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Biological Activity of 

Free Radicals 
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Richard E. N o ~ b e r g ,  Janet  V. Passonneau, Jona than  Townsend 

Electron transport, the physical proc- 
ess that governs the chemistry of biologi- 
cal oxidations is, as yet, poorly under-
stood. Most of the known reactants and 
products in metabolic oxidation-reduc-
tion systems are ordinary molecules in 
which all electrons necessarily occur in 
pairs. I t  might be expected, then, that 
electron transfers among these molecules 
would also occur in pairs. I-Iowever, in 
several important instances, the chain of 
electron transport also includes metallo- 
organic substances, such as cytochrome, 
in which oxidation-reduction involves 
only a single electron. To  account for 
the necessary linkage between such one- 
clectron steps and apparent two-electron 
steps, Iaichaelis proposed the hypothesis 
"that all oxidations of organic molecules, 
although they are bivalent, proceed in 
two successive univalent steps, the in-
termediate state being a free radical" 
( I  1 .  Unlike ordinary molecules, a free 
radiral contains an unp~i red  electron. 

A second unresolved issue is the physi- 
cal relationship between electron clo~or 
and electron acceptor. In ordinary solu- 
tion, electron transfer occurs during col- 
lision between the donor and acceptor 
molecules. In biological systems, how- 
ever, the reacting molecules are bound 
to the large protein component of the 
enzyme. I t  is then possible that the 
donor and acceptor are not in direct con- 
tact and that the necessary electron trans- 
fer occurs by a type of conduction 
through the substance of the intervening 
protein. This notion was first proposed in 
Szent-Gyorgyi's continuum theory ( 2 )  
and, clecpite subsequent discussion and 
some experiment, it is as yet neither 
proved nor disproved. Such a system is 
analogous to a semiconductor, as first 
pointed out by Szent-Gyorgyi ( 3 ) , in 

which electron transfer is a univalent 
process. During this process, a semicon- 
ductor would contain unpaired electrons. 

These considerations imply that free 
radicals are intermediates in metabolic 
oxidation-reductions. Equally indirect 
evidence suggests that carcinogenesis 
by chemical agents may result from their 
metabolic conversion, within the cell, 
into unusually stable free radicals (4) .  
This view is supported by the fact that 
physical carcinogenic agents-that is, 
ionizing radiation and ultraviolet light- 
induce the formation of free radicals in 
vitro (5) .Similar theoretical considera- 
tions have led to suggestions that free 
radicals and components of the semicon- 
ductor type participate in photosynthe- 
sis (3 ,~. 6) ., 

Thus, there have been inferences, but 
until now no firm proof, that free radi- 
cals and similar components that con-
tain unpaired electrons are involved in a 
number of fundamental biological proc- 
esses and that free radical mechanisms 
may be a ubiquitous attribute of the 
chemistry of living substance. Experi-
mental evidence might be expected to 
elucidate these processes and the general 
mechanism of biological electron trans-
port. 

Electron Spin Resonance 

A direct experimental approach to 
these questions was made possible by the 
discovery by Zavoisky in 1945 ( 7 )  of the 
electron-spin-resonance (ESR) absorp-
tion and by the subsequent development 
of ESR spectrometers capsble of reveal- 
i11g the presence of unpaired electrons 
due to the absorption of incident micro- 
wave energy under the influence of an 

appropriate external magnetic field. The 
spectrometer records the absorption of 
incident microwave energy of a fixed 
frequency as the strength of the mag- 
netic field is varied. Electron spin reso- 
nance arises from the interaction of the 
inherent magnetic moment of an un-
paired electron with the external mag- 
netic field. The absorption of microwave 
energy of a given frequency ( v ) ,  which 
represents the ESR signal, occurs at a 
particular value of the external magnetic 
field (H),  the relationship between the 
two factors being determined by the 
equation 

v = a constant x g x H 

In this equation, variations in the term 
g reflect the interactions of the electron's 
magnetic moment with the electron's en- 
vironment. For organic free radicals, g 
varies about the free-electron value of 
2.0023, in a narrow range of about 
2.0010 to 2.0070 (8) . A given free radi- 
cal exhibits a characteristic value of g 
within this range. 

A free radical may be characterized 
as well by the width of the ESR absorp- 
tion, which is generally expressed as the 
line width (in gauss) a t  one-half the 
maximum absorption. Finally, certain 
free radicals may be characterized by the 
detailed structure of their electron spin 
resonance. This structure arises from the 
fact that certain atomic nuclei possess a 
magnetic moment which may interact 
with the magnetic moment of a neigh-
boring unpaired electron. The otherwise 
simple absorption of the electron the11 
becomes resolved into multiple lines or 
hyperfine structure. For a given free 
radical, such hyperfine splitting is char- 
acteristic, and sometimes unique, with 
respect to relative peak heights and 
spacing along the magnetic field. The 
characteristics of the ESR line may also 
serve to distinguish among the three 
generic types of components that contain 
unpaired electrons-that is, free radi-
cals, semiconductors, and paramagnetic 
ions of the transition elements. 

