrations into the_mitoghondria. Microscopically the alterations ;
in the mitochondrial morphology was indicated by dissolution of the
inner membrane and distortion of the outer membrane. Electfophoretically
the polypeptide profile of the mitochondrial inner membrane was altered
after illumination. Besides protein damage, the lipids of the membranes
were also peroxidized.
Inactivation of various enzymes was prevented by anaerobiosis
and enhanced by increasing 0, tension. Presence of exogenous flavins
greatly enhanced inactivation of all the above mitochondrial activities.
Various antioxidants were effective against lipid peroxidation but
not against enzyme inactivation. kHowever, it was feasible to protect
against both lipid peroxidation and enzyme inactivation by using a
combination of substrates and inhibitors of the electron transport
chain.
Results obtained above suggests that visible light mediates a
flavih photosensitized reaction that initiétes q&mage, involving.
participation of an activated species of oxygengin the damage

propagation. Results also indicate that the damagé mechanism to

lipids is different from that of the proteins.
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Abbréviatidns
RLM Rat liver mitochondria
SMP Submitochondrial preparations ?
RCR Respiratory control ratio
TCA Trichloroacetic acid
FCCP p-trifluoroﬁethoxy(carbonyl-cyanide)phenylhydrﬁzone
CATy¢ 4-(cetyl dimethyl ammonium)-1-oxyl-2,2,6,6-tetramethyl
piperidine bromide |

PMS Phenazine methosulfate
DCPIP 2,6-dichlorophenol indophenol
TMPD N,N,N ,N ~tetramethyl-p-phenylenediamine
ETF Electron transport flavoprotein
TTFA Thenoyl trifluoroacetone
FAD Flavin adenine dinucleotide
FMN Flavin mononucleotide
ATP Adenosine triphosphate
ADP Adenosine diphosphate
EDTA Ethylenediamine tetraacetic acid
NAD(H) Nicotiﬁamide adenine dinucleotide (reduced)
DCMU 3—(3,4—dichioropbeny1)-—1,l-dimeﬁhylurea
DMF Dimethylfurgn
DABCO Diazabicyclpoctane
GSH Glutathione
TBA - Thiobarbituric acid

K3Fe(CN)6

Potassium ferricyanide
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INTRODUCTION

Although the average life span of a gi?en‘species is fixed by its
genetic clock, a iarge‘deviatioﬁs are obser;ed within a species (1).
Precisely what determines such derivations is not well understood,
environmental factors have begn guggested to play an important role (2).

Radiations in the visible region of the spectrum and oxygen are

' two such environmental agents to which we are exposed everyday and

excessive dosage of either of the two agenté could be harmful. Studies
from Packer's laboratory have indicated that human cells in vitro when
exposed to high oxygen concentration (4) or to light in the visible region
of the spectrum, (3) show a decline in the average life span. Since
mitochondria are the primary site in the cell whe;e oxygen is utilized
and since they also contain flavin and hemeipigments to absorb visible
1ight,vit‘was decided to investigate the effects of visiblé light and
oxygen on the structure and function of isélated mitochondria.
BACKGROUND -
Radiations in the visible region of the spectrum is not ordinafily

destructive to the living tissue, however in the presence of certain dyes,

it produces marked damaging effects. This phenomenon was first discovered

by 0. Raab in 1900 (5) when he observed that acridine dye was more

" toxic to paramoecia in the light than in the dark. Since then, several

reports (6) have appeared about the effects 6f vigiblévlight on the
biological system both in the presence and gbsencé of exogenously

édded pigments,lof both Eiological (Hematoporphyrin, chlorophyll, bilirubin,
flaviné, cytochromes) and non-biological (fluofoscein,‘xanthene, acridine,

phenazine dyes) origin. The evidence for.thg requirement of oxygen for
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light effects stemmed froﬁ~the photocheﬁical é:?dies (7), in which iodine
ion was converted to iodin;.by Eosine Y only in_the presence of oxygen.
Later it was also shown in a biological system fhat oxygen is required
for the deétruction of rose bengal stained bacteria bj light (8).

The varioés éffects producédvby fhé combined in;;raction of light, oxygen
and sensitizér are termed photbdyﬂamic effeéﬁé. This term is currently
also descfibéd as'"sensitiged photooxidation". The occurances of
sensitized photooxidation have been studied éxténsiyely ét the multi-
’cellular;'cgllulér, subcellulér and molecular lével, (6,9) and briefly

examined below:

Multicellular Organisms

Small mammals injected with a photosensitizing dye are rapidly
killed on exposure to high intensity light. The responée of animals
to sensitized photooxidation (6) have Seéh divided into three
categories: a) sensory stimulation e.g., scratching and hyper-
sensitivity; b) skin damage, e.g..erythema and édema resulting from
vascular damage, cell degeneration and skin necrosis; c¢) body changes
in areas not reached by light e.g., décreased body temperature,
decreased blood pressure, intestinal hemorfhage, generalized circula-
tory collapse. The 1a£ter case could be due to photoprodﬁcts produced
in the skin and carried to remote parts of the body by the circulatory
system.

Photosensitization in man is of common occurrence and it results
from ingestion of, or contact Qith photosensitizing compounds (certain
drugs, petroleum and coal tar products, nitrogen dioxide, perfumes,

etc.) or from disorders of porphyrin metabolism (10). Similar responses
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have also been observed in herbivorous animals following the

‘ingestion of plants such as buckwheat, hypericum, etc. which contain

photosensitizing pigmeﬁts (11). The complexity of multicellular
organisms make it difficult to understand the mechanism of such
responses, therefore it is important to examine photosensitization

at the cellular 1eve1,‘

Whole Cells

The effects of sensitized phctoo#idation on cells include abnormal
cell division (12), depression of glycolysis and respiration (13),
inactivation of hill reaction (l4) and interference with other meta-
bolic activities such as synfhesis of lipidé (15),_proteins'(16),
DNA (17) and inactivation of active transport (18). Much of this work
has been done with microorganisms and mammalian cells in culture;_ The
work with human cells in culture has indicated a gradual decline in
the proliferative capacity of cells on exposure to visible light. An
inverse rélationship betwéep the age of culture and photosensitivity
of cells has been establiéhed (17). Sinée the pfimary site of oxygen
attack or visible light in a cell is its membrane and since latter also
contain-pigments to absorb visible }ight, iﬁ:is'important to examine

the background information at the cell membrane level.

Cell Membranes | ' :

Although membraneAdamage has Been §uggesﬁed as a primary event
resulting in cell death (19); very little is kﬁown.abbut sensitized
photooxidation at the membrane level. A typical bioldgical membrane
primarilybcénsist of lipids and proteins. lThé unsatqrated fatty,v

acids and cholesterol are very labile components of the membraﬁé (20,21)



and could disrupt its structure. The photoheﬁolysis of erythrocyte

membranes have been observedvby several iﬁvestigatdrs (22-24) and

correlétgd with the formation of cholesterol hydroperoxides (25). ~
Studies with artificial membrang system as a model for eryfhrocyte. ' /
membrane have shown that the lysis of membrane vésicies is-dué to
photoperdxidation of lipids (26). Different kinds of cell

membranes differ in the contents of peroxidizéble lipids. Thus
Tappel laboratory finds that isolated lysosomal membranes undergo
lipid peroxidaeion at one third the rate of mitochondrial membraﬁes
and one tenth the rate of microsomal membranes (27). This can be
intérpretted for higher contents of saturated lipids (non—- .~
perokidizéble} in lysosomal membranes than that in the mito-

chondria or microsomes.

Besides the peroxidation of lipids, membrane damage by photo-
sensitization is also reflected by an increase in permeability (28).
destruction of active transport (29) and membrane-bouhd enzymes (30)
énd release of soluble enzymes (28). The possible mechanism of |
these effects, whether it is direct or medicated through free radical
intermediates of lipid peroxidation, is not ciear. Several model
studies have been done at the molecular 1eve1..

Molecular

.The sensitized photooxidation of a wide variety of simple organic 3
molecules has been examined using many different sensitizers. In general,
saturatéd and unsubstituted aliphatic compounds are resistant and
hydroxyl.or amino groups.substistuted aromatic compounds are suceptible

to photooxidation (31). . Among amino acids, aromatic are very
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susceptible and aliphatic are relatively resistant. Histidine,
Methionine, trypﬁbphan'and tyrosine are rapidly‘ﬁhotooxidized in the
presence-of'riboflavin (32). A tripeptide, glutéthippe is
photooxidized by riboflavin, FMN,.lumiflavin (but notlﬁith FAD)
with the proauction of oxidized glutathione (33) thus forming dis~
sulfide bridges. |

Photodynamic damage to proteins results from thevdestruction
of amino acid side chains. Histidine and tryptophan residue are
destroyed faster in moét proteins (34) than tyrosyl, ﬁethionyl
and cystinyl residues.. The rate of photooxidation of these amino
acids is several folds slower in proteins ;haﬂ when they are free in
solution; .Ihis is perhaps due to the fact that in é protein certain
fractions of a given amino écid will be exposed at the surface, thus
readily accessible to photooxidation, whereas others are‘"buried"
and thus less readily available (35). For example Taka Amylase A is

inactivated more rapidly by photodynamic treatment with riboflavin

‘after being unfolded,in 8M area (36). Indeed this property of

selective modification. of certain amino acids in a protein molecule

by sensitized photooxidation has become a useful tool to study the

structure-function relationship of an amino, acid residue to a protein

molecule. Thus in the case of Ribonuclease T, photooxidation sensitized
with methylene blue results in‘the‘destructjon of both histidine and
tryptophan residues, whereas with riboflavin only histidine residues

are lost (37). , o T



Mechanism of Photodynamic Action

Photodynamic systems generally consist of a sensitizer, solvent,
oxygen and a substrate (a magerial being photooxidized). These
coﬁponents interact in.a variety of ways as shan in Fig. 1 and the
kind of interaction is determined by the sensitizer. In the &érk, the
sensitizer in a given solvent exists in a ground state. The two eiec—
trohs in‘a given molecular orbital are usually spin paired (in
opposite direptions)vand‘thus do not contriubute td the magnetic
moment of the molecule. This condition is termed singlet state,
designated ls in Fig. 1. VWhen 15 absorbs a photon, one of the
electrons from a filled orbital, is transferred to an ﬁnfilled higher
energy orbital giving an excited state, S*. In some cases the épin
of the excited electron is reversed giving a paramagnetic state or
a triplet state, 35 of the sensitizer. Triplet states are not produced
dirgctly from the ground state but result from intersygtem transitions
of excited singlet states. The lifetime of triplet states are much
longer than those of the excited éinglet states.

Photochemical reactions result from deactivatibn (quenching)
of the excited states of the sensitizer by reactants in the system,
which could be either oxygen or direétly with fhe substrate. The
more commbnly prbposed mechanisms for phbtodyngmic actions found in
the biological literature .is also illustrated in Fig. 1. In mechanisms
I and II substrate is the primary reactant with excited sensitizer,
while in III and IV oxygen is the primary reactant. Mechanism V

requires binding of sensitizer to substrate prior to light absorption.

ox
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Fig. 1;' Interrelationship of various mechanisms (I-V) of
sensitized photooxidation. ﬁotations used afef

sensitizer in singlet state (IS), sensitizer in triplet

state (38); light quantum (hy), substrate in oxidized state (R),
substrate in reduced state (RHZ), sensitizer in excited singlet

state (S*), excited singlet oxygen (02*) and oxyradical (S00).
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There are several p§ssib1e mechanisms by which.excited sensitizer
could react with a substrate e.g. by resonance energy transfer, by
charge transfer complex formatioh and by electron transfer reactions.
In photodynamic system, ‘electron transfer (hydrogen abstraction),
analogous to mechamism III is more frequent. Sensitized photo-
autooxidation initiated by eneréy transfer from a triplet semsitizer
to triplet oxygen (type III) with the latter being raised to the sin-
glet state has also been demonstrated (38). This highly reactive‘
oxygen could then react with substrate. in summary, although a
numb er of,réaction mechanismslhave been proposed to account for
photodynamic action (39) there is good évidence that more than one
mechanism can occur with a given substrate, :depending on the'phoLo—v

sensitizer and the reaction conditions.
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PHOTODYNAMIC ACTION vs MITOCHONDRIA

Photodyhamic systems require a "sensitizer" or a chromophore
.which can absorb light in the visible region of the spectrum,
"oxygen'" as a photooxidant and a suitable "subétrate" susceptible to
photooxidation. 1In what follows the relevance of these criteria to
mitochondria are reviewed.

1. Chromophores

The chromophores present in the mitochondria have been exten-
sively studied and absorb visible light in the range 340-630mm.
The absorption maxima, extinction coefficient and concentration of
presently recognized components in rat liver mitochondria are given
in Table I.
“Flavins

Mitochondrial flavins are redox active chromophores of complex
I and II of the respiratory chéin. Besides complexes, flavin are also
associated with several other enzymes 1i§ted in Table II. The structure
of a flavin coenzyme is given in fig.Z. All flavins show a strong
absorptioh in the blue and ultraviolet region of the spectrum. The
optical properties of riboflavin, FMN and FAD in 0.1M phosphate

buffer PH 7.0 and lumiflavin and lumichrome in water is as follows:

W

»
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CHROMOPHORES OF RAT LIVEk MITOCHONDRIA*

26.4

~ Table I.
Chromophore Absorption Extinction Concentration
' ’ ‘Maxima Coefficient
nm em lmM™! nmoles/mg protein

Flavoproteins 465-510 11 0.69
NAD(H) 340-374 6.22 1.90
Ubiquinone 289-272 12.2 2.30
Cytochrome bsg) 561-575 4.6

bsee 566-575 16LO 010
Cytochrome C, 552.5-540 17.5 0;11
Cytochrome C 550-540 '1919 0.20
Cytochrome a, 444-445 16.4 :

a 605-630 o4

*From handbook -of cell biology; compiled and edited by Altman P. L.
and Katz D. D. (1976), p 144 Federation of American Societies for
Experimental Biology Bethesda, Maryland.
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Table II. MITOCHONDRIAL FLAVOPROTEINS.

