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A photo-induced cyclic peroxidation in isolated chloroplasts is described. In an 
osmotic buffered medium, chloroplasts upon illumination produce malondialdehyde 
(MDA)-a decomposition product of tri-unsaturated fatty acid hydroperoxides- 
bleach endogenous chlorophyll, and consume oxygen. These processes show (a) no 
reaction in the absence of illumination; (b) an initial lag phase upon illumination 
of lG20 minutes duration; (c) a linear phase in which the rate is proportional t,o the 
square root of the light intensity; (d) cessation of reaction occurring within 3 minutes 
after illumination ceases; and (e) a t.ermination phase after several hours of illumina- 
tion. The kinetics of the above processes fit a cyclic peroxidation equation with 
velocity coefficients near those for chemical peroxidation. 

The stoichiometry of MDA/02 = 0.02, and Oz/Chlt,lenafled = G.9 correlates well with 
MDA production efficiency in other biological systems and with the molar ratio of 
unsaturated fatty acids to chlorophyll. The energies of activation for the lag and 
linear phases are 17 and 0 kcal/mole, respectively, the same as that for autoxidation. 
During the linear phase of oxygen uptake t,he dependence upon temperature and 
02 concentration indicates that during the reaction, oxygen tension at the site of 
peroxidation is K&fold lower t.han in the aqueous phase. 

It is concluded that isolated chloroplasts upon illumination can undergo a cyclic 
peroxidation initiated by the light absorbed by chlorophyll. Photoperoxidat,ion 
results in a destruction of the chlorophyll and tri-unsaturated fatt.y acids of the 
chloroplast membranes. 

In 1965 we observed that isolated chloro- 
plasts upon illumination produce substances 
which react with thiobarbituric acid (TBA) 
(1). The TBA-reactive substances fre- 
quently signify the formation of poly- 
unsaturated fatty acid hydroperoxides (2,3). 
An investigation has therefore been under- 
taken to determine if a cyclic peroxidative 
mechanism is induced by light in chloro- 
plasts and what its relation is t,o electron 
transport and structural state. 

Isolated chloroplasts should readily 

undergo peroxidation since the fatty acids of 
the lamellar system are about 75% unsatu- 
rated (4). It seems likely that peroxidative 

1 Present address: Biology Department, Brook- 
haven National Laboratory, Brookhaven, New 
York. 

processes could be catalyzed by light and 
chlorophyll in the membrane (5). Other 
components of the electron t’ransport system 
could also act as peroxidation initiators by 
free radical formation (6, 7). Moreover, 
oxygen damage (8) and solarization by high 
light intensity (9) known to occur within 
green plants could be related to photoin- 
duced peroxidation within t#he chloroplast. 

METHODS 

Chloroplasts were obtained as previously de- 
scribed (10) and incubat,ed in 10 ml of medium 
containing NaCl (175 mM), Tris-Cl buffer (50 mM 
at pH 8) in 9 X 150-mm tubes at 25”. Illumination 
was with white light provided by a 500-W tungsten 
lamp at a flux intensity of 22 mW/cm* filtered with 
a Corning 1-59 IK filter. Monochromatic light, at 
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either 590 or 680 rnp was obtained with interference 
filters (Baird-Atomic, 30-rnp band width); in- 
tensity was calibrated with an Eppley thermopile. 

The TBA reactivity (TBAR) was determined 
by adding an equal aliquot of 0.5% TBA in 20% 
trichloroacetic acid to an aliquot of the incubation 
mixture containing a few grains of sand used as a 
boiling aid. The solution was heated at 95” for 25 
minutes and then centrifuged for 1 minute in a 
clinical cent,rifuge to clarify the solution. Ab- 
sorbancy was measured at 532 rn@ corrected for 
nonspecific turbidity by subtracting the absorb- 
ancy at 600 rnr (1). The amount of malondialde- 
hyde (MDA) was calculated by using an extinction 
coefficient of 155 rnM-’ cm-l (3). 

The chlorophyll determination was based upon 
MacKinney’s extinction coefficients in 80% ace- 
tone (11); four volumes of reagent-grade acetone 
were added to one volume of the test suspension. 

A cylindrical Lucite cuvette surrounded by a 
water jacket and containing a Teflon-coated Clark 
oxygen electrode was used to measure oxygen 
uptake. 