This technique was first applied to 
biological materials by Commoner, 
'Townsend, and Pake (9) .  Although the 
sprctrometer then available precluded 
the use of wet (and therefore biologi- 
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cally active) samples, i t  was shown that 
electron spin resonance occurs in a wide 
variety of lyophilized tissues and that 
the magnitude of the signal is related to 
the tissue's relative metabolic rate. Since 
direct proof that free radicals are me-
tabolic intermediates requires evidence 
that they occur during the course of bio- 
chemical processes, a new highly sensi- 
tive spectrometer for samples containing 
about 0.1 milliliter of liquid water has 
now been constructed (for a brief descrip- 
tion, see 10).With this apparatus, it has 
become possible to study various active 
biochemical and biological systems. The 
present article ( I  I ) summarizes the re-
sults of this work. which show that frec 
radicals and probably components of the 
semiconductor type are active constitu- 
ents of certain biological oxidation-re-
duction systems and of living cells. 
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Fig. 1. Electron spin rcsonance (ESR) 
from thc separate components of the alco- 
hol dehydrogenase system, and from the 
complete system: 0.06 ml of 50-percent 
alcohol. 30 mg of oxidized diphosphopyri- 
dine nucleotide (DPN+),  50 mg of alcohol 
dehydrogenase (Sigma), and 0.12 ml of 
Tris buffer at pH 8.0. The magnetic field 
increases toward the right along the ab- 
scissa. The bars at the right of each record 
represent a 10-gauss increment. The ar-
rows mark the position of the electron 
spin resonance of a standard free radical, 
peroxylamine disulfonate ion, for which 
g= 2.005. The ordinate represents the rate 
of change. with respect to field strength 
of microwave energy (9000 Mcy/sec) ab-
sorbed by the sample, as the strength of 
the magnetic field is varied. The records 
shown represent superimposed tracings of 
sequential runs. The elcctron spin reso-
nance shown by the complete system, 
which is indicated by the deflection from 
the base line, occurs at a magnetic field 
which corresponds to a g value of about 
2.006. Ambient temperature: about 35°C. 

Simple Enzyme Systems 

The simplest biochemical process in 
which a free radical intermediate might 
occur is an enzyme-mediated, coupled 
oxidation-reduction of two substances- 
for example, substrate-dehydrogenase-
coenzyme systems. In  this reaction, two 
electrons are transferred from the dehy- 
drogenase substrate to the coenzyme. If 
the process takes place in two successive 
single-electron steps, free radical inter-
mediates capable of exhibiting electron 
spin resonance should occur. Since such 
free radicals are frequently rather un-
stable substances, one must anticipate 
that the steady-state concentrations may 
be very small. 

T o  attain a maximal concentration, the 
components are placed in the ESR spec- 
trometer cell in the dr) form, and about 
0.1 milliliter of the appropriate buffer 
is then mixed with these materials. The 
cell is inserted into the resonance cavity 
as quickly as possible, and rapid sweeps 
are made of the region of the external 
magnetic field in which electron spin 
resonance due to frec radicals is expected 
to occur. 

Results obtained with the alcohol dc- 
hydrogenase system are presented in 
Figs. 1 and 2. No electron spin resonance 
is obtained from the dehydrogenase, al- 
cohol, or oxidized diphosph0p)ridine nu- 
cleotide (DPN+) when these are exam-
incd separately. Honever, within 1 min-
ute after all three components are mixed, 
a discernible ESR signal appears which 
persists for about 10 minutes and then 
gradual!). disappears. After 27 minutes, 
the signal is no longer detectable. 

Alcohol clehyclrogenase also catalyzes 
the reverse process in which reduced di- 
pl~osphopyricl'ne nucleotidt ( D P N H )  is 
oxidized and acetaldehyde is reduced. 
Results obtained with this reaction are 
shown in Fig. 2. The  sepryrate compo- 
ilrnts yield no ESR signal. The complete 
system exhibits an elcctron spin revo-
nance during the first 15 minutes after 
the reaction starts, ancl the signal rapidly 
dirappears thereafter. 

The  observed signals occur at a mag- 
nctic field which represents a value for 
g of about 2.006; this is xvithin the range 
typical of free radicals. The  r,lectron spin 
rclsonanccs described in Pigs. 1 ancl 2 
represent (on the basis of comp:irison 
~?.itha standard amount of a lcnown free 
r ~ d i c a l )  roughly 10-TI mole of unpaired 
c~lcctrons. This may be compared with 
the amount of diphosphopyridine nucleo- 
tide ( D P N )  present, which is 10-5 mole, 
or 1 0 V i m e s  the numbcr of unpaired 
electrons. 

Thus, the signal observed in the alco- 
hol dchydrogenase system exhibits a g 
value which is consistent with an elec-
tron spin resonance arising from an or- 

ganic free radical. T h e  electron spin 
resonance depends on the activity of the 
complete system, appears as a transient 
phenomenon during the course of either 
the "forward" or "reverse" process, and 
reflects an exceedingly low steady-state 
concentration of unpaired electrons. In  
all these respects, the observed electron 
spin resonance conforms with the expec- 
tation, based on hlichaelis' hypothesis, 
that free radical intermcdiates are 
formed during the actility of the alcohol 
dehydrogenase system. Similar results 
have been obtained with two other de- 
hydrogenase systems: ( i )  lactic acid 
clchydrogenase, lactic acid, and dTphos- 
phopyridine nucleotide; and ( i i )  glucose- 
6-phosphate, glucoxe-6-phosphate dehy- 
drogenase, and triphosphopyridine nu-
cleotide ( T P N ). 