Flavoprotein Localization Nature of Flavin Ref-
erences
Component

Succinate dehydrogenase Inner membrane Bound FAD 40

NAﬁH dehydrogenase Inner membr#ne Free FMN v 4]

Choline dehydrogenase Inner membrane Free FAD 47

L-Glycerol 3-phosphate Inner membrane Free FAD 48
dehydrogenase

Monoamine oxidase : Outer membrane Bound FAD 42

Sarcosine dehydrogenase  Matrix » Bound FAD 43

Dimethyl glycine Matrix Bound FAD 44
dehydrogenase

Butyryl CoA deh&drogenase Inner membrane Free FAD 45

| or Matrix |

Acyl CoA dehydrogenase Matrix Free FAD _ 46

Electron Transferring Inner membrane Free FAD 46
flavoprotein dehydro-  or Matrix

genase

N



Fig. 2. Structure and cleavage loci of flavocoenzymes.

(From Ehrenberg and Hemmerich 1968, used by permission).
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Flavins Absorption maxima (nm)
(molar extinction coefficient € x '1()_3_cm-'1 {n'parenthesis)
Riboflavin - 266 (32.5) © 373 (10.6) 445 (12.5)
FMN 266 (31.8) 373 (10.4) 445 (12.5)
FAD 263 (38.0) 375 (9.3) 450 (11.3)
Lumiflavin  225.5 (30.3) 265 (32.4) 369 (8.4) 444 (10.9)
Lumichrome 219 (30.1) 261 (30.5) 354 (8.6)

On reduction of flavins, peak around 445nm is bleached. 1In
mitochondria, flavins are linked with the apoprotein pért of the enzyme
either covalently or noncovalently. The protein.en&ironment around the
flavin molecule modifies its optical absorpfion; for example in case of
the complex IIi375 nm absorption peak due to FAD ié éhifted to 345-350 nm 
(50). |

Flavins are well known_for theif‘photolaﬁility} ‘The cleavage of
flavin‘molecule 6ccurs”on illumiﬁation (Figl 2) through a disproportion
_mechanism which involves dehyarogenafién of side chain by the excited
state of the heteroaromatic nucleus of the molecule (51). Photo-
_chemical methods have Peen uséd.to génerat% flaVin‘semiquinone énd
'and dihydroquinone Both in free state (52)-§nd ih the flavopto;eins
(53) to study the triplet state of the.flavins (54) énd their
interaction with a variety‘of aroﬁatic coﬁppunds,(SS). Aﬁaefobically
flaviné aré‘photoreddced by amines,>amino acids, alcohols and :edﬁced

pyridine nucleotides (56), " The photorédUction can be reversed by
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oxidants such as oxygen leading to the. formation of superoxide
radical (57). When flavoproteins are exposed to light aerobically,
a flavin catalyzed denaturation of proteins occurs (58). For : &

example the inactivation of complexes I and II has been shown on

&

exposure to blue light (59).

Flavin chromophore associated with complex I and II is required
for their electron transfer activity. Large spect;al changes have
been noticed on'redﬁction of these complexes with their natural
substrates (60). The substrate induced bleachihg of the complexes
has been attributed in part to the flavin coenzyme. Since the flavin
moieties are tightly bound covalently in complgx ITI and noncovalently
in complex I, the complete dissociation of the flavins has not
been possible without destabilizing the enzymatic activity.

Iron Sulfur Centers

Another important chromophore associated with complexes I, II and
III of the mitochondria is the Fe-S centers (Fig. 3); It has been shown
that NADH dehydrogenase of cémplex I absorbs light in the entire visible
fangg with a maximum between.400—420 nm which was' assigned mainly to the
" iron components (60). Quantitatively 16g atoms Fe-S/molé of flavin were
determined in purified NADH dehydrogenase (60) and 16-18 Fe-S gfoups
per mole of FMN was shown in complex I (71). Latér on this was also
confirmed by others (61). If all the iron sulfur centefs of complex I
are of |4Fe-4S] type, then 4 Fe~-S centers and if |2Fe-2S] type then P
8 Fe-S centers are expected. By using low temperaturé EPR-spectros- |
copy, centers N;-N, have been'demonétrated.unequivocally by various

workers (see review 62) which can be characterized on g scale as



Fig. 3. The mitochondrial respiratory chain showing the

site of action of various substrates and inhibito:s.
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N; (2.022, 1.938, 1.923), N, (2.054, 1.922), N5 (2.101, 1.886, 1.864)
and N, (2.103, 1.861). Centers N5 and Ny have also béen indicated (69)
but are in contradictiqn (70). The function of :ﬁese various
centers is hot well understoodl(see review 73).except Nl-which is
shown to be involved in electron transport from NADH to ferficyanide
(72).

There are 3'Fe-S.centers.(Sl, S, and S3) associated with complex
II; of which centers Sl (2.03, 1.93, l.91hg) and S, (2.03, 1.93, 1.91)
can be observed in the reduced state while S3 (HiPIP) can be
detécted in the oxidized state (62). Cenﬁers 5y, S, and S3'can be
distinguished by their midpbint potential of 0, -260 and +60 mv

respectively. This complex abosrb light in' the entire visible

range with peaks at 420 and 460 nm and a shoulder at 550 nm (63).

Later on it was shown that 426 nm peak and most of the absorbance
about 500 om is due to iron sﬁlfur centers (64).

Iron sulfur centers associated‘with complex II1 absors visible
light with maxima.a; 460 nm and 575 nm and a shoulder at 315 nm (65).
There'is‘a great controversy about the humber of iron sulfur centers
associated withvthis coﬁplex. Center b ¢y (2.025;‘1.89, 1.81,

1.78 g) has been isolated and characterizedg(66), center b’C2 (2.086,

- 1.94, 1.898) which was, called "center N5" (67) of'éomplex Iis

now considered to be a part of electron trapsferfing'flavoprotein
dehydrogenase (70); and center b Cq (2.01 g) which is of HiPIP

type (68,69) has been suspected as a contamination from complex II.
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Ubiguinoné
Ubiquinone (coenzyme QlO) is the major type of quinone present

in rat liver mitochondria, associated with complex I, II and III. -

The amount of ubiquinone is usually several folds (2.30 nmole/mg

'y

protein) greater than the other chromophores of the mitochondria

(Table I). In the oxidized form pure ubiquinohe in ethanol has a

v o -1
prominent absorption peak in the ultraviolet range 270 nm (eééégz = 165)
g -1
and a second peak in the visible range at 405 mm (ElA’cm = 5.9) (74).
- 405nm . 1

The reduced ubiquinone exhibits a single peak at 290 nm (e;gagz- = 46,4)

During transition from oxidized to reduced state, the absorption
peak at 275 nm and 450 nm diéappears and the yellow color of the
oxidized form fades.

Several réports have appeared abqut.the destruction of
ubiquinone by sunlight (76), ultraviolet light (77-81) and near
ultraviolet lightb(82-87); _Iﬁ many investigations of bacterial
respiration, near uv has been use&»to modify quinones in whole cells
and in electron transport‘preparations obtained from them (87).
There is one report indicating that pure ubiquinone is 4-8 times
more sensitive to light than ubiquinone in the cell (88). These
workers alsb demonstrated that 1ight at 313 nm.is 4 times more
potent than atv405 nm in the déstruction of ubiquinone leading
to fhe formation of several-poiar photoproducts as separated by
thin iayer chromatography.

The role of ubiquinone in.the transfer of electrons from
flavoproteins to cytochromes (89) and in proton‘translocation across

the mitochondrial membrane (92) is well known. The redox potential
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of ubiquinone, Eé ='4 98 mv at pH 7.4 and 2§°C suggests its positipn‘
between cyfochrome b and-c of the respifatory chaiﬁ (75), but

enzymatic studies indiFate a function before Cytochrome b (89);
Recently,thnishi has reported a midpoint p?tential of ubiquinone

(Q » QH') + 80 mv and (QH; > QHZ) + 140 mv (94)._A large stoichiometric
excess of ubiquinone iﬁ the mitochondria is ambiguous,-SinCevaf

aesrbic steady state'oﬁly 50% of the ubiquinone is reduced (90[.'

This raises some doubts about the function of ubiquinoqe merely

as an electron carrier. Both prboxidant and antioxidant role of
ubiquinone will be'd{SCUssed'later. There ére certain reports‘
suggesting 2 different' pools of ubiquinone (86); an active pool

which participates in the electron ﬁransfet and an inactive pool.

There are also some.reports sUggesting.thatzubiquinone exists in
botﬁ‘free as well as bound form (91;93) in the mitrochondria; whether
inactive and active pools are related to the free and bound form

of the ubiquinone pools respeétively is not: known. Recently

ubiquinone specific apoprotein has beeén isolated and characterized
on. |

Hemes

This chromophore is associated with.the ?ariops cytochromes of

.-complex II, IiI‘and 1V; and.cytochrome c of mitochondria. The |

absorption of a given cytochrome is deterﬁined by the heme moiety

and its environment. " Various cytochromes absorbllight in the visible

region of the spectrum between 420-620 nm as shown in Table I.
Several reporté haveﬁapﬁeared about the.sensitiﬁity of various

cytochromes to visible light exposure. The photodestruction of



cytochrome a3 of beef heart mitochondria and of complex IV has been
shown on exposure to blue light 330-540 nm (101). Furthermore,
studies with complex III indicated the destruétion of cytochrome
bgeog on blue' light éxposure (59). The inactivation of cytochrome
oxidase has also been reported on exposure to red light (103).
Cytochromes are the active redox components of the respira-
tory ghaih.' Complex III of this chain contains equimolar amounts
of cytochrome €, and cytochrome b560 and bgge (95,96). ‘Cytéchrome
bsgo is readily reduced by substrates but cytochrome bgge is reduced
only in the presence of sﬁbstrate and.antimyciﬁ A. These two
different kinds of cytochrome b probably ?orrespond to cytochrome
b, and b, respectively (97). Complex IV is constituted by cytochrome
a and ay (98) and 2 coppers per heme (99). Substrates are known
to reduce only one of thé coppers (100) of complex IV and the exact
role of second copper is not understood. Cyanide inhibits
this complex b& blocking the reduction.of copper.
Besides various cytochromes asspciatéd with compiex II, III
and IV, there is cytoch;ome ¢ which is not associated with any
of the complexes and serves as a electron carrier from complex
III‘to IV. Moreover this is the only cytochrome which exhibits
electrostatic interaction-with the mitochondrial membranes and
thus can be re?ersibly removed by salt treatment (102).

Pyridine Nucleotides

Pyridine nucleotides. are coenzymes of several mitochondrial
dehydrogenases such as NADH and alcohol dehydrogenaseé. Reduced

pyridine nucleotides have a strong absorption peak in ultraviolet

"



mm cm
259nm_l

mm o CM _ 6.22) (104,105). On oxidation 340 nm

-1_-1
moCl 2 4).

259nm

NADH has a strong fluorescence with emission maxima at 465 nm when

range at 259 nm (€ = ]19) and another absorption peak near

uv range at 340’nm (6340nm

peak completely disappgars and 259 nm peak declines (¢

excited at 340}nm wavelength (106).

-The folg of pyridiﬁe nuéleotides as a carrier of protons
frpm various metabolic reaction is well known (107). Rat liver
mitochondria contains both NAD(H) (10 nmoles/mgprotein) and
NADP(H) (3.4 nmoles/mg protein) (108).

Respiratory Chain. The various chromophores discussed above are

componénts of a respirétory chain catalyzing the transfer of
electrons and protons from NADH and succinate to oxygen., The
arrangement of these components along the chain which is most
generally accebted at this time is given in Fig. 3. This scheme
has been derived from spectroscopic data togéther with kinetic stuéies
and data on the éffects»of specific inhibitors (109,110,89). This
scheme is also supportéd by the redox ﬁ;operties of various chromo-
phores and their midpoint pptentials. | |
The'apprdachesvihvolving disruptionkaqd reconstitution of the
‘electron transport system (111) has dontrihuted a great -deal in
understanding the function of .an individual coméonent. Mé;hods.have
been developed for the resolution of the»rgspiraﬁory cﬁéin‘into
4 eﬁzyme complexes viz; NADH-Q reductase (I), succinaté—Q.reductase
(II),»QHz-cytochroﬁe C reductase (III) and'cytoéhrome ¢ oxidase
- (1v) (112). 'Thg compqsifion.of each of the complég is given in-

Table III (61). A recomstitution experiments with complexes
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I + II + ITI + IV indicate that they interact stochiometrically to
form an active unit capable of transferring electrons from NADH
and succinate tO‘ﬁolecular oxygen:in the presence of ubiquinone
and cytochrome ¢ (113-115).

2. Oxygen Consuming Processes

Besides chromophores, oxygen is also required for photodynamic
effects. Both enzymatic and nonenzymatic reactions of the mitochondria

consume oxygen.

a) Enzymatic oxygen consumption: Ceffain oxidases and oxygenases
in the‘mitoéhrondria utilize oxygen as follows: |

I) Cytochrome oxidase: It has been estimated that 90% of the
biological oxygen is consumed through cytochrome oxidase (116)

which catalyzes reduction of oxygen to water.
0, + 4eytc?* + 4H* » 2H,0 + 4cyrcdt

This reaction occurs through two electron step processes (117) and
a large amount of free energy released is coupled to oxidative
phosphorylation.

I1) Monoamine oxidase: It is a mitochondrial outer membrane
linked enzyme which catalyzes.deamination of priméry amines using

molecular oxygen;

RCHZNHZ_ + 02 + H.20 + RCHO + NH3 + H202



Components of Complexes I, Ii; III and 1IV.

Table III.