Fatty acid determinalion. Chloroplasts were 
sedimented by centrifugation at 12,000g for 10 
minutes. Lipid extraction and saponification- 
methylation methods were carried out by estab- 
lished procedures (4, 12). The pellet was resus- 
pended in a chloroform-methanol mixture (l:l, 
v/v), covered by oxygen-free nitrogen, and stored 
at -15”. After 40 hours, 0.2 volume of NaCl 
(0.9yo) was added. 

The aqueous layer was washed once with an 
equal volume of a chloroform-methanol-water mix- 
ture (3: 47:48, v/v), and then three times by an 
equal volume of chloroform. The chloroform ex- 
tracts were pooled, dried with anhydrous sodium 
sulfate, and evaporated in zwuo to near dryness at 
35”. The residue was dissolved in 9 ml of 50/, H&04 
in methanol containing 1 ml of Z&dimethoxy- 
propane. The solution, covered with nitrogen, was 
stored for 48 hours at room temperature (22”) for 
methylation. 

The methylation mixture, and an equal volume 
of NaHC03 (0.5 M) and 1.5 volumes of ethyl ether 
were transfered to a separatory funnel. The ether 
was removed and the aqueous phase was washed 
three times with equal volumes of ether. The total 
extract. was washed with NaHC03, dried with an- 
hydrous sodium sulfate, and evaporated to near 
dryness at 35”. The remaining ether extract was 
then put on an 11 X 27.mm column half filled with 
silica gel, which had been previously washed with 
ether. The initial eluent, appearing before the 
green band, was found to contain fatty acid methyl 
esters. This procedure removed most pigments 
from the extract. The eluent was dried under nitro- 
gen at room temperature, taken up in a small 

amount of carbon disulfide, and chromatographed 
(Varian Aerograph HY-FI; model 600-C) ; a B-foot 
X jg-inch column of 20% diet,hylene glycol suc- 
cinate on 60/80 mesh hand-washed Chromsorb W 
was used. The column was run at 156” with a flow 
rate of about 120 ml/minute of helium, and stand- 
ardized with known mixtures of fatty acid methyl 
esters. The relative quantity of fatty acids was 
estimated by the areas under the peaks. 

RESULTS 

Kinetics and stoichiometry. Figure 1 shows 
the kinetics of formation of TBAR or MDA 
in illuminated chloroplasts. Several phases 
may be identified: a rapid initial increase of 
MDA during the first hour; a lag period 
before the onset of a linear phase; a constant 
rate of MDA formation between 1 and 6 
hours; and a variable termination phase with 
its onset dependent upon the age of leaves 
and chloroplast preparation. Little MDA is 
produced in the dark. Continued production 
of MDA is dependent upon the presence of 
light. Figure 1 also shows that chloroplasts 
placed in the light after 2.5 hours of dark 
incubation show a similar nlDA formation. 
Conversely, light-incubated chloroplasts 
placed in the dark cease MDA production 
within minutes. 

Maximum MDA formation has been 
found to coincide with complete bleaching of 
endogenous chlorophyll (end of termination 
phase) and is directly related to the initial 
amount of chlorophyll (Fig. 2) since 0.13 
mole MDA/mole chlorophyll is formed. 
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FIG. 1. Malondialdehyde formation in illumi- 
nated chloroplasts. Chloroplasts (SCM chlorophyll) 
were incubated as in METHODS. 
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FIG. 2. Stoichiometry and kinetics of malondialdehyde it1 illrlminated chloroplasts. Insert: l)eter- 
mination of kinetic coefficients of malondialdehyde production were calculated from chloroplast con- 
centration (S) as chlorophyll (PM) and the linear rate (v) as PM/hour. 

However, the linear rate of AIDA produc- 
tion is not a linear function of chlorophyll 
concentration. When the inverse of the 
linear rate of MDA formation is plotted vs. 
the inverse of the chlorophyll concentration, 
a curve is obtained that fits the cyclic 
kinetic equation for peroxidation (6, 16) 
with the MDA production rate, at infinite 
chlorophyll concentration, of 1.3 PM hour-’ 
and the chlorophyll concentration at infinit’e 
MDA product,ion rate of -30 PM (Fig. 2, 
insert). 