Comparable experiments have been 
carried out with a more comwlex enzvmc3 
system: reduced diphosphopyridine nu- 
cleotide, cytochrome reductase, cyto-
chrome c, cytochrome oxidase, and O,, 
in which electrons are transferred from 
component to component in the order 
given. The  terminal electron donor, rc- 
duced diphosphopyridine nucleotide, is 
supplied in excess, so that the over-all 
activity of the system is regulated by the 
concentration of the ultimate electron 
acceptor and the turnover rates of the 
intervrning cyclic oxidation-reduction 
steps. 

The  results are shown in Fiqs. 3'4 anti 
3B. \$'hen reduced diphosphop) ridine 
nucleotide and cytochrome reductase are 
mixed, a transient electron spin reso-
n?nce appears, which disappears within 
10 minutes. IYhen the system contains 
reduced diphosphopyridine nucleotide. 
cytochrome reductase, ancl cytochrome 
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Fig. 2. Electron spin resonance from the 
alcohol dehydrogenase system, with re-
duced diphosphopyridine nucleotide 
(DPNH) and acetaldehyde as substrates. 
Details are the same as those described 
in Fig. 1, except that the system contained 
30 mg of reduced diphosphopyridine nu-
cleotide and 0.1 ml of acetaldehyde. 
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c, a larger electron spin resonance ap-
pears immediately after mixing. T h e  sig- 
nal slowly decreases in amplitude, al-
though it is still evidcnt 1% hours later. 
i f  cytochrorne oxidase is then a d d ~ d ,  an 
immediate enh incement of thc ESR sig- 
nnl occurs, which persists relatively un-
diminished for at least 1% hours. Con- 
trol runs, carried out with each of the 
components separately (See Pig. 3B) 
show no electron spin resonancp with the 
poisible excpption of a vpry weak signal 
in the case of reduced diphosphopyridine 
nucleoticle. I t  is probable that this elec- 
tron spin rpsonance r~f lects  the slow, 
spontaneous reoxidation of rpducpd cli-
phosphopyriclinp nucl~oticle by oxygen. 
An even weakpr signal of doubtful sig- 
nificance may be present in the spec-
trometer run made with the r~duc tase  
alone. 

Thp activity of this systcm is wholly 
dependelit on the recluctase, s i n c ~  ~ l e c -  
tron transfer betwecn reduced cliphos-
phopyridinp nucl~ot ide  and cytochrome 
c does not occur. I t  is significant, there- 
fore, that when atabrine, a competitive 
inhibitor of cytochromp reductasp (12) ,  
is a c l d ~ d  to an active svstem. the electron 
spin resonance abruptly clisappcars (see 
Fig. 3B) .  

L, , 

T h e  ~ l ~ c t r o n  ofsnin rpsonancps the 
cytochrome reductase system exhibit 
somexvhat variable values of g. For the 
electron spin resonances first observed 
after reduced diphosphopyridine nucleo- 
tide, reductase, and cytochrome c are 
mixed, g is about 2.006. I n  longer runs, g 
appears to drift toward higher values. 
T h e  shift suggests that variable concen- 
trations of two or more types of free 
radical occur, or that the changing com- 
position of the system influences the 
character of a single free radical. 

T h e  results conform to the expecta- 
tion that free radical intermediates oc-
cur during the activity of the cytochrome 
reductase systpm. T h c  small, transient 
tlcctron spin resonance observed when 
reduced diphosphopyridine nucleoticle 
and cytochrome reductase are mixed is 
evidcnce that short-lived free radical in- 
termediates are formed during the lim- 
ited transfer of electrons from reduced 
diphosphopyridine nuclcotide to the 
fl-\in ~noic ty of cytochrome reductase. 
ll'hcn c>tochrome c is also present, the 
electron spin resonance is more intense 
and more sustained in time. This is to 
bi, expected from the fact that cyto-
chrome c serves to reoxidize the flavin, 
thereby augmenting the rate and dura- 
tion of the cyclic oxid-ition-reduction. 
As the cytochrome c, which is the ter- 
m i n d  electron acceptor in this system, 
bccomps reduced, the transfer rate and 
the amplitude of electron spin resonance 
diminish T h e  enhinced electron snin 
resonance owing to the subsequent addi- 

tion of cytochrome oxidase is similarly 
consistent with the oxidase's biochemical 
activity-that is, the regenmation of oxi- 
dized cytochrome c and the resulting 
enhancement of the rate of the over-all 
process. Finally, the effect of atabrine 
is evidence that the electron spin reso- 
nance exhibited by the system is a spe- 
cific function of the enzymatic activity 
of cytochrome reductase. Thus, the re-
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Fig. 3 A  ( T o p ) .  Electron spin resonance 
from the cytochrome reductase system: 8 
mg of reduced diphosphopyridine nucleo- 
tide, 30 mg of cytochrome reductase (pre- 
pared from pig heart by the method of 
Edelhoch et al., 22) ,  30 mg of cytochrome 
c, 30 mg of cytochrome oxidase (prepared 
from beef heart by the method of Waino 
et nl., 2 3 ) ,  and 0.1 ml of glycyl glycine 
buffer, pH 8.7. The tracings have been 
normalized with respect to the ESR posi- 
tion. Other procedures were the same as 
those described in the legend for Fig. 1. 
Fig. 3B (Bottom). Results obtained from 
control runs of the separate components 
of the cytochrome rcductase system (four 
upper runs),  and from the addition of 30 
mg oi atabrine to the complete system 20 
minutes after the reaction began. Other 
procedures were the same as those de-
scribed in the legend for Fig. 1. 

sults of exp~riments  with electron spin 
resonance conform with expectations 
b a s ~ d  on the biochemical activities of 
the cytochcrome reductase system. 

