77:222 Spring 2001 Free Radicals in Biology and Medicine Page 0

This student paper was written as an
assighment in the graduate course

Free Radicals in Biology and Medicine
(77:222, Spring 2001)
offered by the

Free Radical and Radiation Biology Program
B-180 Med Labs
The University of lowa
lowa City, IA 52242-1181
Spring 2001 Term

Instructors:
GARRY R. BUETTNER, Ph.D.
LARRY W. OBERLEY, Ph.D.

with guest lectures from:
Drs. Freya Q . Schafer, Douglas R. Spitz, and Frederick E. Domann

The Fine Print:

Because this is a paper written by a beginning student as an assignment, there
are no guarantees that everything is absolutely correct and accurate.

In view of the possibility of human error or changes in our knowledge due to
continued research, neither the author nor The University of lowa nor any other
party who has been involved in the preparation or publication of this work
warrants that the information contained herein is in every respect accurate or
complete, and they are not responsible for any errors or omissions or for the
results obtained from the use of such information. Readers are encouraged to
confirm the information contained herein with other sources.

All material contained in this paper is copyright of the author, or the owner of the
source that the material was taken from. This work is notintended as a threat to
the ownership of said copyrights.



J. Luo o,

Singlet Oxygen

Jun Luo

B-180 Medical Laboratories
Free Radical and Radiation Biology Program
The Univerdty of lowa
lowa City, | A 52242-1181

For 77:222, Spring 2001
25 January, 2001

Abbrevidions.

D,0 : deuterium oxide

ESR: eectron spin resonance
%0,: ground-state dioxygen

0, : snglet oxygen
Dg: snglet oxygen
& g: singlet oxygen
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Abstract

Singlet oxygen( O, ) isthe excited state of oxygen with rearrangement of its ectronsin its highest
occupied molecular orbitals. Two different formsof *O, arefound. Each has adifferent energy level
and lifetime. They are not free radicas. They can be produced or quenched by various physica and
chemica methods. Singlet oxygen mainly reacts with dectron- rich compounds. It has damaging
effects on biomolecules and exerts genotoxic, virucida and cytotoxic effects. 1t dso involvesin
carcinogeness aswell as sgnaling transduction pathways.

| ntroduction

Singlet oxygen (‘O ) is the oxygen with extraenergy. It was first proposed by Kautsky asa
possible reaction intermediate in dye- sengtized photo-oxygenations as early as 1931 [1]. Sincethen
thousands of reactions of *O, have been studied.  Singlet oxygenhas been found to be involved in

various physical, chemical and biologica processes as well asin many disease processes.
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Properties of singlet oxygen

Therearetwo kinds of 'O, [2]. Oneisthe *Dg O, with paired electronsin one molecular orbitdl.
Anocther isthe '8 g" O, with spin pairing in different orbitals ( Figure 1). Both of them are the excited
states of molecular oxygen. Thesetwo kinds of 1O, have different energy levels and different lifetimes
Table 1 and 2 show their properties and their lifetimes in different solvents[1]. From table 1 and 2, we
seethat thelifetime of & g state is very short; and it decaysto 'Dg state. Also, *a g0, is more reective
than 'Dg form.  However, these two forms are not radicals becauise there are no unpaired electronsin
these two forms.

Figure 1: Electronic state of diatomic oxygen molecules has been explained by molecular orbital theory.
From [1].
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Table 1. Properties of Singlet Molecular Oxygen. From [1]
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Properties 'Ag By
Energy above ground state 23.5 kcal/mole 37.6 keal/mole
Light emission 1268.7 om 761.9 nm
Half life at one atmosphere 50x107%s T
Solution life time 107 s 107"s
Gas collision survival 10° 10-100
Radiative life time 2,700 s 7s

Table2. Lifetime of Singlet Oxygen in Various Solvents. From [1]
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H,0 e CeH;z 17