Complex Components ii’ Concentration
(per mg protein)

I  NADH-Q reductase FMN © 1.4-1.5 nmole

I1

III

Iv

"Succiate-Q

reductase

Q Hz-cytochrome
¢ reductase

Cytochrome
¢ oxidase

~ Nonheme iron _
Labile sulfide
Ubiquinone

Lipids

FAD

Nonheme iron
Labile sulfide

.Cytochrome b

Lipids

Cytochrome b
Cytochrome c¢
Nonheme iron
Labile sulfide
Ubiquinone
Lipids

Cytochrome a,ay -

Copper
Lipids

23-26 ng-atom
23-26 nmoles
4.2-4.5 nmoles
0.22 mg

4.6-5.0 nmoles
36-38 ng-atom
32-35 nmoles

4.5-4.8 nmoles

0.20 mg

8.5 nmole
4.2 nmole
2 ng-atom
nmole

0-
0-

8
4
10-1
6
2
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II1) Oxygen consumptidn for H202 prodﬁctioh: Rat liver
mitochondria produce H202~at a rate that accouﬁts'for 1-2% of the
total uptake of oxygen (109). Since_substrate dependent H,0,
production in_mitochondiia is Antimycin A sensitive (118), it suggests
dehydrogeneses, ubiquinone or cytochrome b as the site of oxygen
reduction. Both NADH and succinate dehydrogenases are iron sulfur
flavoproteins whereas cytochrome b is aﬁ iron sulfur ﬁeme protein;
Fridovich's laboratory has shown that iron-sulfur flavoproteins (126),
flavoproteins (122), iron sulfur proteins (121)‘and quinols (122)
are capable of generating superoxide radical, a precursor of H,0,.

The production of superoxide radical in ox heart mitochondria has
been demonstrated and iron sulfur centers of NADH dehydrogenase
as the source of this radical is suggested(125). Recently in beef
heart mitochondria the H,0, production is shown to be due to ubiquinone
approximately,0.3-0.6‘nmoles/min/mg protein of Hy0, production.has
been assigned to.ubiquinone'(118,124). Perhaps the semiquinone
form of ubiquinone is’responsiﬁle for the generation of the H,0,.
Besides electron transport systems, auxiilary mitochondrial
dehydrogenases can also generate H202’by consuming oxygen. Various
workers have reported generations of abbut 0.1 nmole H202/min/mg
protein iﬂ rét'liver mitochondria as very likely due to dihydroorotaté
dehydrogenase activityﬁ(111,120,123).
IV) Monooxygenases: Besides oxidases, there are certain mono-
oxygenase such as kynurenine 3 monooxygenases in rat 1iver

mitochondrial outer membrane (128) also known to consume molecular

oxygen.

¢
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b)  Non Enzymatic Oxzégn.Consumption:’ Okyéen is also consumed for
the autooxidation process in the.mitochondfial mémbfanés due to
theif high unsaturated lipid contents. The autooxidat{onvof unsa-
turated lipids has been showﬁ to be indgced‘by mitochbndrial-iron

sulfur flavoproteins (127).

3. Membrane Damage

Bésides chroﬁopﬁofes and oxygen, mitocﬁondria also provide
a substrate for sensit{zed photooxidation. ﬁThe mitochondrial
membranes consist of lipids and protgins._tbéta on rat liver

¢

mitochondria indicate that approximately 4%:of the total

 mitochondrial protein is in the outer membrane, 21% in the inner

membrane and 67% in the mafrix (128). Approximatelyv27z of the
mitochondrial dry weight is lipids,'of this 90% is in the form

of phospholipids, the remaining IOZvconsists ‘of neutral lipids

mainly cholesterol, ubiquinone, aQtpéophefol and caerenbids (129;;36).
The phospholipids belong.tq three major classes viz; cardioliéins, ﬁ
phosphatidylcholine‘and phosphatidylethanolémiﬁe in the ratio

1:4;4 respectively.- The most important_feature of the mitodhon;

drial phospholipids is. a very high deg;ee of unsaturation of fatty
acyl chains. - Tbe'éaturated‘fétty acids occur only to the extent

of 1-2%. The ratio ofgprotein'to lipids in the outer and inner

membrane of mitochondria is 1:0.28 and 1:0.83 respectively.

Qualitatively cardiolipins occur exclusively in the inner membrane

while phosphatidlylinositol and cholesterolnare much more abundant

in the outer membrane..
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Mitochondial membranes carrry out a series of free radical
mediated oxidation-feductibn reactions. Free radicals produced
physiologically during such processes are propagated by oxygen,
resulting in membrane damage. This occurs through a chain of

reactions as shown below:

N L Addition
' d
Hemoproteins 1’ | ' l a-Tocopherol
Flavoproteins L se-Glutathione
Fe-S Proteins | PROOXIDANT OH  ANTIOXIDANT Peroxidase
Ubiquinone EFFECT 0, EFFECT ﬂ Ubiquinone
Cholesterol _ Mn-Superoxide
Fatty Acids LOO. Dismutase
y : :
ML L
LOO Addition

L* = Lipid radical, LOO" = Lipid peroxide

LOOH = Lipid hydroperoxide AH = Antioxidant

Thus according to above scheme agents which enhances free radical
concentration in a system;has been regarded. as "PROOXIDANTS" and
agents that lower free radical concentration are "ANTIOXIDANTS".

In mitochondria, hemdproteins, flavoproteins, iron sulfur
proteins, and lipids can be categorized as p;ooxidants, whereas

-Tocopherol, superoxide dismutase, glutathione peroxidase and
ubiquinone are as antioxidants. Any interference with the mito-
chondrial antioxidant mechanisms can result in prooxidant effect.

For example vitamin E deficiency in rats is known to enhance the
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free radical concentration (131), which is poroxidant effect. The
existance of free radicals in the mitochondria have been shown

by electron sﬁin resonance studieé (132). EPR signals of ubiquinone
flavosemiquinone, suﬁeroxide‘and {ron sulfur radicals have been
identified. The.reactivity df a given radical ié &etermined by
its local environment,'whéther aqueous, lipid or surface.

Radicals are usually more stable in lipid environment than in
aqueous phase. Thus radicals produced‘in the mitochondrial
membr#nes have higher reactivity due to their longer half life

in the lipid phase. The -reactivity of the yradical is also
enhanced by the fluid nature of the mitochondria due to high
unsaturated lipid contents. |

4. Structure and Functions

Mitochondria in a eukaryotic cell is a tiny unit'capable of
carrying out several functions aptonomously. On the basis of its
structure and function, it is frequently compared with bacteria
and the latter has been suggested as its ancestors (133). Since
most of the studies déné earlier on photodynamic action are in
bacteria, this shoﬁld have great'relevance‘tg mitochondria.
Thebstructurevand functions of the mitochondria will be reviewed
briefly below:

a) Structure:

Rat livervmitoghondrion is a double wallea structure consisting
of a smooth outer membrane‘and invbiuted inner membrane enélosing'
matrix. The infoldings of the innmer membrane gives rise to a

structure called cristae, a device known to increase the surface
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area of the inner membrane. Most of the energy related functions

of the mitochondria are localized in the inner membrane; whereas

outer membrane is relatively passive in functions. The outer

membrane can be easily removed bf'hypotonic shock, resulting in a

mitoplast which consist of inner membrane and matrix. Sonication

of mitoplast releases the matrix and inversesvthe membrane polarity,

leading to a purified submitochondrial (inner membrané) preparations.
Freeze fracture studies have revealed a great deal about the

anatomy of the mitochondrial inner and outer membranes (Fig. 4).

These studies have shown the size and distribution of various

globular proteins (particles) in the membranes (134). In isolated

membrane preparations, the particles are attached predominately -

to one of the two faces of the membrane. The particles appears

to be more abundant on the inner membrane surface (136) and

still more frequent on the cristae (137). This suggests.an asymmet ry

in the mitochondrial membrane similar to other membranes (135).

The asymmetry in the mitochondrial membrane has alsb been confirmed by

chemical labeling (138), by spin labeling (139) and by immunological

studies (1405.

b) Energy Transduction

The energy released during oxidation of coenzymes through the
respiratory chain is coupled to synthesize ATP from ADP. The nature
of this coupling has been,étudied a great deal in isolated
mitochondria. If mitochondria in a coupled state are supplied with
ADP (the energy accebtor) the rate of oxygen consumption'markedly

increases (State III), however when the ADP supply is depleted, the



Fig. 4. Organization of particles in the mitochondrial membranes
as revealed by freeze fracture electron microscopy. The model
shows the characteristic structural features seen in the half mem-
branes that arise as a result of fracturing the outer and inner
membranes. Non-particle areas in the fracture faces are persumed
to be pure lipid domains. The B face of the outer membrane and
the A face of the inner membrane are revealed as convex fractures,
concave fractures show the B face of the inner membrane and the

A face of the outer membrane. (From Packer and Worthington, 1974,

used by permission).
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rate is slowed down (State IV) thus conserving unrequired energy

in the form of reduced coenzymes. The conservation of enefgy |
reléased during these 6xidative reactions in synthesizing ATP from
ADP and inorganic phosphate is known as "Oxidétive phosphorylation".

It has béen established that three molecules of ATP are
synthesized by the oxidation of oﬂe molecule of NADH. 'The\synthesié
of ATP is coupled to 3 sites of the respiratory chain. They are
located on the path of electrons from NADH to ubiquinone (complex I),
from ubiquinone to cytochrome ¢ (complex iII) and from reduced
cytochrome ¢ to oxygenf(éomplex‘IV). -The evidence for location of
the energy coupling siteg is based on the measurements of the |
phosphorylating efficiénéy.with various substates and artificial
electron donors and acceptors (141), on studies of the steady state
kinetics of respifatory chain in the presence and absence of ADP
((109), and on direct recdnstitation experiments involving individual
complexeé tqgether with ATP synthesizing system (142).

Much of our knowledge about the coppling of oxidative
phosphorylation to electron transport stems from the use of_uncouplérs
and inhibitors.of oxidative phosphorylation. Uncoupling may'be"
breught about'by'tréatment of a varieﬁy Of agents thus affecting
respirafoff control, oligomycin sensitiyevﬁIPése and phosphorylation
‘efficiency.' In uncoupled ﬁitoéhondrié,.ATP,Synfhésisbis‘teplaced
by an ATP hydrolysis, respirator} ;onfrol is gBolished aﬁd free
energy of substrate ox{dation is_diésipateq in‘thevférm'éf heat
(143):' In‘éenergl ali;the pfocedures'whiChvimﬁair.che integrity of

the inner mitochondrial membranes results in partially'or fully
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uncoupled preparations (144). The uncoupling has;been classified
according to the procedures and agénts which elicit this
kind of response in mitochondria (145). It includes a) Structural
uncoupling as induced by mechanical disruption (freezing andvfhawing,
shearing forces, sonication), aging, detergents or phospholipase
treatment; b) Uncoupling by cations and ionophores, e.g. cations
such as K¥ in the presence of Valinomycin; c) uncoupling in-
volving covalent binding e.g. alkylating agents of mustard gas
and electrophiles such as isothiocyanates; d) uncoupling by phenols
and other anionic aromatic compounds e.g., classical uncoupler
2,4 dinitrophenols.

Perhaps the most eﬁigmatic aspect of oxidative phosphorylation
is the mechanism of energy coﬁpling from electronitransport to
ATP synthesis. Most hypothesis of'energy conservation differ mainly
in what one.assumes to be fhe nature of coupling device. A high energy
intermediate has been ﬁroposed by Chance (146) and the.conformational.
changes in the ATPase protein molecule has been suggested by Boyer
(147). Perhaps the most widely accepted and debated hypothesis
of energy coupling is that of Mitchell (148), according to which
the energy of electron transport chain is stored in Ehe form of
electrochemical gradientsf The electrochemical gradient is
constituted by a H* ion concentration gradient.and a potential
across the semipermeable membrane, the so called protonmotive force.
The electron transport is poétulated to be responsible for the
gradients in mitochandria by producing an efflux of prdfons. This

is the consequence of an asymmetric proton discharge in the steps
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in which reduced'H carriers (e.g. reduced CoQ or NADH) are
oxidized by the electron c#rrying cytochromes.. Presumably there
are three‘such steps or loops per cytochromé chain (Fig. 5). 1In
this way 6H' are separated between the intefnal and external
\phase by the transfer of an electron pair fidm NADH to oxygen.
The experimental evidences supporting the possibility of producing
protons in this manner are, that in rat liver mitochondria
6H' are releasedbwhen -hydroxybutyrate is used as a substrate and
4H* when suécinate is used (149). Similar results have been
obtained with submit@chondrial preparations. (150) However, kinetic
and equilibrium behavior studies of the cytochrome system of
mitochondria do not support the redox loop concept of proton
translocation (151). To explain such aﬁamolies, a Eoncept of the
protonmotive ubiquinone éycle and of the cyclic loop 2-3 system has
been introduced (152).‘ The stoiéhiometery of thg numﬁer.of pfotons
released per pair of eiectrons observed by previous workers (149,150)
‘has also been considered coincidental. Some of the recent. studies
using oxygen pulse téchniqﬁe, indicate that, the H'/site ratio is
4 (153) instéad 2 as it was originally propbsed (1495. The difference
~ between these resuits becomes.apparent when phosphate movement |
is taken into consiaeration.. A separation of net 4 charges/site
across the mitochondrial membrane with transfer of two electrons
ﬁas also been suggested by others (154).

