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What is a Free Radical? _ Definition

A free radical is defined as a species that contains one or more unpaired 
electrons occupying an atomic or molecular orbital by itselfy g y

Molecular oxygen: a di-radical
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Common (and not necessarily correct) statements in 
free radical chemistry and biology:

• Radicals are always short-lived

y gy

y
• Radicals are always highly reactive
• Radicals are always oxidizing speciesy g p
• Radicals are always formed as “undesirable” “side products

Oth l t i t t idOther relevant points to consider:

One- and two-electron oxidantsOne and two electron oxidants
Methodologies to study free radical chemistry
Reactive “oxygen” and “nitrogen” species What about “sulfur”?Reactive oxygen  and nitrogen  species. What about sulfur ?
Radicals and intramolecular electron transfer
“Stable” radicals in the active site of enzymes“Stable” radicals in the active site of enzymes



Oxygen free radicals and reactive oxygen species
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Me = transition metal center (eg. Fe)



Mechanisms of formation and detoxification of reactive oxygen species

cytochrome c oxidasey

xanthine oxidase

NADPH oxidase, electron transport chain

xanthine oxidase
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Nitric oxide synthase reaction

An enzymic and highly controlled generation of aAn enzymic and highly controlled generation of a 
signal transducing free radical
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Main reactions of nitric oxide in biological systems
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Hemeperoxidase-catalyzed reactions
Two vs. one-electron oxidation stepsTwo vs. one electron oxidation steps
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Biologically relevant reducing radicalsBiologically-relevant reducing radicals

Species                            Eo´ (V)

RSSR•-/RSSR -1.40RSSR /RSSR 1.40

NAD•-/NAD+ -0.91

FADH•/FAD,H+ -0.31
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Iron and free radicals

•Haber-Weiss cycle

Fe3+ +  O2
•⎯ (red)          Fe2+ +  O2 (ox)

F 2 H O F 3 OHFe2+ +  H2O2 Fe3+ + •OH [Fenton reaction]

•Iron storage proteins•Iron storage proteins

Ferritin, transferrin, hemeproteins, Fe-S proteins (aconitase, IRP-1)

•Low molecular weight, redox active iron complexes

ATP, ADP, carboxylic acids

•Metal chelators                                                                

Desferrioxamine, DTPA



Free Radical Reactions: Initiation, Propagation, Termination

Initiation

A:A  2A• homolysis

B:  + Me+n B• + Me+(n-1)                one-electron oxidation

C + e⎯       C•⎯ one-electron reductionC      e C one electron reduction

Propagation

R•   +    O2 RO2•                      oxygen addition, peroxyl radical 

RO2• + R´H RO2H + R´• secondary radical formationRO2   + R H RO2H + R            secondary radical formation

Termination

R•   +  R´•  R:R´ dimerization, adduct formation

2RH•  RH2 + R                          dismutation

R• + AscH R:H + Asc• formation of stable secondary radical



Radicals, oxidants and their catabolism in biological systems
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Estimated half-lives of some radicals 
& id t i h i l d bi l i l i t

S i t ( d )

& oxidants in chemical and biological environments

Species t1/

2
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CO •‐ ~10‐6

HO < 10
RO•                                ~ 10-6

CO3 10 6

NO2
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Reactivity of Radicals  with Biomolecules
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Competition between superoxide dismutation
and peroxynitrite formationand peroxynitrite formation
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Formation and decomposition pathways of peroxynitrite
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Peroxynitrite reacts fast with carbon dioxide
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See also, Lymar and Hurst, JACS 1995





Carbonate radicals from the peroxynitrite-carbon dioxide reaction 
Direct EPR studies Bonini et al, JBC 1999
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Courtesy, P. Wardman



Carbonate radical reaction with desferrioxamine 
Pulse radiolysis studies
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One-electron oxidation of desferrioxamine by free radicals
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Direct EPR detection of desferrioxamine nitroxide radicals during reactions with peroxynitrite
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EPR spectra of oxyHb reaction with peroxynitrite in the presence of MNP
EPR spin trapping of globin (protein-derived) radicals
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Cysteine oxidation by peroxynitrite                                 
Stopped-flow studies
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Peroxynitrite reactions with thiols: 
Mechanisms intermediates and productsMechanisms, intermediates and products

•NO

RSNO

Modified from Radi et al
Nitric Oxide (Ignarro, L. Ed.);  Academic Press 2000



Radical pathways of tyrosine nitration
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Nitric oxide diffusion and interactions in lipid oxidation processes
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Szabo, Ischiropoulos and Radi 
Nature Reviews (2007)
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PS II

Methylamine 
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Intramolecular transfer processes in ribonucleotide reductase 
Participation of tyrosyl and cysteinyl radicals

Philos Trans R Soc Lond B Biol Sci. 2006

See also: Kalyanaraman et al; J Biol Chem, 2005; Methods in Enzymology; Vol 440, 2008







Summary

Free radicals in biology represent a large variety of species which range from 
very reactive and short-lived to stable and long-lived molecular speciesvery reactive and short lived to stable and long lived molecular species

While many radicals tend to be oxidizing species, there are several biological 
examples of radicals that behave as good one-electron reductants

Radicals and oxidants are not quite the same; moreover, important biological 
oxidants such as hydrogen peroxide, peroxynitrite and hypochlorous acid are not 
radicals and participate in two-electron oxidation reactionsp p

Some radicals such as nitric oxide are mainly formed through strictly regulated 
enzyme-catalyzed pathways and play roles in signal transduction processes

Radicals in proteins can also assist in enzyme catalysis steps

Radicals participate in chain propagation reactions and also in intramolecular 
electron transfer processes therefore transmitting effects from the initial site ofelectron transfer processes, therefore transmitting effects from the initial site of 
formation to relatively distant sites

The diffusion of radicals in biological environments largely depend on 
l l i d h h d h bi it d ti it lik it i idmolecular size and charge, hydrophobicity and reactivity; some like nitric oxide 

are highly diffusible; others like superoxide and hydroxyl radicals are not.
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