D0 20 CoFs 600 + 200

CH;OH 7 CHCI1, G0£1S

50% D:O T cocl, 300 £ 100

$0% CH,OH 1 CCl, TOO £ 200

C.H,OH 12 Cs. 200 = 60

CH,COCH, 26 Freon 11 1000 + 200

Generation of singlet oxygen

Severd methods are available for the generation of *O,,
Chemical methods:
1. Hydrogen peroxide reacting with sodium hypochlorite can produce *O,. The biological meaning of
this reaction is that hypochlorite can be produced by the enzyme caled myel operoxidase during
phagocytos's [2].
H,O, + Na'OCI ® 'O, + NaCl + H,0

2. Solid adducts formed between the triaryl phosphite and ozone at low temperature decompose to

release 'O, [1].



J. Luo o, 5

—78°C Q.
(CeHsO)P + O3 ———> (CeH;0),P¢ SO
.

o —15°C
{csﬂjmlp(\o:}o > (CsHs0);P=0.10,

3. Superoxideion O, isanother potentia source of 'O, , since loss of an dectron of appropriate spin
could produce ground state molecular oxygenor "0, [1].
0, ® 0, + €
Physical methods:
One of the most important physical methods for the generation of *O, s photosensitization reaction [2].
In this process, photosengtizers are illuminated with light of a given wavdength. They absorb it and the
energy raises the photosengtizer to an excited triplet state. The excitation energy can be tranferred to

the adjacent O, molecules, which can be converted to the singlet state.

Figure 2. Scheme Outlines Type | and Type Il Photooxygenation Reactions upon Irradiation of a Photosensitizer.
From[ 3].
Photoexitation
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Reactions of singlet oxygen

Singlet oxygen can interact with other moleculesin two ways. Oneisthat YO, may combine with

other molecules chemicaly Another isthat *O, may transfer its excitation energy to other molecules.
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1. Alder-enetypereaction
This reaction occurs when O, reacts with a compound with one double bond. This reaction isaso
caled Schenck reaction or “ en€’ reaction. They involve ether a Sx-centered trangtion state typica of

the classicdl reaction, a peroxide of closed related intermediate or a biradicd intermediate{1,2].
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2. Dids-Alder reaction
With acceptors such as cis dienes or aromatic hydrocarbons, O, appears to behave as a good

dienophile[1].
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3. Reaction with eectron rich systems

Singlet oxygenmay react with double bonds which have ectron donating atoms such as nitrogen and
sulphur. In this reaction, an oxetane type adduct is formed. These dioxetanes may be unstable and
decompose to give carbonyl fragments[1]. Decomposition of dioxetane is sometimes accompanied by

chemiluminiscence.
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4. Singlet oxygen aso can react with DNA, carotene, tryptophan, methionine, cystine, histidine and
NADPH [2]. 'O, can oxidize these amino acids and thus damage proteins. Histidine has the highest
second order rate congtant for reaction with 'O, Oxidative destruction of higtidine is the mgjor cause
of degtruction of many enzymes.
Quenching of singlet oxygen

The quenching of *O, involves the deactivation of the excited Singlet states of oxygen molecule. It
may be either physical or chemical quenching [1]. Chemica quenching is that in which 'O, reactswith
quencher (Q) to give product QO,. Physica quenching leads only to the deactivation of 'O to its
ground state with no oxygen consumption or product formation. Schafer et al reported that YO, can be
quenched by water, lipids, nucleic acids, polyunsaturated fatty acids and other small molecules[4].
Two major mechanisms of 'O, are known. They are energy transfer and charge transfer quenching.
1. Energy transfer quenching [1]
This mechanism of quenching is the reverse of reaction by which 'O, isformed. It involves formation
of triplet quencher and ground state oxygen and to be efficient, requires that triplet state of the quencher
should be very near or below the energy 'Dg.

'0,+Q ® 0, +°Q

Other quenchers like dyes, metd complex and other compounds with very extensive conjugated

sysems may aso involve this mechanism of quenching.
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2. Charge transfer quenching [1]
This mechanism involves the interaction of the electron deficient *O, with electron donors.