T h e  available data do not yet permit 
identification of the specific free radi-
cals responsible for the observed electron 
spin resonance. T h e  occurrence of an 
electron spin resonance in the alcohol 
dehydrogenase system sugg~sts that di-
phosphopyridine nucleotidp forms a free 
radical in t~rmediate .  There is spectro- 
photometric evidence that flavin-con-
taining enzymps form rather stable free 
radical intermecliat~s (13) ,  which are 
appar~n t ly  identical to the free radical, 
verdoflavin, described by Michaelis in 
nonenzymatic oxidation-reductions (14).  
\'Vp find that verdoflavin yields a typical 
e l ~ c t r o n  spin resonance, with g = 2.005. 

I t  is probable, th~refore ,  that thp sig- 
nals observpd in the cytochrorne recluc- 
tase systpm rppresent, at least in part, 
~ l ~ c t r o nspin resonance arising from free 
radical intermediates in the oxidation- 
reduction of both diphosphopyridine nu- 
cleotide and the enzymp's flavin pros-
thetic group. I t  cannot yet be det~rminecl 
whether the obsprved elpctron spin reso- 
nance may also include contributions clue 
to rpducecl cytochrome c and cytochrome 
oxidase, which might produce an ~ l e c -
tron spin resonance with a rather high 
value of g. 

With respect to the several systems 
studied, the foregoing results appear to 
confirm Michaelis' hypothesis that free 
radical intermediates occur in enzvmatic 
oxidation-reduction processes. 

Chloroplast System 

An electron spin resonance, which is 
augmented by illumination, was discov-
ered in isolated tobacco chloroplasts by 
Commoner, Heise, and Townsencl (10).  
This observation has been recently con- 
firmed (15).From the extensive studies 
of a number of investigators (16) ,  it is 
knonn that such preparations contain 
( i )  the chlorophyll-lipoprotein complex 
which absorbs incident photons; ( i i )  en- 
zyme systems which together with the 
chlorophyll complex catalyze the pho- 
tolysis of water, n i th  the release of 0, 
when a suitable electron acceptor is 
present; and (iii) various electron-trans- 
port systems, especially those involving 
the cytochromes, ascorbic acid, flavin 
mononucleotide, and triphosphopyridine 
nucleotide. 

T h e  electron transport systems may 
be expected to develop free radical in- 
termediates of the type already discussed. 
and the chlorophyll complex, when ac- 
tivated by light, has on theoretical 
grounds been supposed to form an ex-
cited triplet state (which is a biradical, 



and thcrefore presumably capable of 
yielding an electron spin resonance) or 
components of the semiconductor type 
(6,1 5 ) .  

In the initial studies of Commoner, 
Heise, and Townsend, it mas shown that 
the chloroplast preparations respond to 
illumination by generating an electron 
spin resonance which, on the basis of tht 
evidcncc then available, xvas ascribed to 
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Fig. 4. Electron spin resonance from un-
washed spinach chloroplasts in 0.5M su-
crose. The absorption curves were ob-
tained from the absorption derivatives 
yielded by the spectrometer (see Fig. 5, 
for an example) by means of an automatic 
analog computer. Illumination was with 
light from a 500-watt tungsten projection 
lamp filtered through 5 cm of 0.5-percent 
CuSO, solution. Magnetic field increases 
to the right. hmbient temperature: about 
35°C. 
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Fig. 5. Electron spin resonance from 
spinach chloroplasts washed twice with 
0.5M sucrose solution. The lower curves 
represent the actual spectrometer records, 
and the upper curves represent the inte-
gral curves derived from them. Other ex-
perimental details as described in Fig. 4. 

either the light-excited chlorophyll com-
plex or the electron-transport enzyme 
systems associated with photosynthesis, 
or both. In what follows, it is shown 
that both types of constituents occur and 
that experiments with electron spin reso-
nance are capable of elucidating, in part, 
the electron transport processes related 
to photosynthesis. 

When chloroplast preparations are ex-
amined in the dark, an electron spin reso-
nance is observed which exhibits charac-
teristics that are consistent from prepa-
ration to preparation (see Table 1 and 
Figs. 4 ,  5, and 6 ) .  These can best be seen 
from the ESR absorption, which is ob-
tained by machine integration (on an au-
tomatic analog computer) of the absorp-
tion derivative yielded by the ESR spec-
trometer. (The relationship between the 
absorption derivative and the absorption 
is illustrated in Fig. 5 ) .  

Electron-spin-resonance absorptions 
obtained from various chloroplast prepa-
rations are shoxvn in Figs. 4, 5, and 6. In 
each case, the absorption exhibited in 
the dark is a fairly broad line (width at 
one-half maximum height, about 19 
gauss) with a maximum at approxi-
mately g = 2.005. These absorptions ap-
pear to be resolved into a symmetrical 
group of five hyperfine lines of unequal 
amplitude extending over a span of about 
25 gauss. Such compact, symmetrical, 
and unequal hyperfine groupings near 
the free electron g value are character-
istic of organic free radicals rather than 
paramagnetic ions or semiconductors. 