Endogenous chlorophyll bleaches con- 
current’ly with the MDA production (Fig. 
3). Little change in chlorophyll a or b is 
observed in dark-incubat,ed chloroplasts. 
However, loss of chlorophyll a in illuminated 
chloroplasts is clearly observed; there is also 
a slower loss of chlorophyll 6. A l-hour lag 
period precedes bleaching of chlorophyll b, 
but almost no lag period exists before chloro- 
phyll a bleaching commences. Bleaching 
occurs in a linear fashion for both chloro- 
phylls. Although t’he rate of chlorophyll a 
loss (3.7 @r/hour) is greater than that of 
chlorophyll b (2.6 PM/hour), if these result’s 
are normalized by initial concentrat8ions, the 
relative rat)e of chlorophyll b bleaching 
(0.56 /hour) is greater t,han that of 
chlorophyll a (0.26/hour). An average of 
0.15 mole MDA is produced per mole of total 
chlorophyll bleached (see Table I), which 

correlates \vell with the maximum amount 
of MDA produced per mole of initial 
chlorophyll. 

The rate and time lag of chlorophyll 
bleaching also depend upon the chloroplast 
concentration. While the linear rates of 
bleaching increase for bot’h chlorophyll a 
and b with increasing chlorophyll, the abso- 
lute rates decrease. In addition, the kinetics 
of chlorophyll a bleaching agree with a 
cyclic kinetic equation for peroxidation (6, 
16) with a rate of chlorophyll a loss at an 
infinite chlorophyll concentration of 5 PM/ 

hour-l, and the chlorophyll concentration at’ 
infinite chlorophyll a bleaching rate is -30 
PM. The kinetics cannot be easily deter- 
mined for chlorophyll b bleaching. The lag 
t’ime for chlorophyll a bleaching is rapid, and 
it appears as if there is no change with in- 
creasing chlorophyll concentration. How- 
ever, the chlorophyll b bleaching lag time 
undergoes a gradual lengthening. 

The existence of a concurrent MDA 
production and chlorophyll bleaching pro- 
vides evidence for lipid peroxidation. In 
addition, oxygen uptake is also observed in 
illuminat’ed chloroplasts with similar kinet- 
ics. A typical oxygen uptake curve at 
intensities of 160 mW/cm2 exhibits the first 
two phases, lag and linear. The terminat,ion 
phase has not, been clearly observed due to 
relatively rapid exhaustion of oxygen in the 
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FIG. 3. Bleaching of chlorophylls a and b in 
illuminated chloroplasts. Chloroplasts (18 PM 
chlorophyll) were incubated as in METHODS. 

solution at high light intensity. In dark- 
incubated chloroplasts an extremely low 
rate of oxygen consumption is observed. In 
contrast to the lag time observed for chloro- 
phyll b bleaching, there is nearly no depend- 
ence of the lag time for oxygen consumption 
upon the chlorophyll concentration. The 
linear rate of oxygen uptake follows the 
cyclic kinetics equation for peroxidation 
with an oxygen uptake rate at infinite 
chlorophyll of 14 PM/minute and a chloro- 
phyll content at an infinite oxygen uptake 
rate of -50 PM. 

Table II summarizes the calculated 
stoichiometries of MDA, 02, and chlorophyll 
change. The comparison shows an average 

ratio of MDA to chlorophyll of 0.14. The 
MDA to oxygen uptake ratio is 0.020. The 
oxygen uptake to chlorophyll loss ratio, 
which is indicative of the number of un- 
saturated fatty acids present per initial 
chlorophyll, is about 7. This stoichiometry 
varies about 50% among chloroplast prepa- 
rations. 

Fatty acid composition. Lipid peroxidation 
is an attack upon unsaturated fatty acid 
components of chloroplasts, and an analysis 
of fatty acids revealed distinct’ differences 
between light- and dark-incubated chloro- 
plasts. The major change in chloroplasts as 
a result of dark incubation is an increase in 
relative abundance of all peaks relative to 
C16:O. The spectrum of fatty acids present 
after 4 hours light incubation, however, 

TABLE II 

STOICHIOMETRY OF MALONDIALDEHYDIC PRODUC- 
TION,~HLOROPHYLL Loss, AND OXYGENUPTAKE 

IN ILLUMINATED CHLOROPLASTS 

MDA MDA Trial ~ - 
ChloropbylP Oxygen 

OW+!en 
Chlorophyll 

1 0.10 0.014 7.1 
2 0.10 0.016 6.0 
3 0.12 0.017 6.8 
4 0.16 0.023 6.9 
Sb 0.22 0.028 7.8 

Average 0.14 0.020 6.9 

a Chloroplasts (31 fin chlorophyll) were in- 
cubated as in METHODS at 160 mW/cm2 white 
light intensity. 

b Calculated from the rate during the linear 
phase of oxygen uptake, MDA production, and 
chlorophyll loss. 