The production of a proton gradients cpncomittant_ﬁo the electron
transport hasvbeen foupd'insufficient,to supportvphosphorylation,-

“thus a potential across the mitochondrial membrane has been suggested
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Fig. 5. A scheme of proton traﬁslocating mitochpndrial
respiratory chain and ATPase as proposed by Chemiosmotic
hypothesis. X-I represents an hypothetical intermediate
responsible for proton translocation. (From Mitchell 1969,

used by permission).
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also in part responsible for the electrochemical gradients (155).
The membrane potential is the result of charge imbalance caused by
the H' efflux accompanyfhg»metabolism. Presumably in intact
mitochondria the insi&e phase would be negative. The membrane

potential and proton gradient are related by.the following equation:
Proton motive force Ap= Ay + 2.3 RT/F ApH

where Ay is the membrane potential, R the gas constant, T the
temperature and F the Faraday. A total protonmotive force of 230

mV has been estimated in state IV mitochondria by valinomycin

induced K* distribution method (155). However lower values have been
reported by others using different methods. The‘ﬁembrﬁne potential
measured from the distribution of 2,4 0X0ZOlidinedione is 130-150

mV (156); direct determinations using microelectrodes indicated a value
10-20 mV (157); while studies using electrofluorometric’ dyes reflected
membrane potential of 150-180 mV (158). The measurements of the relative
contribution of Ay and Aph to the protommotive fofce in state IV
mitochondria has revealed that Ay represents more than two thirds

of the total force (159)..Th§ actual protomotive force which would

be needed for phophorylation depends dn the concentration of various
components. At steady state when ATP, ADP and Pi are in equilibrium,
the force.required for the synthesis of ATP is approximately 320

mv (160), however lower values have been achieved by others (161).
Since the pH component is neceﬁsarily limited, a large portion of

the protonmotive force would have to correspond to the membrane

potential. However, biological membranes generally are not able
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to support a potential much in excess of 206 mV, perhaps due to the>
nature of lipids.

c) Ion‘Transport: Transport of a majority of iomns through the mito-
éhondria occur by ﬁeané>of a special mechanism involviné carriers or
transporter molecules, which is characterized by‘a) high specificity
of the carrier molecule b)isatﬁrﬁtibn kinetics c¢) blockage by specific
inhibitors and d) a high dependence on temperature. Metabolites

such as adenine, glutamate, aspartate, ornithine, etc., are transported
actively either against electrochemical gradients or in the direction
" of the gradients on the expenditure of energy (162). In case of
glutamate there is some indication that no energy is required in
maintaining its steady 'state (163).

The study of ion transport in isolated mi;ochondria has been
carried out in a number of ways. An indirect method‘for following
the peneteration of substrates uses the redox state of pyridine
nucleotides as an indicator of their entery;into the mitochondrial
interior (164). The transport of ions can also.be followed by ion
specific electrodes, in particular cationic;electrodes highly sensi-
tive to K* or Na* (165). The external conceptration of Ca** can
be ﬁonitored éccurately and'rapidly with Caf+ inditatbr dye,
mureoxide (166). Radioactive tracer technique is also useful to
estimate cations and épions transport. The.permeability'ahd active.
transport in mitochondria has been studied indirectly by monitoring
the light sCatteriﬁg or transmission by the?mitochondrial suspension.
The‘light scattering (or tﬁe optical_density) varies inVérsely with

the mitochondrial volume (167) which changes with the transport
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of iéns. The alterafions in the mitochondrial volume under different
metabolic states has also been followed by light transmission
(168,169).

The transport of substrate anions across the mitochondrial
membrane is carrier mediated; requirés catalytic amount of phosphate
and is inhibited by mercurial agents (170). Monovalent cations such
as K* can be exchanged against H* gradients in the presence of an
antibiotic, valinomycin (171). Phosphate transport is energy
dependent and is inhibited by mercurials. The carrier mediated
transport of adenine nucleotide involves oné to one exchange
between ATP and ADP; and is blocked by atractyloside (172). The
inhibitors of transport are not always specific. Tetrapheﬁylboron,
for e#ample, has been found to block the entery of a variety of
ions, presumably'by increasing the negative qhargés on the
mitochondrial surface (173). Conversely, cations added to
mitochondria suspended in low ionic strength medium increases
the uptake of succinate, malonate and phosphate. This effect has
been interpreted to be due to the increase iﬁ the positive charges
on the mitochondrial surface, although alternate explaﬁation such
as, co-transport is also possible.

d) Protein Synthesis:

Mitochondria carry out synthesis of about a dozen of hydrophobic
polypetides (174) three of which are associated with cytochrome ogidase,
four with oligomycin sensitive ATPase and one with cytochrome b. Prob-
ably some components of the adenine nucleotide translocator are also

- synthesized in the mitochondria (175). The nature of the remaining



polyﬁeptide is ‘not known. Like BACEeriad:mitochondrial protein
synthesis system is inhibited by chloramphaﬁicpl,-linco;ycin and
erythromycin (176). Certain mitbchrondrial?mﬁténts exhibit antibiotic
resistance in vivo but:not in vitro. Since the protein synthesizing
unit in the mitdchandria is.membrane bound (177), this may explain
the hydropﬂobic nature;of polypeptides produced as fhey are to be

incorporated into the membrane.
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RATIONALE OF PRESENT STUDY

In.our laboratory, it has been demonstrated that exposure of human

cells in culture to light in the visible region of the spectrum or

to high oxygen concentration leads to gradual cessation of growth

and DNA synthesis (40). Microscopic observations indicate mitochondria

as the probable locus of damage in the cell. Therefore, we decided

to investigate the effects of visible light and oxygen exposure on

the mitochondria with following rationale:

1)

2)
3)
4)

5)

Pigments such as flavins, cytochromes and iron sulfurs present
in the mitochondria, absorb visible light and thus could act
as photosensitizers.

Almost 90Z of the total cell oxygen uptake is due to the
mitochondria, and thus sensitized photooxidation may result.

A high unsaturated fatty écid contenfs of the mitochondrial
membranes make it more éusceptible to environmental factors.

A series of free radical mediated reactions carried out by

the mitochondrial biocatalysts make it a self destrﬁcture unit,
Any damage to the energy synthesis apparatus of the:
mitochondria may cause inhibition of growth, DNA synthesis and

active transport of the cell.

Therefore, mitochondria seem to be a useful test system to study

the effects of visible light and oxygen exposure in particular.

In the present investigation, attempts have been made to characterize

the nature of damage, its probable mechanism'and protection.



* EXPERIMENTAL METHODS

I. Mitochondrial preparations: Mitochondria (RLM) were isolated

from rat liver accordipg to established procedures (178), in a-
medium of 0.25 M sucrose, lmM Tris and 1 mM EDTA (pH 7.4). .For the
" last twobcentrifugations, RLM were washed in 0.25M sucrose and
finally.resuspended in this medium at a concentration of 80

mg protein/ml. Submitochondrial preparations (SMP) were made by
sonicating mitochondria at 20 kHZ in 30 mM phoéphate buffer

pH 7.4 with 30 sec periods for a tofal of 2 min, then»removing
uribroken mitochondria by centtifﬁgatioh at 8500Xg for 10 min,
centrifuging the superﬁatant fraction at 100,000Xg for 10 min

and resuspending the pellet of SMP in‘30 mM: phosphate buffer.

The method used to prepare cytochrome c depleted mitochondria

was essentially. that of Jacobs and Senadi (102) which involves
incubation of RLM in 15 mM KCl for 10 min at 4°C, centrifugation |
at 6000 Xg for 10 min, resuspending and incubating the pellet in
150 mM KC1 for 10 min at 4°C, centrifugation at 5000 Xg for 10
min, washing twiCé identically and-reﬁuspension in 0.25 M sucrose.

II. Illumination Procedure: Incubation of dark and light treated

samples (10 ml at 20 mg protein/ml in 0.25 M sucroée) was carried
outiin a 50 ml conical flasks At 20°C in a SPecially designed
refrigerated shaking w?ter.béth, as shown in Fig. 6. The 1igh£
source was a battery of 250 W quartz iodide, lamps (General
Electric).and the net light iﬁtensity, as measured by a YSI-

Kettering (Model 65) radiometer using Kodak;neutral density filters,

i
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Fig. 6. A picture of illumination apparatus used in

present investigation.
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was 300 mW/cm? at the sample level. The samples were located at
a distance of 8 inches from ﬁhe light source which was covered By
a 400 nm cutoff filter, Cofning glass #3389, used to eliminate
ultraviolet radiation. The flasks were shaken constantly during
illumination. Aliquots were withdrawn at various time intervals
~and assayed at room temperature.

III. Biochemical Assays and Procedures: Mitochondrial respiration

was assayed at protein concentrations of 3 mg/ml in a Rank Oxygen
électrode (Rank Brothers, Bottisham, Cambridge, England) attached .

" to a strip chart recorder. The basic reaction medium consisted

of 240 mM sucrose, 2 mM KH2P04, 2 mM KC1 and 5 mM Tris buffer

(pH 7.4). Additions of various substrates (finél concentration’

of 5 mM) were made with a syringe and rates recorded.  All substrates
were adjusted to pH 7.4 with buffer; durohydroquinone solutions

were prepare& in dimethjlformamide each day before use; The rate

df oxygen uptake was expressed as atoms of oxygen consumed/min/mg
protein; Respiratory control ratio (RCR) was calculated from the rate
of respiration with substrate plus AbP over rate without ADP;

ATP Synthesis and Hydroljsis. The standard assay medium

for measurement of ATP synthesis contained 4 mM Tris-HCl buffer
(pH 7.4), 10 mM potassium.phosphate buffer (pH 7.4) containing
32p; (2 x 10° c.p.m/bﬁole), 20 mM glucose, 0.5 mg of hexokinase/ml,
1 mM ADP, 5 mM glutamate an&‘S mM malate in a final volume of

3 ml at 25°C. The experiment was initiated by'thebaddition of
mitochondria to a final concentration df approximately 6 mg

protein/ml. At the exact moment that the sample went anaerobic
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as determined in a separate experiment on the okygen electrode,
the reaction was stopped by the addition of,0;3 ml of 50% (w/v)
trichloroacetic acid.v After centrifugation (5000 x g for 10 min),A
1 ml of the supernatant was removed and the amount of 32Pi
defermined by the method of Avron (179). The P/O ragio‘was
calcuiated aé the ratio between thé total,améunt éf phosphate
estérified to the total amount of oxygen used in the time
interval between the addition of mitochondria and the addition
of trichloroacetic acid.

ATP hydrolysis was assayed in a reaction‘medium consisting
of 250 mM‘sucrose, 025 'mM MgCl,, 2 mM KC1, 10 mM Tris-HCl buffere&
to pH 7.4 and 0.1 mg mitochondrial protein iﬁ a total volume of
2 ml at 30°C. The reaction was initiated by the addition of ATP
(6 mM at pH 7.4) and carried‘out at 30°cC for 20 min after which
it was stopped.by the addition of 0.1 ml of:40% (w/v) ice cold
'trichléroacetiC'acid;.Lhevsample was centrifuged (5000 x g forIIO
min) and the amount of  phosphate {n the supernatant determined by
the method of Lindberg and Ernster (180). Specific activity was

expressed in nmoles of phosphate released/min/mg protein.

Trgnsmembrane Potential. ‘Changes in membrane- potential of
mitochondrial suspension was estimated by following the
fluorescence changes Qith the cyanine dye, 3,3‘—dipropy1thiodi—
carbocyanine iodide at,620vﬁm excitation/670 nm‘ém{SSion in a
Perkin Elmer MPF 44-A‘spe¢trof1uoyometer using a sliﬁ width of -

S nm (158). The complete reaction medium contained 240 mM
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Fig. 7. Measurement of transmembrane potential by energization

and deenergization of the mitochondria using a cyamine dye.

7
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sucrose, 10 mM Tris-HCl (pH 7.4), cyanine dye at 13 nﬁoles/mg protein
and 0.75 mg mitochondrial protein in a final voluﬁe volume of 3 ml.
Changés in thé fluorescence intensity were recorded after the succes-
sive additions ofVS.mM glutamate + malate for the energiéed condition
and 0.6 yM p-trifluoromethoxy (carbonylcyanide) phenyl hydrazone
(Fccp) fo; the deenergized condition (Fig. 7).

Spin Label Assay. The reduction of the spin 1abe1\CAT16.by

electron transport from various substrates was followed with a Varian
E-109 spectrometer as previously described (181). CAT¢ is an analogue
of cetyl triméthyl ammonium bromide which partitions totally in the
-membrane; it was synthesized by Dr. R. J. Mehlhorn or our laborat;ry;
‘The reaction medium used.was'idéntical to that ﬁsed for assaying
fluorescence changes described above but at a SMP protein concentra-
tion of 6 mg/ml and a spin label concentration of ~ 15 nmoles/

mg protein.

Spectrophotdmetric Assays: :Succinate and choline dehydrogenases

actiyities were measured by phenazine methosulfgte‘(PMS) med{ated-
reduction of 2,6—-dichloréphenclindophenoi (DCPIP) af.600 nm in

a Cary-l4 spectrophotometer'(l82): The reaction (1 ml) contained

50 mM phosphate buffer (PH 7.8), 0.05. mM DCPIP, 0.45 mM PMS,

1.5 mM neutralized KCN and‘l ug Antimycin A. The method of Singer
(183) was also used for certain experiments. fhg»latter method
réquirés activation 6f succinate dehydrogenase and utilizes extra-
polated to infinite PMS concgntration.f HOQeQer éince activities were

expressed as percent change of ‘dark control on visible light treatment
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ﬁhe two methods gave comparable resuits when examined for succinate
déhydrogéhése.
NADH dehydrogenaée was measured by following the reduction

of K3Fe(CN)¢ at 420 nm (184). The assay ﬁixturg (1 ﬁl) contained.
_4 mM Tris=HCl .(pH 7..8), 0.75 mM KCN, 1.33 mM .K3Fe‘(CN)6 and lg
Antimycin A. | |

.'Different spectra of cytochromes were‘fecorded on an Aminco
Chance DW--2 dual beam spectrophotometer using a reaction ﬁediuﬁv
.copsisting of 0.25M sucrose, 0.1 mm KCN andilmM.freshlyvprepated
durohydroquiﬁone. _ ‘ : |

Lipid Peroxidation. Malondialdehyde a prodﬁct of lipid peroxidation

- was measured by modifying a standard method (185) employing thio-
barbituric acid, which forms a colored complex. To 1 ml of
mitochondrial suspensién (containing 0.25-0.5 mg of protein)_&as added
0.25 ml of 40% (w/v) trichloroacetic acid and 0.25 ml of 2% thio-
barbituric acid (pH 7.0 with NaOH). The tubeé_were boiled for 10

min and then cooled in ice. Flocculant material was removed by
cenffifugation and-SSﬁ nm absqrbaﬁce measured. Thé amount of .
thiobarbiturié agid—positive material was calculated using an
extinction ¢oefficiént of 155 mM lem™! (186).