In general, the peaks observed con-
form to the amplitude ratio 3/2/1 (for 
the central, first peripheral, and second 
peripheral peaks, respectively). There 
is a limited number of atomic nuclei 
with magnetic moments, that occur in 
considerable quantity in biological ma-
terials: hydrogen, nitrogen, and phos-
phorus. Consideration of the types of 
hyperfine splitting observed in known 
free radicals containing these atoms (17) 
indicates that, for instances in which 
onlv five lines occur. the ratio of 3/2/1, , 

is uniquely associated with free radicals 
in ~vhichthe unpaired electron is in the 
neighborhood of two chemically equiva-
lent nitrogen atoms. The splitting ob-
served in electron spin resonance in the 
dark ( 6  to 7 gauss) is in the range of 
splittings which have been found in a 
number of free radicals containing two 
equivalent nitrogen atoms in a conju-
gated structure (18) .  

In a few preparations, we have ob-
served what may be an additional pair 
of weak hyperfine lines on the periphery 
of the main electron spin resonance. This 
may indicate that the five lines of the 
electron sain resonance in the dark are 
but the most intense components of a 
more complex structure. Resolution of 
this question may lead to specific infor-

mation concerning the chemical nature 
of the substance res~onsiblefor the elec-
tron spin resonance observed in unillu-
minated chloroplasts. 

Figures 4, 5, and 6 also show the re-
sults obtained when the chloroplast 
preparations are illuminated. In  all 
cases, the electron spin resonance is in-
creased in amplitude over the value ob-
tained in the dark. The relative concen-
trations of unpaired electrons in various 
preparations can be estimated from the 
areas of the respective integrated ESR 
absorptions. Figures 4, 5, and 6 show 
that, as the chloroplast preparation is 
more extensively washed or dialyzed, thc 
electron sain resonance in the dark de-
creases in amplitude, while maintaining 
its characteristic hyperfine structure. In 
contrast, the reasonance in the light 
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Fig. 6. Electron spin resonance from spin-
ach chloroplasts washed and dialyzed 
against 3 lit of 0.5M sucrose solution at 
4°C over a 24-hour period. The curves 
represent integrals obtained from spec-
trometer records of the type shown in the 
lower part of Fig. 5. Other experimental 
detaiis as described in Fig. 4. 
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Fig. 7. Electron-spin-resonance meter de-
flections (after onset and cessation of 
light) for a spinach chloroplast prepara-
tion in 0.5M sucrose solution (broken 
lines), and the same preparation after di-
alysis against distilled water (solid lines). 
The points were read off spectrometer rec-
ords of the type shown in the upper part 
of Fig. 8. 
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Table 1. Characteristics of electron spin r,esonances of spinach chloroplast preparations response to light at about 15 seconds 
and living Chlo~ellacells. 

Type of preparation 

Chloroplasts, unwashed and undialyzed, in 
0.5M sucrose 

Chloroplasts, washed but undialyzed, in 
0.5M sucrose 

Chloroplasts, washed and dialyzed, in 
0.5M sucrose 

Chlo~ella,living cells 

shows a relatively constant amplitude. 
The shapes of the electron spin reso- 

nances of various illuminated prepara-
tions are complex and different from one 
another. The electron spin resonance ex- 
hibited during illumination is the sum 
of the electron soin resonance in the 
dark and the additional resonance in-
duced by light; the latter can be ex-
tracted from the data by subtracting the 
resonance in the dark from that in light. 
These difference curves are shown in 
Figs. 4, 5, and 6. 

When a chloroplast suspension which 
has been exposed to minimal washing 
is illuminated, the light-induced electron 
spin resonance is identical in g value, 
width, and shape with the original elec- 
tron spin resonance in the dark (Fig. 4 ) .  
Hence, in this case, the unpaired elec-
trons generated by light appear as an 
additional amount of the free radical 
previously present in the unilluminated 
chloroplasts. 

However, as the preparation is pro-
gressively washed and dialyzed, and the 
magnitude of the electron spin resonance 
in the dark is decreased, illumination in- 
duces the appearance of a new electron 
spin resonance. This new absorption dif- 
fers from the electron spin resonance in 
the dark in three respects. ( i )  The ab- 
sorption peak occurs at a magnetic field 
which is the same, within the few parts 
in 104 accuracy presently available, as 
that of a free electron (g = 2.002); in 
contrast, the g value of electron spin reso- 
nance in the dark is 2.005. (ii) The 
resonance line lacks resolvable hyperfine 
splitting, whereas such splitting does oc- 
cur in the dark resonance. (iii) The line 
width is about 8 to 10 gauss, as against 
about 20 gauss for dark resonance. These 
characteristics are evident in the differ- 
ence curves obtained from washed and 
dialyzed chloroplasts (Figs. 5 and( 6 ) .  
The slight absorption on the periphery 
of these difference curves suggests that 
the dark resonance may also contribute 
slightly to the effect of light. 
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Width at one- 
half maximum Hyperfine 
of ESR absorp- splitting 