TABLE I 

STOICHIOMETRY OF MALONDIALDEHYDE PRODUCTION AND CHLOROPHYLL BLESCHING IN 
ILLUMINATED CHL~R~~LAST~ 

Incubation 
(hours)’ MD.4 (PM) Chlorophyll MDA/ 

loss (PM) chlorophyll 
Chlorophyll 
a loss (rar) 

MDA/ 
chlorophyll a 

Chlorophyll 
b loss (par) 

MDA / 
chlorophyll b 

0. .5 0.16 1.1 0.15 1.0 0.16 0.1 1.6 
1.0 0.40 2.9 0.14 2.5 0.16 0.4 1.0 
1.5 0.66 4.7 0.14 3.7 0.18 1.0 0.7 
2.0 0.80 5.7 0.14 4.1 0.19 1.6 0.5 
2.5 1.17 6.5 0.18 5.5 0.21 1.0 1.2 
3.0 1.40 9.4 0.1.5 7.2 0.19 2.2 0.6 
3.5 1.87 1.02 0.18 8.1 0.23 2.1 0.9 

a Chloroplasts (16 PM chlorophyll) were incubated as in METHODS. 
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FIG. 4. Fatty acid composition of control and illuminated chloroplasts. Chloroplasts (40 PM chloro- 
phyll) were incubated in NaCl (175 mM), Na-borate (50 mM at pH 8.9) at either 0 or 22 mW/cmz and 
25” for 4.5 hours. 

changes drastically, and many new peaks 
are apparent. Figure 4 shows that the 
C14:0, C15:0, C16:2, and Cl8:O peaks 
have become prominent. Table III shows 
the time course for changes in fatty acid 
composition during incubation. A control for 
zero incubation time is given for comparison. 
A substant,ial decrease in C16: 1, CI6:3, and 
Cl%:3 and an increa’se in compounds with 
peaks above C18:3 is observed. 

The relat’ive efliciency of MDA produc- 
tion can he calculated from the relative 
amounts of tri-unsaturated fatty acids 
(ClG: 3 and C18: 3) which disappear, divided 
by the total amount of dark fatty acid com- 
ponent. Fatty acid loss per chlorophyll can 
be estimated from an average fatty acid 
content (14). The efficiency of MDA pro- 
duction of tri-unsaturate loss was calcu- 
lated to be 0.024, which is in agreement with 
the observed stoichiometry. Tri-unsatu- 
rated and Cl.6: 1 fatty acids are mainly in- 
volved in peroxidative loss. 

Induced fatty acid peroxidation. Mdon- 
dialdehyde production by illuminated 
chloroplasts in the presence of exogenous 

lipid was examined to afford a method of 
determining relative permeability and effec- 
tiveness of these lipids at the site of the 
AtDA production. Additions of methyl 
linolenate to a standard chloropIast mixture 
produced an “induced” amount of MDA 
(MDA produced by linolenate + chloro- 
plasts -MDA produced by linolenate) 
much higher than MDA formed from endog- 
enous lipids. The induced formation of MDA 
is shown in Fig. 5a. The excess amount of 
MDA produced increases more slowly at 
low concentrations of added met,hyl lino- 
lenate than after an addition of 1 mM or 
greater methyl linolenat’e. The dependence 
of the induced reaction upon the chloroplast 
concentration is shown in Fig. 5b, where 
MDA produced after 1.5 hours is plotted 
against the amount of added chloroplasts. 
The MDA production curve for chloro- 
plasts only exhibits the normal curve, but 
the curve with linolenate (0.8 mM) rapidly 
rises, peaks, and then falls. The amount of 
induced &IDA f ormation shows a stimulation 
at low chloroplast concentration or high 
lipid concentjration, but as the chloroplast 
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TABLE III 

FATTY ACID COMPOSITION OF CHLOHOPL.WPS 

Relative abundance (to C16:O) 