Sulfhydryl Groups. The total'sulfhyd:yl groubs of the mitochondria

were deterﬁined essentially according to the method of Ellman (187).
~To 1 ml of the sample containing approximately 0.5 mg protein was
added 0.01 ml of 10%, sodium dodecyl sulfate to solubilize fhe
mitochondrial membrane. Reaction was started by the a&ditﬂon of

0.02 ml of 3.96 mg ml~1 S;vS'-dithiobis (2-nittobénzoic.acid)_and
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after 1 hour incubation at room temperature, the absorbance at 412
nm was measured. The concentration of sulfhydryl groups was calcu-
lated using an extinction coefficient of 13.6 m¥ 1 cm™!. A calibration

curve was made using reduced glutathione in the range lo—é—IO-SM.

Amino Groups. - The total free amino groups of the proteins were

determined by 2, 4, 6 trinitrobenzene sulfonic acid method (188).
Mitochondrial protein was determined by‘the Biuret method (189)
using Bovine serum albumin as a standard. -

Flavin Determination. Method employed for the extraction and

~determination of flavins was essentially that of Singer et al (190).
Acid extratable flavins were isolated by 5% ice cold TCA precipita-
tion of SMP. One half of the'sﬁpernatant was neutralized immediately
with 2M KHCO5 to pH 7.4, while the other half was incubated at 38°C
for overnight in order- to hydrolyze the flavin dinucleotide to
mononucleotide.

For the isolation of acid non extractable flavins, SMP were
precipitated by an ice cold TCA to a final concentration of 5% (w/v),
centrifuged and discarded the supernatant. The pellet was resuspended
in 2 ml of cold acetone and 0.016 ml of 6N.HC1.‘antrifuged, discarded
the supernatant and resuspended tﬁe'pellet in 0.2 ml of 1% TCA and
4 ml acetone. The‘pellet was wastied 3 times with 2 ml of 1% TCA,
and finally resuspended in 2 ml of 0.1 M Tris-base. Then added 0.1
mg Trypsin and 0.1 mg chymotryprin per mg of SMP protein, and adjusted
the pH to 8.0. After incubation at 38°C for 4 hrs with occasional
shaking, removed to icé bath and adjugted the pH 0.3-0.4 with 55%

TCA. Incubated again. at 38°C for overnight and then adjusted the



' pH to 3.5}wi£h-2M KHCO4. Centrifﬁged éhd measured the flavin Contehté

in*thé'supernﬁtant. |
B Flubrometfy on acid extractable and non-extractable flavins

weré pérfdrmed dn Perkin Elmer MPF 44A spectrdfluorometer with

excitation a£'375 nm, emission at 526 nm and bandwidth of 5 nm.

Riboflavin was used as a standard in 0.1 M.pﬁosphate buffer pH 7.4

for acid extractable flavins and in ?Hosphate—pitrate-buffef at pH

3.4 for acid non-extractable flavins. |

Polyacryiamide gel Eléctrophoreéis in SDS. The overall approach

'was_that'df Fairbahks'(lQl) with a few modifications. Concentrated
stock sblutions were mixed in the proportions given in Table IV,
| The gel solution was poured into glass tubes (5 mM x 100 mM)

to a height of 85-90 mm and overlayed with}water. After gelation
(60 min at room‘tgmperature), the water was: replaced by electro-
‘phoresis‘buffer (0.04 M Tris, 0.62 M sodium acetate, 0.002 M EDTA,
pH 7.4) and the_gels'were allowed t§ sit overnight before being
uﬁed.. Samplés (2 mg protein ul™l) were solubiliééd By mixing 3
 parts:suspension-with one part of solubilization mixture to afford
the folléwing final concentrations: sodiuﬁ dodecylsulfate (1%),
mércapfoethénol (1%), glycerol (5%), pyrohipe Y (12;5 u_g/ml) in
elecfroﬁhoresis buffer.  The solubiliied saﬁples (20-50 ul; 30-75
1Jg protgin) were layergd beﬁeath the buffer onto .the gel surface. |
A current 6fj1 mA/gel was administered until the pyroﬁiﬁe Y (trécking
dye) entered the gel. -The current was thenvincfeased to 8'mA/ge1
until the tréckingfdyé migr;ted to within 2-3 mm of the end of the

gel (approximately 90 min). After eleétrdphoresis,‘thexgels were
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removed from the tubes by squirting water from a syringe between gel
and glass wall. The position of the'tracking dye was marked in
each gel by pricking it with a needlé dipped igvdrafting ink.

The gels were stained with coomassie blue in the following
étages: 1) 25% isdpropyl aicohol, 10% acetic acid, 0;625% coomassie
blue - overniéht; 2) 10% isopropyi alcohol, 10% acetic acid,

0.0025% coomassie blue - 6-9 h; and 3) 10% acetic acid for several

h until the background was clear.
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‘Table IV. A list of various solutions used for the

ﬁolyacrylamide gel electrophoresis

SOLUTION A (ELECTROPHORESIS BUFFER #H 7.4)
| Tris HCL « o v o « v o v v o o v v . 0.04M
" sodium acetate . . . . . « « .« . . . 0.02M.

EDTA Ch e e e e e e h e e e 0.002M

SOLUTION B
N Acrylamide . . . . v v v v v . .. 18g.

Bis—ACrylamide c e e e ek e e s e . 0.48 ¢
Electrophoresis buffer . . . . . up to 100 ml

SOLUTION C | |
N,N,N',N{—tetfamethylethylene diamine Q.15 ml
Sodium dodecyl sulfate . . . . . . . 0.3 g
Electrophoresis buffef « v . .oup to'lObvml

SOLUTION D |
Ammonium persulfate... e e e e e 0.3 g
Electrophoresis buffer . . . . . up to 100 ml

SOLUTION E-

Mix Solutions B:C:D ., . . . . . . .l:1:1
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RESULTS AND DISCUSSION .

Section I: COUPLING AND ELECTRON TRANSPORT

Respiration

Oxygen uptake by mitochondria was recorded with substrates which
enter the électron transport chain at various points (Fig. 3). The
coupled respiration of NAD' and flavin dehydrogenase linked substrates
(State 4) increased by as ﬁuch as 3-fold during the first 5-7 hours
.of_illumination almost reaching the value of ADP stimulated ;ate
(Fig. 8A). This indicates that thé.mitochondria were becoming uncoupled.
Subsequently the rate of fespiration decreased, becoming almost completely
inhibited after 12 hou?s of illumination. Under the same conditions
the ADP stimulated respiration (State 3) decreased steadily from the
start of iight treatment without showing the initial stimulatory phase.
The activity of dark controls remained essentially unchanged during
the 12 h of incubation. The state 4 respiration with durohydroquinone
as substrate d{d not dec?ease significantly, however state 3 respiration
decreased (Fig. 8B). Cytochrome c oxidase activity (substrate: ascrcbate
+ TMPD) was not significantly affected by.light exposure, The respi-
ratory control ratio (State 3/State 4), an index of electrochemical
coupling due to oxidative phosphorylation across the inner membrane
was. the first parameter-to change; it declineg rapidly during Ehe
first 3-6 h of illumination (Fig. 9). These results suggest that
during the first 6 h of illumination the mitochondria become uncoupled.

To confirm this it was decided to assay directly ATP synthesis and

hydrolysis.



Fig. 8. Effect of time of illumination on Qitochbndrial
respirétion. (—A—,-O—) represents illuminated samples and

(-4-, ~0-) represent dark controls. A) Natural substrates reacting
Qith dehydrogenases; B) Artificial substrates reécting with
ubiqﬁinone and cytochrome c éxidase. Where indicated, 1 mM ADP,

1 mM durohydroquinone or 1 mM ascorbate + 0°1 mM TMPD were present.
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Fig. 9. Effect of incubation time on the respiratory control
ratios of the mitochondria using various natural substrates.
Solid lines represent illuminated and dotted lines non illuminated -

samples.
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ATP Synthesis and Hydrolysis

The rate of ATP synthesis showed (Fig. 10) a steady decline
over 12 b of illumination. At 12 h of illumination the P:0 ratio
with glutamate + Malate as substrate was léss than 1. It can be
seen that the decline in the RCR preceded that of the P:0 ratio.
A progressive stimulation of ATPase activity was observed during the
first 6 h of illumination remaining more or less at this maximal
level thereafter. The maximum stimulation of ATPase activity observed
was simalar to that measured in the presence of the uncoupler FCCP.
in the non-illuminated mitochondria. .

Transmembrane Potential

A more direct measure of electrochemical coupling due to ion
permeability across the mitochondrial membraﬁes is afforded by parti-
tioning of charged dye cations. Mitochondria were energized either
by succiﬁate or‘by glutamate + malate addition, and the fluorescence
quenching of the cyanine &ye, 3,3'—dipropflthiodicarbocyanine iodide,
was followed (Fig. 7). This measure of the transmembrane potential
remained unaffected during the first 6 h of illumination but declined
rapidly thereafter (Fig. 10). |

Destruction of Various Respiratory Components

Dehydrogenases

Illumination caused 90% inactivation of sqcéinate dehydrogenase
activity after 12 h of incubation. Under these conditions 65% of
choline dehydrogenase and only 40% of NADH dehydrogenase activity
was destroyed (Fig. 11). ~Although the rates of,inéctivation of various

dehydrogenases were different, the rates of inactivation of the



Fig. 10. Effect of time of illumination on coupled respiration,
,oxidative.phosphorylation, and electrochemical coupling. Solid
lines represent illuminated and dotted lines dark control samples.

Glutamate + malate was used -as substrate.
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Fig. 11. Comparison of the effects of illumination time on

dehydrogenase, CAT;q reductase and oxidase activities in SMP.
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corresponding oxidase activiqies were all similar. Appruximnlcly.
80% of the activity of the SQCcinate, choline and NADH oxiqaseS‘was
lost in 12 h of illumination.
Quinones

The spin label CAflG accepts electrons from the ubiquinone part
_ of.ﬁhe electron tranéport chain (181). CAT,¢ reductase activit§ witﬁ
different substrates was inactivated in parallel with the oxidase
activity which implies that illuminatioﬁ leads to inactivation of
ubiquinone (Fig. 11). Other evidence indicating that the ubiquinone
region‘of the respiratory chain was damaged: by visible light is that
oxidation.of durohydroquinone, a direct eiectron donor to the q#inone
reg{on, was inactivated by 35% over a 12 h period (Fig. 11).

This conclusion is also supported by the rates of inactivation
of NADH, 0,, NADH CAT;¢ and NADH, k3 Fe (CN)g. Those parts
of the chain that invbive ubiquinone, namely NADH_+ 0, and
NADH CAT16‘ﬁere‘inaCtivatéd at the same rate, while NADH, k4
Fe (CN)g which does not require ubiquinone, was inactivated at a
relatively slow rate (fable V). This indiéates that after exposure
to light, damage td ubiquinqne is proBably,the rate limiting step
in the floﬁ of eleptroﬁs from NAbH'to CATlé.or to oxygen. A similar
situation holds for choline oxidation. In the case of succinate the
rates of.inactivation>of_sucdinate* 05, succinage+ CAT;¢ and
SUcdihate+ PMS were dentical ind{cating that the rate of inactivation

of succinate dehydrogenase was > to that of the ubiquinone. .
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Table V. A Summary of 50 Percent Inactivation Time of the

Respiratory Chain Using Various Electron Donors and Acceptors

ELECTRON ELECTRON 50 PERCENT INACTIVATION

DONOR SACCEPIOR TIME (HRS.)
NADH | voz 65
NADH k3Fe(CN)6 23°0
NADH ' CAT16 : 6°0
Succinate 0, 4*9
Succinate PMS-DCPIP 4°5
Succinate CAT, ¢ 5'0
Choline 0y 55
Choline PMé-DCPIP 10°0

Chpline | CAT16‘ 50




Endogenous Cytochrome and Flavins

No significapt loss éf durohydroquinone reducible gytochromes
b562’ b568"c550 or agys was observed after 12 h illumination.
However, exposure of SMP to visible light caused considerable
destruction of flavins. 'The acid extractable FAD énd FMN and
non-extractable FAD we;e destroyed at similar rates (Fig. 12). About
50% of total flavins were lost over 12 h of illumination.

Sulfhydryl and Amino groups

Illumination of SMP resulted in approximately 60 percent loss
of total free sulfhydryl groups during 12 hrs. of incubation
(Fig. 13). Under these conditions no significanf loss of total
free amino groups was observed.
Discussion

Our results indicate that visible light inactivates the electron
trahsport.and,energy coupling mechanisms linked to the inner membrane
of mitochondria.

Electron Transport

The respiratofy chain shéws a pattern of inactivation by
yisiblé light in-the follow{ng order of sensitivity: = Succinate
dehydrogenase ;i ubiquinone > choline dehydrogenase > NADH

dehydrogenase. The cytochromes do not seem to be affected. The
high sensifivity of succinate dehydrogenase may arise from the -
covélent binding of the flavin moiety to a histidyl residue of

the enzyme (192) which is essential for actiyity. The flavin
senéitiséd photooxidation of histidine is well known (32,193).