tion line (gauss ) 
(gauss 

--  

Light Light 
Dark minus Dark minus 

dark dark 

19 8 7 None 

19 11 6 to 7 None 
19 19 About 7 About 7 

The light-induced electron spin reso-
nance at  g = 2.002 appears to be asso-
ciated with the chlorophyll-lipoprotein 
complex. Takashima (19) has reported 
the isolation of crystal-like rosettes of 
chlorophyll-lipoprotein by extraction of 
chloroplasts in a-picoline, follo~ved by 
extensive dialysis and final precipitation 
by addition of dioxane (20) .  When the 
dark green rosettes prepared from spin- 
ach chloroplasts in this way are exam-
ined in the ESR spectrometer, they ex-
hibit a weak signal in the dark which is 
significantly augmented on illumination. 
The absorption occurs at  about g = 2.002 
and exhibits a half-width of about 1 2  
gauss. In these respects, it resembles thc 
light-induced electron spin resonance of 
dialyzed spinach chlo;oplast prepara-
tions. 

This observation and the persistent 
association of the resonance at g = 2.002 
with dialyzed and water-disrupted chlo- 
roplasts indicate that this electron spin 
resonance arises from light-induced, un- 
paired electrons in the chlorophyll-lipo- 
protein complex. That the line is rela- 
tively narrow and the g value close to 
that of the free electron suggest that the 
light-excited complex may be somewhat 
analogous to a semiconductor. Recent in- 
vrstigations by Arnold and Sherwood on 
the conductivity of dry chloroplast films 
lead to the same conclusion (21 ) . 

If the ESR spectrometer is set a t  the 
magnetic field at which the maximum-
absorption of microwave energy occurs, 
the meter deflections induced by turn-
ing the light on and off can be recorded 
against time, in the manner illustrated 
by the curves shown in Figs. 7 and 8. 
Such records provide a kinetic analysis 
of the responses of the several types of 
chloroplast preparations. 

Dialysis has a marked effect on the 
rates of response of chloroplast prepara- 
tions to onset and cessation of light (see 
Fig. 7 ) .  A preparation which has been 
washed in sucrose solution, but not dia- 
lyzed. achieves one-half of its maximum 

after onset. The half-time for decay in 
the dark is nearly the same, 14 seconds. 
In  contrast, after the same preparation 
has been dialyzed against water, one-
half of the maximum light-induced de- 
flection is obtained at 2.2 seconds after 
onset, while the decay curve exhibits a 
half-time of 25.5 seconds. 

Thus, dialysis enhances the rate at 
which the light-induced electron spin 
resonance appears and reduces the rate 
of decay in the dark. As noted previously, 
dialysis also reduces the amplitude of 
clectron spin resonance in the dark and 
induces the appearance, in the light, of 
the electron spin resonance associated 
with the chlorophyll complex. Taken 
together, these facts suggest that chloro- 
plasts contain a diffusible component 
which transfers unpaired electrons from 
the light-activated chlorophyll complex 
to the free radical which gives rise to 
the electron spin resonance in the dark. 
Conceivably, this component and the 
free radical responsible for the dark 
resonance are identical. In unwashed and 
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Fig. 8. \'ariation with timc, after onset 
and cessation of light, in the ESR meter 
deflection obtained from a chloroplast 
preparation briefly dialyzed against 0.5M 
sucrose. The two upper curves show the 
change in the magnitude of the ESR sig- 
nal (that is, the meter deflection at the 
magnetic field at which this deflection is 
at its first maximum) with time after the 
onset and cessation of illumination. The 
lower figures represent semilogarithmic 
plots of the meter dcflections against time. 
Solid circles represent points taken from 
the actual records (above). The solid line 
represents the slow response, with inter-
cept b being the contribution of this re-
sponse to the total deflection. The broken 
line represents the fast response which is 
determined by the difference between the 
total response (solid circles) and the ex- 
trapolated line (solid) representing the 
slow response. The contribution of the fast 
response to the total meter deflection is 
represented by the intercept of the broken 
line at time zero (point a ) .  
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Fig. 9. Contribution of fast and slow re- 
sponses to the meter deflection a t  a series 
of magnetic fields when a spinach chloro- 
plast preparation in 0.5M sucrose is illum- 
inated and darkened. Open circles refer to 
the increase in meter deflection on illumi- 
nation. Closed circles refer to the decrease 
in meter deflection when the light is 
turned off. The points which determine 
the fast response curve represent inter-
cepts such as a of Fig. 7 ;  the points which 
determine the slow response curve repre- 
sent intercepts such as b of Fig. 7. Each 
division of the abscissa represents about 
0.8 gauss. Other experimental details as 
described in Fig. 4. 

und~alyzed chloropiasr~. t h ~ s  transfer 3)s- 
tem is fully active. As a result, unpaired 
electrons generated by light in the chlo- 
iophvll complex are rapidly transferrcd 
to the flee radical. I n  this circumstance, 
illumination augments only the reso-
nance due to this free radical, the 
steady-state concentration of unpaired 
electrons in the chlorophyll complcx 
being too small for detection. This con- 
dition is illustrated by the results ob-
tained with un~vashed chloroplasts s h o ~ \  n 
in Fig. 4. 