Fatty acid 
identified 

Time of incubation 

1 hour 2.5 hours 
0 

hour 
Light/Dark Dark-light Light Dark Dark-light 

___ 

c10: 1 0.03 0.09 0.02 -0.07 0.05 0.11 0.06 
c12:o 0.020.070.02 -0.05 0.030.04 0.01 
c14:o 0.010.03 0.05 0.02 0.05 0.09 0.04 
D15:O 0.11 0.120.13 0.01 0.20 0.50 0.30 
C16:O 1.001.001.00 0.00 1 .oo 1 .oo 0.00 
C16:l 0.99 0.78 1 .Ol 0.23 0.68 0.90 0.22 
C16:2 0.04 0.02 0.02 0.00 0.010.03 -0.02 
C16:3 0.80 0.69 0.78 0.09 0.61 1.09 0.48 
C18:O 0.03 0.03 0.03 0.00 0.050.02 -0.03 
C18:l 0.140.160.19 0.03 0.190.15 -0.04 
c1s:2 0.18 0.19 0.20 0.01 0.270.31 0.04 
C18:3 3.8T53.384.32 0.94 3.115.92 2.81 
(X8:3* 0.1510.52~0.19 -0.33 0.290.14 -0.15 
c18:3+ 0.100.280.05 -0.23 0.100.00 -0.10 

I I 

Chloroplasts (34 PM chlorophyll) were in- 
cubated and extracted as in METHODS. Identity 
was determined from retention time of standards 
(relative to C16:0), except for C18:3* (time = 
4.7) and C18:3 + (time = 5.1). 

concentration increases or the lipid con- 
centration decreases, the stimulation declines. 

pH Dependence. Figure 6 shows MDA 
production in buffered solutions at different 
pH values. Above pH 8.7 the amount of 
MDA produced is maximal and constant to 
pH 9.7; hence, the value of MDA produced 
at pH 8.5 is normalized to 1.00 for each trial. 
The minimum production of MDA lies in a 
broad pH plateau between pH 6 and 7. 

Ionic strength. The salt concentration was 
normally held at 0.175 M for most experi- 
ments; lipid peroxidation changed only 
slightly with variations in ionic strength. 
The linear rate of peroxidation somewhat 
decreases with decreasing salinity (2Fj % 
lower at 0 M). There is no effect of NaCl 
on peroxidation from 0.2 to 0.8 M. 

Light intensity. The production of MDA 
is light-dependent (Fig. 1); hence, it would 
be predicted that light exerts an important 
role upon the observed kinetics of peroxida- 
tion. Examples are: (a) The rate of chloro- 
phyll a bleaching has a square root de- 

pendency to light intensit,y (Fig. 7a) where 
the logarithm of the linear rate of chlorophyll 
a loss plotted against the logarithm’of the 
whit’e light intensity gives a straight line 
whose slope is 0.50 f 0.01. (b) The depend- 
ence on light intensity of chlorophyll b 
bleaching is different from that, of chloro- 
phyll a bleaching (Fig. 7b). The linear rate of 
chlorophyll b bleaching is proportional to 
the light intensity above a “threshold” of 
lo-12 mW/cm2. Chlorophyll b bleaching 
also can be saturated at light intensities 
about 90-100 mW/cm2 and seems to exhibit 
different characteristics from chlorophyll a 
bleaching. (c) The linear rate of MDA pro- 
duction and oxygen uptake is also depend- 
ent upon the square root, of incident white 
light intensity beyond a certain “threshold.” 

The relative effectiveness of two different 
wavelengths of light have been compared as 
follows. Chlorophyll bleaching is initiated 

;: 

I 

METHYL LINOLENATE (mM) 

r 3 

+LINOLENATE (2) 
oCHLOROPLASTS 

CHLOROPHYLL (PM) 

FIG. 5. Induced malondialyde production by 
methyl linolenate in illuminated chloroplasts. 
(a) Methyl linolenate dependence. Chloroplasts 
(26 NM chlorophyll) were incubated as in METHODS 

for 1.5 hours in the presence of methyl linolenate 
as indicated. (b) Chloroplast dependence. Chloro- 
plasts (at indicated chlorophyll concentration) 
were incubated as in METHODS for 1.5 hours. 
Methyl linolenate concentration, where indicated, 
was 0.8 mM. 
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FIG. 6. The pH dependence of malondialdehyde production in illuminated chloroplasts. Chloro- 
plasts (13 I.~M chlorophyll) were incubated for 2 hours as in METHODS. The pH range was analyzed 
with the following buffers: sodium phosphate from pH 5.7 to 7.7, Tris-HCl from pH 7.3 1.0 9.3, and 
sodium borate from pH 8X to 10.4. 

by using white light, at high intensity. After 
bleaching has begun, t’he white light is 
ext,inguished while simultaneously providing 
monochromat,ic light at 680 or 590 mp. At 
680 rnp chlorophyll b bleaching is maintained 
at the same rate as in white light, but at 590 
rnp bleaching of chlorophyll b is inhibited. 
For the same photon flux of 30 nano-ein- 
steins/cm2/second, 680 rnp light is 40% 
more effective than 590 rng light in bleach- 
ing chlorophyll a. 