D+'0, « [D---O,]* « [D' ---0, P « D+3%0,
Since 'O, acts as an dectron acceptor, easily oxidizable compounds prove to be the best quenchers.
Compounds quenching "0, by the charge transfer mechanism indude amines, phenols, metal
complexes, sulfides, iodide, azide, superoxide ion and similar eectron rich compounds. Recently,
Hesder et al use humic substances (HSs) to quench O, . Thefficiency of O, quenching depends on
the origin of the HS sample [4].

Detection of singlet oxygen

Various techniques are used for detecting the presence of O, [1].
1. Paramagnetic resonance
This method of detecting O, is specific for *Dg state since '8 g Sate is diamagnetic. It isproved that
10, concentration congtitutes about 10% of the total oxygen concentration.
2. Caorimetric method
Anisotherma caorimetric method of detecting *Dg O, rests on its efficient deactivation on a cobalt
coated platinum wire. The heat released in the deactivation corresponds to the excitation energy.
Recently, alower-cost laser deflection calorimeter (LDC) apparatus is developed to determine *O.
quantitatively [6]. This method should be specidly designed for studying chemica and biochemica
processes at interfaces by measuring low amounts of heet released.

3. Emission spectroscopic method
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An optical emisson from *Dg and & g provides another method by which excited oxygen molecules
may be detected in the gas. The emission bands for these two forms appear & 1270 nm and 760 nm
respectively.
4. Mass spectroscopic method
The formation of O,"  species from O,(*Dg) occurs a alower appearance potentiad than from O, (*a g)
snce the former have higher energy. Thus mass spectrometry have been helpful in detecting 'Dg State.
However, the method has limited scope since relatively large concentrations of O,( *Dg) are required.
Biological significance of singlet oxygen

Singlet oxygen isinvolved in many biologica areas such as dye sengtized photo oxygenation,
erythrocyte dysfunction associated with GEDP deficiency, membrane destructive process, phagocytos's,
photoaging, metabalic hydroxylation, age related changes of the lens, and carcinogenesis[2]. Recently,
Singlet oxygen isaso found to be involved in sgnding transduction pathway [7]. A nove
observation is the activation of transcription factor AP-2 and cdlular sgnaing cascades comprising the
activetion of
c-Jun-N-terminal kinases (INK/SAPK) and NF-kappa B system. Singlet oxygen has damaging
effects on biomolecules and exerts genotoxic, virucida and cytotoxic effects[7]. For example, Singlet
oxygen can induce apoptosisin HL-60 cdlls because 'O, can induce nuclear condensation and
DNA fragmentation into nucleosome-sze fragments in a dose dependent manner [8].  Singlet oxygen
can aso induce oxidative DNA base damage [9] and may have dramatic effects on eukaryotic gene
expresson [10]. Thetoxicity of O, iscdl line-dependent [3].  The grester the protein content of cells

the more they are protected againg membrane damage. The cdl size corrdates inversaly with ability of
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cdIsto copewith agiven flux of 'O, Human catalase can be oxidized by 'O, in mydoid leukemia
cdls [11]. Cataasesare oxidized by 'O, giving rise to more acidic conformers detected in
zymograms after dectrophoresisin polyacrylamide gels. This shift in catdase mobility can be indicative
of 'O, productioninvivo. Stief et al reported that Singlet oxygen can inactivate fibrinogen, factor V,
factor VIII, factor X, and platelet aggregation of human blood, suggesting that  Singlet oxygen isan
anti-thrombotic agent [12].  Singlet oxygen produced by photodynamic action can inactivate
mitochondrial permesbility transition pore. The most likdly targetsfor 'O, are critical histidines that
undergo degradation [13]. Tatsuzawaet al reported that snglet oxygen can inactivate bacterid
respiratory chain enzymes[14]. Exposure of wild-type E. coli to 'O, causesasignificant lossof E.
coli viability due to inactivation of membrane respiratory chain enzymesby 'O, suggesting that singlet

oxygen produced by phagocytic leukocytesis amgor bactericidd oxidant in the phagosome .
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