If the diffusible colnponrnt is removed 
by dialysis, the rate of electron transfer 
from the light-excited chlorophyll com- 
plex is reduced. T h e  steady-state concen- 
tration of unpaired electrons in the com- 
plex is thereby enhanced. and under 
illumination the electron spin resonance 
characteristic of the chlorophyll complex 
( g =  2.002) is then detectable as a sig.n~l 
supcrilnposed on the five-component 
dark resonance centered about ,a = 2.005. 
This condition is illustrated by the rc-
sponses of the washed and dialyzed 
preparations sho~vn in Figs. 5 and 6. 

These considerations suggest that, in 
preparations that have not been totally 
freed of the diffusible carrier, illumins- 
tion will generate electron spin reso-
nances due to both the electron-transport 
free radical and the activated chloro-
phyll complex. T h e  latter represents an 
inherently rapid photoactivation process 
upon which the former is dependent. 
Hence, of the two sisnals, the resonance 

due to the chlorophyll complex ought to 
appear more rapidly in the light and de- 
cay more rapidly in the dark. 

This hypothesis is subject to experi-
mental kerification. Figure 8 shows the 
time course of the response of a plrtially 
dialyzed chloroplast preparation to onset 
and cessation of light. A plot of the log 
of the deflection against time shoms th i t  
the responses ar8e complex exponential 
functions. At least two proccsses are irl- 
volved. T h e  faqter process has a half-
time of about 5 to 10 seconds for both 
onset of light and decay. T h e  slower 
process has a half-time of about 40 sec- 
onds for onset of light. and about 100 sec- 
onds for decay. T h e  relative contribution., 
of the f 1st and slow processes to the total 
ESR meter deflection can be calculated 
from the semilogarithniic plot by thc 
protedure dcscribcd in Fi?. 8. At t h ~  
mlgnctic field at tvhich the m ~ x i m u m  
meter deflection takes place, the fact 
process accounts for about t~uo-thirds of 
the total. 

Bv means of a similar ex~er i lnent  it 
is possible to characterize the separate 
electron spin resonmces responsible for 
the fast and slow responses. Measure-
ments such as those sho~vn in Fig. 8 are 
made at a series of fixed magnetic field\ 
beginning a t  a value below the center of 
the resonance and continuing to a field 
strength just past the first maxilnuln de- 
flection in the derivative curve. From a 
selnilogarithlnic plot of these d-ita, the 
relative contributionr of the fast and 
slow processes are determined at each 
value of the magnetic field. From thesr 
values, one may plot the separate fast 
and slow meter deflections as a function 
of the magnetic field. This plot, which i~ 
shown in FIS 9, describes, in pl r t ,  th(. 
electron spin resonances individually re- 
sponsible for the t15.o processes. 

T h e  fast process is apparently associ- 
ated with an unstructured resonance, 
while the slower process is the result of 
a resonance which m?v exhibit a hypet- 
fine splitting.. T h e  maximum deflection 
of the fast resonance occurs at a mag-
netic field about 4 gauqs a b o ~  e the maxi- 
lnuln of the slo~ver resonlncc. Compari- 
son of these results xvith the d l t a  of 
Figs. 4, 5, and 6 indicates t h ~ t  the fast 
response resembles the elcctron spin 
resonance associated with the liqht-acti- 
vated chlorophyll complex, while the 
slow response resembles the resonance 
due to the electron-transport free radi- 
cal. 

From this evidence, it may be con-
cluded ( i )  that the unstructured electron 
spin resonance a t  g=2.002 representc 
unpaired electrons associated with the 
chlorophyll lipoprotein complex; (i i)  
that this reqonance is uniquely dependent 
on light, and on illum;n?tion is yener- 
ated a t  a rate which probablv exceeds 
thc sp, ctrometer's time of response; and 

(ii i)  that this reasonance decays in part 
by mrani: of electron trlnsfer, via a dif- 
fusible component, to the organic free 
radical responsible for five-component 
electron spin resonancc centered about 
g = 2.005. This free radical itrelf may hc 
diffusible. 

These conclusions are in keepinq rvith 
expectations based on the photochemicai 
and oxidation-reduction processes which 
occur in chloroplast preparations. T h e  
light-excited stat? of the chlorophyll 
complex which ~ i v e s  rise to the reso-
nance a t  g= 2.002, may be viewed a\  
the product of the primlry photochemi- 
cal proctss of photosynthesis. T h e  reso-
nance centered at g =  2.005 may bc 
ascribed to a free reidical form of one of 
the constituents of thc electron-transport 
system which rnediatcs the transfer of 
electrons from the primnry phofochemi- 
cal process to the subsequent chemic'll 
events of photosynthesis. 

Living Cells 

A goal of these investigations has been 
the elucidation of electron-transport sys- 
tems ~vithin intact, functionil, living 
cells. T h e  studies just described have ac- 
cordingly been extended to encornpas.;. 
a t  least in a preliminary Ivay, the activ- 
~ t y  of living cells of Clzlorella. 