In NADH and choline dehydrogenases the flavin is not covalently bound
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Fig. 12. Effect of illumination on the flavin content of SMP.
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Fig. 13. Effect of time of illumination on the total free
sulfhydryl and amino groups with relation to succinate

dehydrogenase activity in SMP.
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to histidine whicﬁ may account for their relative lower sensitivity
to visible light. Alternatively, the location of flavin coenzyme
within the protein molecule may also be reéponsible for differential’
sensitivly. A previous report (59) has also shown that the NADH
dehydrogenase (complex I) of beef heart mitochondria is less sensitive
to blue light ihan the succinate dehydrogenase (complex II). The
destruction of_succinate dehydrogenase on visible light exposure has
also been shown in sev;ral microorganisms (30,194).

Succinate and NADH-ubiquinone reductases are complex enzymes
-containing a number of electron transfering groups, flavin,
iron-sulfer centers and possibly‘protein—bound ubiquinone. 4The
activity of this type of enzymes may depend on the integrity of
.all of their components, making their rate of inactivation more
rapid than the rate of loss of any one component; it is not
surprising then to fihd, for example, that the rate of loss of
activity of succinate dehydrogenase is more rapid than the rate
of loss of bound FAD. The destruction of various dehydrogenases
of mitochondria by visible light was also accompanied with the
gradual loss of free sulfhydryl groups (Fig. 13). Since the activity
of NADH (195), succinate (196) and choline (197) dehYdrogénases
are dependent on the presence of free sulfhydryl groups, this could
explain in part the various visible light effects obgerved.

The NADH and chqliﬁe 6xidases follow thé same inactivation
curves as the NADH_)'CATlé and choline, CAT;¢ reductases
respectively (Fig. 11), while the corresponding NADH , k3Fe(CN)6 and

choline-PMS reductases get inactivated much more slowly as a function



of illumination. -Sincé CAT)( accepts electrons from ubiquinoﬁu
(181) these results may indicate a rapid inactivation of the ubiquinone.
‘Succinate oxidase and succinate-PMS or CATlg reductases fdllow roughlyv
the same rates of rapid inactivation making:it difficult to distinguish
the effect on the ubiquinone pool. The inactivation of ubiquinone
by near ultra violet light has been reported (77) and it has also
been shown that pure ubiquinone is 4-8 times more sensitive to visible
light than ubiquinone in the cell (88). SeQeral polar phofoproducts
of ubiquinone have beeﬁ separated on thin layer chromatoéraphy.

Similar to our studies the destruction:of succinate oxidase
has also been reported in beef heart mitochondria (101) by blue
light in the wavelength range 330nm <)< 540 nm (ZOOmW/cmz) when
.illuminated at low protein concenteration (;0.2 mg/ml). This
destrucfion was considered to be due to loss of cytochromet oxidase
activity, although the kinetics of inactivation did not correlate
with that of succinate oxidase; succinate dehydrogenase activity was
not reported; "By contfast, in our study white light with wavelengths
above 400nm (300mW/cm2) was used and the mitochondria.illuminated
~at protein'concenterat@on 100-fold higher. Under these conditions the
inactivation of succinate oxidase proceeded, in parallel with loss
of succinate dehydfogenase activity, whéreaé cytochrome ¢ oxidase was
unaffected. Thus, the gonditions employed in ourrinvestigation enable
us to detect early stages:of visible light @amagé which involve flavin

photodestruction. Cytochrome destruction is, probably a later event.
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Energy Coupling

The inactivation of energy transducing functions of the
mitochondria occurs concomitantly with the inactivation of
flavoprotein dehydrogeneses. Loss of energy coupling is shown by
a decline in RCR, ATP synthesis, and transmembrane potential and
an increase in ATP ‘hydrolysis (Fig. 8) It is interesting to note
that thevP:O ratio and RCR decreases very significantly and lipid
peroxidation increases during the first hours of illumination (appears
in Section II) while the ability of the mitochondrial membrane to
maintain electrochemical gradients decreases only after approximately
6 hours of illumination. This suggests specific effects on the
ATPase~ATP synthetase protein compléx or its coupling to the electron
transport chain, and that even though ionic gradients can still be
formed (as indicated.by membrane potential), they can no longer
be used for making ATf. The destruction of energy coupling may be
due to loss of sulfhydryl groups (Fig. 13) sincé they are essential

for oxidative phosphorylation (198).



SECTION II: STRUCTURAL ALTERATIONS

Early uncoupling effect of visiblc light exposure suppestod
structﬁfal damage of the mitochondria. The impairment in the
structural iﬁtegrity of the mitochondrial membranes was examined
by several different parameters as described below:

Swelling. Illumination of mitochondria resulted iﬁ gradual

decrease in light scatfering and thus increasing sweliing (Fig. 14).
The.swelling of mitochondria was extremely slow dufing initial phase
of stimulation but occurred rapidly thereafter. No swelling was
observed in tﬁe dark incubated samples. |

Protein Release. Concomitant with swelling, the release of

proteins from the mitochondria occurred (Fig. 14). The rate of
protein release was gradual until the first 3 h of illumination
and thereafter increased rapidly.

NADH Accessibility. The impermeability of NADH through mito-

chondrial inner membrane has been well established (141). How

ever if the membrane is damaged, the free permeabiiity of

NADH is expected. It was examined by following the oxidation

of NADH with malate dehydrogenase which is one of the matrix
enzymes. - Since oxaloacetate was required for the oxidation of NADH,
.this suggests its accessibility to malate dehydrogenase. As |
shown in Fig. 15, NADH became iﬁcreasingly permeable Qith il-
luminétion time and reached‘to the samé value as mitochondria
suspended in hypotonic phosphdte buffer. The NADH perﬁeébility

of mitochondria suspended in isotonic and hypotonic buffer remains

‘unchanged in the dark incubation.
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Fig. 14. Effect of illumination time on the mitochondria

swelling and protein release.
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Fig. 15. Effect of illumination time on the mitochondrial permeability
to NADH. The mitochodria suspénded in 30 mM phosphate buffer pH

7.4 (~A-) are designated as 100% permeable to NADH and the
mitochondrial suspended in 0.25 M sucrose (-0-) are 10% permeable

to NADH. 1 mM KCN was included in the assay medium to prevent

the electron transport mediated oxidation of NADH. The assay medium
also contained 0.2 mM NADH, 0.08 mM Na-oxaloacetate, pH 7.4 and.O.l

mg of mitochondrial protein in a volume of 3.0 ml. The oxidation

of NADH was followed at 340 nm.
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Morphological Alterations: Changes in the morphology of the
mitochondria were followed electron microscopically. The

results shown in Fig. 16 indicate a gross structural alteration.

An extensive disruption of the mitochondrial membranes occurred

on illuﬁination. There apbears to be dissblution of inner membranes
and loss of matrix contents. The electron micrographs also
indicate a complete lack of configuration in the mitochondrial
structure on illumination. It is more apparant in isolated
mitochondria than mitochondria in situ. Under these conditions
mitochondria incubated in the dark remain unchanged.

Lipid Peroxidation

The high cdntents!of unsaturated fatty acids in the
mitochondrial inner membranes, provide a greater mobility to the
respiratory components but enhance their instability. The
peroxidation of such lipids occurred rapidly with increasing time
of illumination (Fig. 17). 1In the aark incubated samples, no
lipid peroxidation was observed.

Polypeptide polymerization

Sodium dodecyl sulfate polyacrylagide gel electrophoresis
which resolves different proteins as a function of molecular
weight was carried out on illuminated aﬁd dark control samples
of the mitochondrial inner membranes (Fig. 18). The results show
a highly polymerized material at the top of the gel on illumination,
which is accountable by a deqreasé in staining intensity of other
bands. There seems to be a cqnéistant pattern of polymerization

of low molecular weight proteins and aggregation with the high



Fig. 16. An electron micrograph indicating the effect of
illumination on isolated mitochondria (b,d) and the mitochondria

in situ (a,c). (magnification = 50,000x).
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Fig. 17. Effect of time of illumination on the peroxidation of

mitochondrial inner membrane lipids.
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Fig. 18, ~Sodium dodecylsulfate-polfacrylamide gel electrophonesis
of illuminated and non-illuminated mitochondrial inner membranes.
Inner membranes (2 mg protéin/ml) were solubilised in 1%vsodium.
dodecylsulfate and 1% mercaptoethanol and subjected to
electrophoresié (in &upiicate) in 6% polyacrylamide gels containing
0.1% sodium dodecylsulfate. Each gel contained 50 ug protein.

Gels were stained with Coomassie blue and scanned at 550mnm.
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molecular weight. It was not possible to point out that any
particular molecular weight polypeptide is less or more affected
than the othe;s.

DISCUSSION

The present study indicates that the exposure of mitochondria
to visible light causes several structural alterations which in-
cludes swelling; protein release, NADH‘permeability, lipid per-
oxidation, polypeptides polymerzation, and morpﬁological
deterioration. All these changes reflect a damage to the
mitochondrial inner membranes. The swelling of mitochondria has
also been reported by other workers on exposure to blue (436nm)
and green (556nm) light (199) and to white iight in the presence
of photosehsitizing agents such as eosine y (200) and benzpyrene (201).
Various chemicals which are known to induce mitochondrial swelling
such.as Fetts Ascorbate (202), glutathione (203) etc, also cause lipid
peroxidation. This was cénfirmed in our studies as well. The
free accessibility of NADH to the ﬁatrix enzymes and release of
'proteiﬁs also indicafe damage to the mitochondrial inner membranes
on illumination.

Electrén microscopic studies reported here (Fig. 16) further
emphasize that visible;light exposure causes dissolution of the
ipner mitochondrial membranes and loss of structural integrity of
its various components. The regular oval shape of the mitochondria
disappeared after illumination.

The damage to the mitochondrial membranes was also manifestéd

in the photopolymerization of the proteins (Fig.‘18). All the
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membrane polypeptides were polymerized although to a variablé
degree. Flavins are known to initiate the polymerisation of
olefins (207) and of acrylamides photochemically. The flavin
photosensitised fbrmat{on of polymers has also reported»in a
purfied enzyme D-amino acid oxidase (206). The latter studies

show that polymers are enzymatically inactive due to probable
destruction of active site amino acid residues, therefore it is

not very unlikély that the destruction of various flavoprotein
dehydrogenases observed in our system is also due to polymerisation.
The nature of linkage responsible for poiymerisation of protein

is not clear. The illuminated samples were treated with sodium
dodecylsulfate and mercaproethanol, this suggests the participation
of covalent linkages probably other than disulfide bonds. The
polymerization resulting in inactivation of enzymes has also been
sho&n by chemical modification of mitochondria with bifunctional
alkylating reagent (204). The product of lipid peroxidation is
malondialdehyde which could cross link proteins, but the
concentration required is several folds higher than actually
generated by the membrane (205). Therefore lipid peroxidation does
not appear to be a major cause of polymerisation. This is also
suggested by our studies that enzyme inactivation occurred eventhough

lipid peroxidation was completely suppressed ( section III).
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SECTION III ENHANCEMENT AND PROTECTION

In order to understand the mechanism of damage by visible
light on the mitochondrial structure and function, the various fac-
tors which enhance or suppress the damage were examined.

Wavelength Dependence

Several filters of broad wavelength were used; this was
necessary to obtain.measurable rates of inactivation of éuccinate
dehydrogenase at.the identical conditions of treatment. Light
intensity compensated ratés of inactivation wefe ;s follows:
350~-600nm=1.5; 430-800nm =1.1 and 580-800nm = 0.05, relative to the
rate with regular white light which was taken as unity. Thus the
major inactivation occurs at wavelengths where flavins absorbs maxi-
mum.

Exogenous Sensitizers

The inactivation of succinate oxidase in SMP was enhanced
with increasing concentration of exogenous riboflayin (Fig. 19).
The rate of mitochondrial uncoupling (Fig. 20) and the inactivation
of various inner meﬁbrane_linked enzymes (Table VI) was also very
rapid when exogenous riboflavin was added. Besides riboflavin, the
effect of other mitochéndrial (FMN, FAD and cytochrome c) and non
mitochondrial (Eosine y and Methylene blue) photosensitizers were
examined on the light dependent inactivation of succinate oxidase
activity. The resultS'shbwn in Fig. 21 demonstrates that
cytochrome ¢ was ineffectiﬁe; FMN and riBoflavin~were more effective
fhan FAD; aﬁd Methylene blue and Eosine y were the most effective -

photosensitizers.
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Fig. 19 Enhancement of light dependent inactivation of succinate

oxidase in submitochondrial preparations by exogenous riboflavin.

B
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3
Fig. 20 Effect of exogenous riboflavin and illumination time

on the mitochondrial State 3 and State 4 respiration:

Riboflavin added was 20 yg/ml. Without riboflavin see Fig 8A.
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Oable VI, Effect of illumination time on electron transport and
ATPase of submitochondrial preparations in the

absence and presence of riboflavin

RESIDUAL SMP ACTIVITYZ
(% of Non-Illuminated Control)

-Riboflavin +Riboflavin

Succinate Oxidase 48 ‘ 10
Succinate .

Dehydrogenase 18 8
NADH Oxidase 70 13
NADH

Dehydrogenase 19 15
Cytochrome C

Oxidase _ 136 120
ATPase o 61 36

290 min. illumination ( 3-5 Assay:‘25—26°C)
Riboflavin 10 g/ml
XBL7512-9228
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Fig. 21 Effect of exogenous photosensitisers on the rate of
inactivation of succinate oxidase in submitochondrial preparations.

Cytochrome c was at 1-mM and other substances were at 20 mM con-

centerations.
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- Oxygen Concentration

Inactivation of succinate dehydrogenése.in SMP was also
enhanced by incqbating the samples under 100% oxygen during the
illumination treétment; 817% inactivation Qas observed after 3 h

under 1007 oxygen whereas only .55% inactivation occured under

20% oxygen or air (Fig. 22). No significant inactivation of any
respiratory component was observed under a 100% nitrogen atmospheré
(Table VII).

Respiratory Chain Substrates and Inhibitors

In SMP the sites of interaction of substrates are on the

outer exposed surface of the membrane. 1In this system the protective
effect of its can be directly measured without consideratién
of substrate§ peneteration or transport. When succinate was present
during illumination succinate dehydrogenase:was completély protected
against inactivation (Fig. 23). The electron transport inhibitors
KCN and antimycin A were added to prevent succinate oxidation during
the 8 h illumination period. These inhibitors or succinate by itself‘
had no effect on the light dependent inactivation of succinate
dehydrogenase (Table VIII).I Partial protection Qf choline dehydrogenase
was also observed when illumination was carried out in the presence
of choline and Antimycin A or amytal (Table IX). However, little
protection of NADH dehydrogenase was afforded by NADH. Protection

of ubiquinone was observed when illuminafion was carried out in the
presence of succinate + aqtimycin A, which keeps ubiquinone in the

reduced state. No pfptecfion of ubiquinone was observed in the

presence of succinate + thenoyl trifluosoacetone (TTFA) when
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Fig. 22. Effect of oxygen and illumination time on the succinate

dehydrogenase activity of submitochondrial preparations.
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Table VII

EFFECTS OF TLLUMINATION OF SMP UNDER NITROGEN AND AIR ON ENZYME ACTIVITY AND LIPID
PEROXIDATION

/

SMP, 20 mg protein/ml.were incubated 8 h under N2 or air in the dark or light at
10°C; assays were at 25°C. :

‘Nitrogen Air
Assays Dark Light Dark Light
Per cent activify

Succinate oxidase 120 97 105 . 32
Succinate dehydrogenase + 100 94 115 32
Choline oxidase 92 98 105 20 é
Choline dehydrogenase : 98 100 92 79 )
NADH oxidase : , 100 100 110 30 :
NADH dehydrogenase 97 103 115 80
Adenosine triphosphatase 120 120 110 34 A r
Cytochrome oxidase : 105 110 120 110

| umoles/mg protein

Lipid peroxidation 0.18 - 0.175 0.35 3.87
(Thiobarbituric acid reactions) .
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Fig. 23. Effect of electron transport substrate and inhibitors
on the light dependent inactivation of succinate dehydrogenase
in submitochondrial preparations. Where indicated 50 mM succinate,

10 mM KCN and 2 yg Antimycin A/mg protein were present.
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Table VIII

EFFECT OF RESPIRATORY SUBSTRATE AND INHIBITORS ON LIGHT

INACTIVATION OF SUCCINATE DEHYDROGENASE AND ON LIPID
. PEROXIDATION IN SUBMITOCHONDRIAL PREPARATIONS

Assays
Incubation conditions* ‘Concentration Succinate L'i"p‘id péroxidation
' dehydrogenase (umoles malondial-
(% residual dehyde/mg protein)
activity)
None 26 3.90
Succinate 50 mMm 30 » 3.20
Antimycin A 5 ug/mi 22 1.52
KCN 10mM - 24 101
Succinate + KCN + Same as 103 0.00
Antimycin A above

Antimycin A + KCN " 24 ' 0.83
40 ug 85 0.12

Succinate + TTFA

*SMP, 20 mg protein/m! incubated for 8 hr under air in light or dark at 1_O°C; assays were at 26°C.

-G01-

0
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Table IX

SUBSTRATE PROTECTION OF LIGHT INACTIVATION
OF DEHYDROGENASES AND UBIQUINONE IN
SUBMITOCHONDRIAL PREPARATIONS

Assays
Incubation conditions® Residual activity (% of dark control)
CAT 4g reductase Dehydrogenase
NADH - CAT46 Succinate -» PMS
Control 40 30
Succinate + antimycin A 85 88
Succinate + TTFA 30 90
Choline = CAT 46 Choline > PMS
Control ' 17 50 ;
Choline + antimycin A~ 72 ' 70
Choline.+ amytal 15 _ 75
_ ) NADH - CAT35 - NADH — Fe(CN)g
Control 36 70
NADH + antimycin A 56 , 77

NADH + rotenone : 21 73

*8 hr, 20'mg protein/m! and as indicated succinate or choline 50 mM, NADH 5 mM,
antimycin A 5 ug/mg protein, rotenone 0.1 mM and amytal 1 mM.



ubiquinone would be in the oxidiéedvstate (Tabie IX); Light deﬁendent
peroxidation of membrane lipids was completély inhibited:by a
combination of suCciﬁate + Antimycin A + KCN (Table VIII), but a
little protgction was observed in the presence of either of these

inhibitors or succinate alone.

Free Radical Quenchers and Chelator

Various free radical quenchers and metal chelator were examined
for_protection against light induced damage‘to the mitochondrial
membranes. As shown in Fig. 24, g-Tocopherol was very effective
in suppressing light induced peroxidation of membrane lipids. At
15mM concenteration of a-Tocopherol, lipid peroxidation was completly
inhibited. In contrast to o~Tocopherol, Butylated hydroxytoluene,

a nonbiqlégical antioxidant was effective at much lower concentration
(50 M) to completly suppress lipid peroxidation. Under the conditious
when there was no peroxidation of lipids, inactivation of succinate
oxidase still occurred-(Fig. 25) indicating.that the mechanism of damage
to lipid is different from that of to the proteins..

Besides vitamin E and Butylated hydroxytoluene, several otﬁer
protéctive_agents.wére,tried as shown in Table X. EDTA, a divalent
cation chelator was effective in suppressing both inactivation of
succinate dehydrogenase as welljas lipid peroxidation. Among
various singlet oxygen .quenchers tested, azéde'(208,209) did inhibit
lipid peroxidation to a considerable extent .but not enzyme
inactivation. DABCO, another well khown singlet oxygen quencher
(210) was ineffective'againét both. Bovine serum albuﬁin, which has

recently been shown to quench singlet oxygen physically (211) did not
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Fig. 24 Effect of o-Tocopherol and Butylated hydroxytoluene on the

light induced lipid peroxidation in submitochondrial preparations.
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Fig. 25 Effect of vitamin E on light dependent inactivation of
_succinate oxidase and lipid peroxidation in submitochondrial

preparations.
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Table x

TEST FOR QUENCHERS IN INACTIVATION OF SUCCINATE DEHYDROGENASE AND
INDUCTION OF LIPID PEROXIDATION IN SUBMITOCHONDRIAL PREPARATIONS

Lipid
Succinate -peroxidation
Quenchers Likely species Concentration dehydrogenase (umoles malon-
quenched (% residual dialdehyde/mg
activity) protein)
None - - 26 3.87
a-Tocopherol ROO’ 15 mM 30 0.02
02
102

Butylated hydroxy- ROO’ 50 g 27 0.00
toluene
1,4-Diazabicyco- o, 10 mM 13 4.12
{2,2] -octane
Sodium azide ‘o, 10mM 30 1.02
Bovine serum albumin 102 5 mg/ml 35 2.54
p-Carotene lo, 10 mM 29 4.85
Dimethylfuran ‘o, 10 mM 5.23
Sodium-iodide ‘o, 1 mM 4.90
3-(3.4-Dichlorophenyl)-1, '02 0.075 mM 25 3.95
1-dimethylurea
Histidine 'o, 1 mM 32 2.92
Superoxide dismutase 03 10 pg/mi 30 3.45
cthanol OH’ 2% 27 3.30
Dimethoxymethane OH* 2% 30 3.15
Glutathione {reduced) ROO’ 1mMm a5 2.20
Ethylenedinitrilo- Divalent 50 mM 63 0.54
tetraacetic acid cations

SMP, 20 mq protein/ml inducated for 8 hr under air in light or dark at 10°C; assays were at 25°C. Notation used peroxide {(ROO’),

singlet oxygen (102), superoxide radical (03}, and hydroxyl radical (OH").

-CI1-
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have any significant effect in our system. Various other singlet
oxygen quenchers such as Histidine (235), dimethylfuran (234) and

B carotene (217),.were also ineffective. Ethanol and dimethoxymg;h-
ane, a hydroxyl radical quenchers (212)vhad no effect either on lipid
peroxidation or on enzyme inactivation. Due to loss of sulfhydryl
group on visible light exposure, reducing agent, glutathione was

also examined and as shown in Table X, a very little protecfion of
succinate dehydrogenase activity and aganist lipid peroxidation

was observed.

DISCUSSION

Present studies:indicate that there are various intrinsic
and extrinsic factors which can either amplify or suppress the light
induced damage. The observation that the rate of destruction of
succinate dehydrogenase changeé with wavelengths in the order
350-600nm > 430-800nm > 580-800nm suggests the probable involvement
of flavins, as endogenous photosensitizer.  The role of flavins in
light damage is further supported by enhancément of effects by
exogenous flavins (Fig. 21) and also that endogenous flavins of the
mitochondria are deStroyed on illuminafion (Fig. 12).

Photosensitisation by other components of the respiratory chain

appears to be of séCondary importance. This is supported by the

observation that the rate of inactivation of the respiratory chain

did not seem to be affected by the presence of exogenous added
cytochrome ¢ (Fig. 21) or depletion of mitochondrial cytochrome c
(data not shown). Moreover none of the cytochromes were destroyed

under the conditions when 50% of the flavins were lost (Fig. 12).
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. In the presence of’respiratory substrates andvinhibitors both
the dehydrogenases and ubiquinone were protectéd if kept in the reduced
state (with antimycin A) during illumination. Succinaté, NADH and
choline dehydrogenases were protected but not the ubiquinone (Iable IX)
when TTFA, Rotenone or Amytal which inhibit electron flow before the
ubiquinone site were present during illumination. This may be due to the
fact that the reduced form of flavins absorb very little Qisible light
as compared to their oxidized forms. It is also possible that
the binding of substrate to the active site may also help to stabilize
the protein. Ray and Koshland (35) have reported that binding of
substrate to the enzyme phosphoglucomutase protects the active site
amino acid residues against methylene blue sensitised damage.

In addition to visible light and.a photosensitiser, the
various destructive effects may also require the presence of oxygen,
since inactivation did not occur under nitrogen (Table VII) and was
significantly enhanced by increasing the oxygen concenteration in
the gas phase (Fig. 22). This indicates the likely involvement
of some activated species of oxygen, either singlet oxygen>(102),
superoxide radical (0_2) of the hydroxyl radical (OH'), species that
are known to cause damage to m@mﬁrane components (213). Since the
rate of destruction of su¢cinate oxidase was higher with eosine y
or methylene blue, than that with flavins as exogenous photosensitiser
(Fig. 21), it suggésts 102 as the damaging species. This éuggestions
is based on the present concensus that flavins generate mainly 0-2
radical (57) which reacts with its dismutated product to form 102

and OH'(214), whereas eosine y or methylene blue produce lO2 directly (215).



00 50490101 |

=115~

Among various protective agents tested, -Tocopherol and
Butylated hydroxytoluene suppressed lipid peroxidation but not
enzyme inactivatipn (Fig. 25). . This suggests that either these
antioxidants are not accessible to‘proteins or the mechanism of
damage to proteins is different from that of to the lipids. If
the damage to protein is due to either —02 orloz, then
inaccessibility seems more likely since -Tocopherol is known to
quench both -02 (216) and 102 (217). Perhaps due to similar reasons,
other 102 quenchers also had very little or no effect. Hydroxyl
radical quenchers such as ethanol and dimethoxymethane (212)
did not protect either lipid or protein damage. ' The protective
effect EDTA on both lipids and proteins (Table X) suggests the
involvement of bivalent cations. It is expected since bivalent
cation such as Fe'® in the mitochondria is known to damage its
mémbrane (218). The respiratory substrates;in combination
with inhibitors protected both lipids and proteins (Table VIII).
This indicates that the damage originates from the proteins,
probably the coenzyme part of the molecule, and spread to the

lipid components of the membrane by oxygen.:
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GENERAL DISCUSSION

Synopsis of Visible Light Damage to Mitochondria

Visible light exposure affected both protein and lipid
components of the mitochondrial membranes (Fig. 26). Protein
damage was indicated by the photopolymerisation and destruction
of respiratory chain linkea ATP synthetase and dehydrogenases.
Formation of lipid peroxides and inactivafion of ubiquinone was a
measure of lipid damage. Structurally, disruption of mitochondrial
membrane was reflected by irreversible swelling, free permeability
to NADH, release of matrix contents and dissolution of inner
membranes microscopically. The probable chromophore in the
mitochondria responsible for absorption of visible light is flavin.
The evidence in favor of this suggestion include: destruction of
flavoprotein dghydrogenases; loss of bound and free flavins,
enhancement of destruction by exogenous flavins and 1ack‘of inac-
tivation by a combination of substrate and inhibitors of electron
transport chain. Since major inactivation occurred in the wave-
length region where mainly flavins and paftially cytochromes absorb,
our studies do not entirely rule out iron sulfur and heme also as
likely photosensitisers, although cytochrome ¢ depletion or exogneous
cytochrome ¢ addition did not affect the rate of destruction and
neither any cytochromes were inactivated specfrophotometerically.

Besides photosensitiser, oxygen was also needed for visible
light induced damage to the ﬁitochondrial membranes. Since under
anaerobic conditions no damage occur;ed, this can be argued against

that it is due to the reduced state of flavins. This appears unlikely



Fig. 26, A synopsis of visible light effects on mitochondria.
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because rate of damage was enhanced by increasing oxygen
concentration.

Proposed Explanation of the Mechanism of Visible light Damage

to Mitochondria

The various steps involved in damage. to the mitochondrial
membranes on exposure to visible light.and10xygen can be con-
veniently separated into three sfages, viz; initiation, propagation
and termination. The'following discussion is based on the scheme
shown in Fig 27 which considers all the three stages of the
mechanism of damage.