I f  densely packed su5pcnsions oT 
freshly harvested cells of Chlolelln py -
ioidenosn (Emerson strain 3 )  are exam- 

MAGNETIC FIELD 

Fig. 10. Electron spin resonance of a 
suspension of living cells of Chlorelln in 
the light and in the dark before illumi- 
nation (Dark 1)  and after illumination 
(Dark 2 ) .  The cells were suspended in a 
salt solution free of trace elements after 
being harvested from a nutrient contain- 
ing urea, trace elements, and basic salts. 
The lower curves represent successive trac- 
ings of the direct spectrometer signals; the 
upper curves are integrals derived from 
such tracings. Other experimental details 
as described in Fig. 4. 
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ined in the ESR spectrometer, results 
such as those shown in Fig. 10 are ob- 
tained. These cells exhibit an  electron 
spin resonance in the dark, which is en- 
hanced bv illumination. I n  both condi-
tions, the g value is about 2.005 and the 
line width about 19 gauss. I n  these re- 
spects the electron spin resonance of 
Chlorella cells is similar to the resonance 
line centered at g = 2.005 previouslv 
found in spinach chloroplasts. This re- 
semblance is reinforced bv the lowermost 
curve shown in Fig. 10, ~vhich represents 
the electron spin resonance obtained 
from the C h l o r ~ l l apreparation when it 
is again darkened after a period of illu- 
mination under relatively anaerobic con- 
ditions. This electron spin resonance ex-
hibits some indication of hyperfine 
splitting, which, while it is less well re- 
solved t h ~ n  the structure shown by spin- 
ach chloroplasts, appears to be based on 
the same splitting. 

These recults show that living Chlo-
rella cells, like the chloroplast prepa-
rations, rtxspond to illumination by 
yenerating unpaired electrons. T h e  char- 
acteristics of the Chlorella electron spin 
resonance are similar to those of the frce 
radical, which in relatively intact chloro- 
plast preparations gives rise to the five- 
component resonance line centered a t  
q =  2 005. Thus, in both the living cell 
and in the unwashed chloroplast, light- 
induced, unpaired electrons appear to be 
rapidly transferred from the primary 
photochemical component to a free radi- 
cal constituent of the electron-transport 
system, where they give rise to a detect- 
able change in steady-state concentra-
tion. 

T h e  behavior of Chlorella cells in the 
ESR spectrometer is more complex than 
that of isolated chloroplasts. T h e  struc- 
ture of the Chlorella electron spin reso- 
nance changes with time, especially after 
the light is turned off, and in the dark 
shows evidence of a number of closely 
s p ~ c e d  hyperfine bands not detected in 
chloroplasts. Although illumination docs 
not appear to change the g value or bsnd 
width, it does seem to suppless struc- 
ture, possibly because new free radical 
species contribute to the signal. 

T h e  results obtained with Chlorella 
are consistent with the chloroplast data 
already describcd and indicate that the 
operation of the intact photosynthetic 
s>stem in the living cell involves uni-
valent electron-transfer processes. 

Conclusions 

T h e  foregoing results s11o.i~ that in the 
several instances studied, colnponents 
that contain unpaired electrons occur as 
intermediates in biological oxidation-
reductions. Although the electron spin 
resonance signals thus far obtained from 
isolated oxidation-reduction enzyme sys- 
tems are too small to permit a detailed 
characterization, the observed g values 
are consistent with those exhibited by 
organic free radicals. T h e  kinetic be-
havior of the electron spin resonances ob- 
served in enzyme systems and their re-
sponse to variations in system constituent5 
are in keeping ~v i th  Michaelis' hypothesis 
that biochemical oxidation-reduction oc- 
curs in successive univalent steps which 
qive rise to free radical intermediates. As 
expcrimental procedures are improved, 
and more intense signals are obtained, it 
should prove possible to determine the 
specific molecular composition of thc 
free radical intermediates of these and 
similar enzyme systems. 

The  detection of the five-component 
electron spin resonance line centered a t  
g = 2.005 in chloroplasts is perhaps more 
tomplctc evidence for the participation 
of a specific organic free radical in bio- 
chemical oxidation-reduction. T h e  fine 
structure which it exhibits is of a type 
observed only among organic free radi- 
cals. The  enhanced amplitude of this 
electron spin resonance in illuminated 
unwashed chloroplast preparations, and 
apparently in living Chlorella cells as 
well, is evidence that the free radical 
from which it arises participates in the 
electron-transport process associated with 
photosynthesis. This result supports the 
less detailed data on isolated enzvme svs- 

8 8 

tems as evidence of the peneral validity 
of R4ichlelis' free radical hypothesis. 

The  results of the studies of isolated 
chloroplasts, and living cells of Chlorella 
provide evidence in support of the pro- 
pos-31 that the flow of electrons associated 
with nhotosynthesis is a univalent proc- 
ess The  data provide direct support for 
S7ent-Gyorgyi's suqpestion thst the chlo- 
r o p l ~ s t  is analogous to a semiconductor 
and show that the ESR technique is 
capable of analy~ing the interactions 
PrnQny components of this complex met- 
2bolic process. 

The  results obtained with Chlorella 
m?y be regarded as direct evidence of 
the participation of a specific free radi- 

cal in the metabolic activity of a living 
cell. Electron spin resonances have a150 
been obtained from other living cellq, 
including several species of bacteria and 
mammalian tissues. 

I n  the aggregate, these results appear 
to establish the usefulness of the ESR 
technique as a new means for analyzing 
the physical mechanisms of biochemical 
processes. 

A final comment is pertinent. Ten  
years ago, Leonor Michaelis wrote of 
his free radical hypothesis "The road 
for the exploration of individual met-
abolic catalyses will be long. Although 
it is still far ahead, one is encouraged 
to believe that the correct road sign 
has been found" ( I ) .T h e  foreqoing re- 
sults are a tribute to his foresight. 
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