INITIATION

The chromophore in the mitochondrial: membrane which absorbs
light inﬂthe visible region of the spectrum_is the likely site of
initiation of damage. ' Our studies indicate that flavins are the
main endogenous photosensitizer. As shown in Fig. 27 flavins(F) on
absorption of visible light.singlet are excited (F*) from
ground to higher singlet and then triplet state (219). Since flaviﬁs
are the coenzymes of respiratory dehydrogenases, they can be re-
duced by their substrate. As compared to their oxidized state:

-1 . ' md Lem ™2
(¢™ "M "=12), flavins in their reduced state (¢ CM =0,87) absorb
450nm : ' 450nm

less than 10% visible light and thus can not initiate damage

very effectively. The photoreduction of excited flavin can also be
achieved under anaerobic conditions in the presence of amines such as EDTA,
Tricine etc (221-223), which act as a proton donors. The for-

mation of dihjdroflavin (FHZ) by an abstraction.of hydrogen (220) 1is

mediated through a flavosemiquinone free radical which has been



~-120-

Fig. 27. A proposed mwechanism of flavin photosensitized oxidative

dacage to mitochondria.
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demonstrated by electron paramagnetic resonance spectroscopy

(229). /
The possible role of iron sulfur centers in damage initiation

is based on their absorption of light in the visible range

mM_lcm-'1

(& 450nm

mitochondria (218). The formation of damaging free radicals from

=4) and on autooxidation reactions catalysed by iron in the

purified iron sulfur proteins as they undergo from reduced to
oxidized state has been demonstrated (121). Thus it is likeiy that
mitochondrial iron sulfur centers can also contribute to the
initiation of damage.

The ubiquinone component of the mitochondria absorb very

lz,cm-l =5 9)

405nm

duction cycle of ubuquinone is a one electron transfer process and

little light in the visible range (¢ The oxidaﬁion re-
thus mediated through ubisemiquinone free radical. The latter
indicates its potential in initiation of damage to the mitochondrial
membranes. The generation of toxic free radicals by ubiquinone has
been established (118). |
PROPAGATION

The propagation of damage from the site of initiation probably
occurs through oxygen. The latter can undergo one electron reduction
process giving rise to superoxide (0_2) free radical which has been
detected by EPR spectroscopy. .Under aerobic conditions excited
flavins consume oxygen to generate either singlet oxygen (102) (224)
or superoxide radical (225). The formation of-O-Z radical_by the re-
duction of ubiquinone region of the respiratory chain has also been

demonstrated by several workers (118,226), Therefore it is



suggested that flavosemiquinone generated by light; could give
rise to ubisemiquinone;wﬁich iﬁ turn may react with oxygen

to produce 0-2 radiqallby univalent reduction. .The ubisémiquinéne
free radical has been detected in the mitochondfial membranes,
amounting to about 0.2-1.5% of the total quinone-contents (231).
Both quinol and éemiquinol forms of ubiqﬁinoné can produce 0_2

radical (122) by the following reaction:

Substrate

(Ubiquinone) UQ UQH, (Ubiquinol)

UQH’

(Ubisem'iquinone) K

Thus ubiquinone can play an important role in damage propagation.

The iron sulfur centers as the generators of 0, radical has
been shown in two systems ; iron-sulfur flavoprote{n (227) and iron
sulfur protein (121). Although the production of this radical from
the mitochondrial iron-sulfur centers has not been demonstrated, but
it is possible that univalent reduction of theée proteins could also
form 07, radical. |

The superoxide radical whether generated by flavins, quinones -
or iron sulfur centers of fhé mitochondria, is a powerful oxidant

and has been shown to cause oxidation of both lipids and proteins (228).
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Since in our studies mitochondrial damage was énhanced under high
oxygen concentration it may probably be due toiincreased production
of 07, (Thick Arrows in Fig. 27) radical. In order to detoxify this
radical generated from various sources, mitochondria contain an
enzyme superoxide dismutase which converts O°2 to relatively less
harmful species, H202. Thevlatter is further detoxified by the _

" mitochondrial glutathione peroxidase to water. A spontaneous
dismutation of 0—2 could lead to the formation of an highly reactive
species, 102 (214). Some workers have also suggested that 0_2 can
react with its own dismutated product to form Hydroxyl radical
(OH'), a powerful oxidant .(243).

Thus there are several free radical species generated by oxygen
which could propagate mitochondrial damage. Oxygen can also spread
the damage by carrying out the autooxidation of lipids in the presence
of bivalent cations (218); thus resulting in the formation of lipid
peroxide (ROO) radicals. The latter can also be produced by direct
interaction of lipids with 0-2 (228), 1O2 (243) or OH' (214) radicals.

The polymerization of membrane proteins;accompanying lipid
peroxidation has been shown by several workers:(232) but whether
one is a consequence of the other, is not well understood. The
product of lipid peroxidation is a malondialdehyde. Similar to
to other bifunctional alkylating reagents, malondialdehyde has
been shown to crosslink proteins resulting in the formation of
pélymers (232). Herver, studies with red blood cell membranes
have indicated that the concentration of crosslinker required

to form polymers is several folds higher than actually produced
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~by lipid peroxidation (205). The léck of iﬁtermolecular crosslinking
of mitochondrigl membr;ne proteins by malonéiéldehyde has also been
demonstrated (238). Oﬁr results also confirm tﬁat photopolymerization
of proteins is indepenéent of lipid peroxid;tion.

The hypothesis that in a flavin photosensitized damage, the poly-
merization of proteins does not involve products of lipid peroxidation,
is also supported by studies of others, that a purified flavin enzyme
on exposure to visible light form dimers, tetramers and polymers whiéh
are enzymatically inactive (206). The latter workers have suggested
covalent linkages of proteins. Our result show loss of free thiol
groups which may indicate formation of mixed disulfide bridges. The
The oxidation of thiols by 0, or Hy0, has been established (240,241).
Thus the poiymerization of proteins by thiols could occur as follows:

P|-SH  + o, HS-P, ¢ P -S5-S-P,
HZO
Protein I Protein II DIMER

Therefore protéin damage appears to be due to loss 6f thiols since
latter are essential for gxidative phosphorylation (198).énd for
respitétofy chain linked dehydrogenases (195-197).
TERMINATION

The participatipn of a given radical species in damage pro-
pagation is generally identified by a quencher which terminates such
damage. Flavin photosensitised lipid:perogidation of the mitochondrial
memBrane was completely suppressed by a -chopheroi_and butylated
hydroxytoluene.  Thisfsuggests the involve&ent of lipid peroxide ;adical

(L00*). The latter can originate either by direct autooxidation of

lipids in the presence of bivalent cations or by interaction with an
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activated species of oxygen (0—2, 102 or OH"). Since the formation

of peroxide radical was also inhibited by EDTA, this suggests the
involvement of bivalent cations catalysing the ‘autooxidation of lipids.
The prevention of damage by EDTA in a flavin phbtoseﬁsitised system
can also be ineterpretted by its role as flavin reductant.

The suppression of glutathione induced lipid peroxidati&n of
the mitochondrial inner membranes by superoxide dismutase (242) has
indicated involvement of superoxide radical. The lack of effect
of this enzyme on lipid peroxidation in our system suggests either
accessibility barrier or its destruction by visible light or invol-
vement of some other free radical species. A similar rate of per-
oxidation of lipid observed in mitochondria Which contains SODAand
in SMP which lacks SOD also indicate that in a flavin photosensitised
system 0", may not be involved.

The damage to lipids could also occur by singlet oxygen (217),
since B —cafotone is known to stop this process (26). Besides B -
carotene, there are several other 102 quenchers' which "include
DABCO (210), Azide (236), Bovine serum albumin (211), Dimethylfuran (234),
Sodium iodide, DCMU (223) and histidine (235). The effectiveness
of a given quencher is determined by its physical state and its
environment. Sodium azide a freely water soluble compound,
suppressed lipid peroxidation significantly in our systém, whereas -
other 102 quenchers were relatively unaffective. This could be
partly either due to theirvinsolubility in water or their absorption
characteristics in the visible range and thus acting as photo-

sensitizers.
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The evidence that hydroxyl radical (OH') can induce an oxidative
attack on lipids stems from studies on lysosomal membrane, where
lysis was enhancea by superoxide dismutase and thus OH' was implicated
as causative agent (243). Ethanol and dimethoxymethane, a well known
OH* quencher had no effect on the photooxidation of lipids in our
system A similar fesult has also been obtained in a model system
study of lipid peroxidation (214).

The damage to mitochondrial proteins in a flav{n photo-
sensitized system involves oxidation of free thiol groups, which
may result in aggregation of proteins by disulfide linkages. In
xanthine oxidase system the thiol oxidation:is caused by supéroxide
radical (241) and also to a lesser extent by Hy0, (240). The
The oxidation of glutathiohe by Hy0, is a well known reaction
reacfion catalyzed by a specific mitochondrial matrix enzyme
glutathione peroxidase. The disulfide linkages of thiol oxida-
tion can be terminated-by reducing agents such as dithiothreotél
or mercaptoethanol. None of these aggentsvweré effective vhen
added during light’exposure probably due ;o;their‘role as free
radical generators. These reagents also had no effect on the
post illuminated samples, it may be due to inaccessibility of
the reagent 1in a photopolymerized méterial;(207).

The damage to both lipids and proteips'components of
the membrane was terminated by using a combination of respiratory
substfates and inhibitprs. The probable ekplanation for this
is that’under these conditions the flavin coenzyme of the protein

molecule is in a reduced state and thus do not absorb enough
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light to cause damage. It also suggests that the damage most
likely inifiates from the proteins and then propagated on to lipids
where it can be terminated by o-tocopherol. Thus our studies seem
to indicate that the prqtein damage is due to loss of sulfhydryl

groups, where as peroxide radicals cause lipid damage.

VISIBLE LIGHT DAMAGE OF MITOCHONDRIA vs CELLS

Both near ultraviolet (300-420 nm) and visible (above 370 nm)
light is known to effect the survival of cells in culture (Table
XI). Microscopic observations have indicated damage to the
mitochondria. The light intensity required to diminish cell
viability (0.2-0.4 mW/cmz) is normally much lower than that needed
for mitochondrial damage (200-300 mW/cm?). Thié may be due to the
geometery and the optical density of ﬁhe sample. Using blue light
(330-540 nm) of intensity 200 mw/cmz, it has beén shown thét
cytochrome oxidase activity of yeast cells, of beef heart
mitochondria and of complex IV is destroyed (101,244). Our studies
with rat liver mitochondrig using white light (400-720 nm) at
intensity 300 mw/cm2 indicate that the destruction of respiratory
chain linked flavoprotein dehydrogenases is a primary step in
damage process. A similar results have also been obtained in
bacterial cell envelops using white light (30) and in complexes
I and II of beef heart mitochondria on exposure to blue light (59).

The destruction of ATP synthesizing system,of the mitochondria
may explain the inhibition of growth of cells by visible light

exposure, since ATP is essential for DNA, RNA and protein synthesis



Table XI. VISIBLE LIGHT DAMAGE TC CELLULAR SYSTEMS

LIGHT INTENSITY

WAVELENGTH

ATP synthesis

ACTIVITY REFERENCES
mw/cm”) (nm) DESTROYED ‘
Human Cells 0.18 375-700 Cell viability 17
(WI-38)
‘Human Cells 0.40 300~420 Cell viability 246
(D98/AH,)
Yeast Cells 200 330-540 Cytochrome oxidase 244
(Saccharomy-
ces cerevisiae)
Bacterial Cells 32 400-720 NADH oxidase,
(Micorcoccus ' . Succinate dehydro- 30
roseus) genase,
- ATPase
bMitochondria 200 330-540 Succinate oxidase 101
(Beef heart) Cytochrome oxidase
Cqmplexes 200 330-540 All complexes 59 {
I-1v
(Beef heart)
Mitochondria 300 400-720 Flavin dehydro- Present
(Rat liver) genases, investigation

~6Z1-
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and also for active transport. A temporal sequence of events in
damage process might further elucidate the mechanism of photokilling
of cells. A kinetic of inactivation of various flavin enzymes
located in different subcellular compartments also might help in
understanding the visible light damage to cells. Photosensitized
damage can be used as a tool to selectively destroy certain kinds

of tumor cells which are rich in light absorbing pigments such as
hematoporphyrin. Present studies are also relevant to understand
the damage caused in those parts of human body fegularly eiposed

to sunlight (e.g., skin epithelium and retinal membranes).
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SUMMARY
The effects of visible iighf of wavele%gﬁhs aone 400 nm on rat
liver mitochond;ia and submitochondrial preparations was
invesfigated.
The temporal sequence of changes inéluded: 'stimulation of
respira#ion, a»decline in ATP synthesis, increased ATPase
activity, inactivation of respiration and loss of trans-
membrane potential.
The inactivation of respiratioh was accompénied with the
deétruction of dehydrogenases in the order succinate
dehydrogenases '$ choline dehydrogenase > NADH dehydrogenase.
Among the components of dehydrogenases, destruction of
ubiquinone reduction, and loss of flavins and sulfhydryl
groups were.most susceptible to illumination.
Redox reactions of cytochromes and cytochrome ¢ oxidase
activity were Qnaffected. |
The structural damage was indicated by release of soluble
proteins, decrease in light scattering and iﬁcreased NADH
peneteration into the mitochondria.
Microscopicélly the alteration in the mitochondrial
morphology was inéicated by dissolﬁtion of inner membranes
and distortion of the outer membrane.
Electrophéretically the polypeptide profile of the mitochondrial
inner membrane was dfastically aitéred'after illumination.

Peroxidation of membrane lipids also occurred.
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Damage to both lipids and proteins was stopped under an—’
aerobic conditions and enhanced by high oxygen tensibnf
Exogenous flavins enhanced the damage and maximum
destruction occurred in the wavelength regions where
flavins absorb.

Various antioxidants and free radical quenchers were

effective against lipid peroxidation but not against

- enzyme inactivation.

Combination of substrates and inhibitors of the electron
transport chain suppressed both destruction of enzymes and
lipid peroxidation.

Our results indicate that visible light initiates a flavin

photosensitized reaction that produces damage involving

participation of an activated species of oxygen in the

damage propagation.
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