Temperature studies. The lag time of the 
oxygen uptake decreases with increasing 
t’emperature. The range of lag times is from 
about 48 minutes at 7” to less than 1.5 min- 
utes at 42”. This relation, calculated by a 
least-square fit, follows an Arrhenius plot 
(logarithm of the inverse lag time vs. in- 
verse absolute temperature). Activation 
energy for each trial is shown in Table IV 
(column 2) with an average of +17 kcal/ 
mole. 

The linear phase of oxygen uptake shows 
small decreases with increasing temperature. 
If the linear rates are fitted to t’he Arrhenius 
equation by least-square fits (Table IV, 
column 3), the average energy of activation 
is -3.3 kcal/mole. The negative sign indi- 
cates an “antioxidant” effect of temperature 
whose extent seems typical for a physical 
process. If the linear rate is limited by the 
initial oxygen tension due to the tempera- 
ture, this process would have a characteris- 
tic K,. This K, has been calculat’ed for five 
trials with the average value of 320 ~111 

indicating t)hat the oxygen tension in solu- 
tion limits the observed linear rate of oxygen 
uptake. This result is confirmed by the 
experiments showing (Fig. 8) that the in- 
verse rate of oxygen uptake linearly depends 

40 83 120 160 

LIGHT INTENSITY hwatls/cm2) 

FIG. 7. Dependence of chlorophyll bleaching 
upon light intensity. Chloroplast,s (23 PM chloro- 
phyll) were incubated as in METHOUS. Upper: 
chlorophyll a; lower: chlorophyll b. 
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TABLE IT’ 
- 
TEMPERATURE DEPENDENCE OF LAG AND LINEAR 

PHASX OF OXYGEN UPTAKE BY ILLUMIN~~TED 
CHLOROPLASTS 

TriaP 
Lag phase Linear phase 

Ed* (kcal/mole) EAb (kcalimole) KmC (mM 0%) 

2 
3 
4 
5 
6 
7 

Average 
ErroF 

+12 (41d -6.6 <o 
$21 (5) -2.4 0.73 
+23 (5) -1.4 0.11 
-t 11 (4) -1.1 0.11 
$26 (5) -4.9 0.27 

$5 (4) -0.8 <o 
$21 (5) -6.0 0.36 
+17 -3.3 0.32 

3 0.8 0.08 

= Chloroplasts (70 PM chlorophyll) were incu- 
bated in NaCl (175 mM), Tris-HCl buffer (50 
mM at pH 9.1) at 120 mW/cm* and temperature 
indicated (from 7 to 42”). 

*EA, energy of activation calculated by method 
of least squares. 

oK7fS, Michaelis-Menten kinetic constant cal- 
culated by method of least squares. 

d Numbers in parentheses refer to the number 
of experimental trials at different temperatures. 

c Error of mean. 
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FIG. 8. Dependence of 02 consumption by 
illuminated chloroplasts upon 02 concentration. 
Chloroplasts (27 or 34 PM chlorophyll as indicated) 
were incubated as in METHODS at a light intensity 
of 160 mW/cm2. Data were taken from linear phase 
of 02 consumption. 

Friend and Acton (21) have shown by the 
thiocyanidate method that initially there is 
an actual increase in hydroperoxides in the 
light over the dark-incubated chloroplasts; 
however, the dark-incubated chloroplasts 
have a higher concentration after longer 
periods of time. This is to be expected since 
the relative abundance of each of the com- 
pounds within the cyclic peroxidation 
mechanism is vastly affected by the amount 
of hydroperoxides present, especially as to 
breakdown caused by homolytic scission 
(6, 15, 16). 

upon the inverse of the oxygen tension. Kinetics of photoperoxidatim Using Bol- 
This is in accordance with a cyclic peroxida- land’s notation for the velocity coefficients 
tive mechanism with an average K, of 410 of fatty acid peroxidation (16) for initiation 
pM, nearly coinciding with that found in (k,), reaction with oxygen (kz), the chain in- 
the studies of temperature dependence. itiation st>ep of hydroperoxyl radical reaction 

DISCUSSION 

Cyclic photoperoxidation. Photoperoxida- 
tion in chloroplasts requires light’, oxygen, 
and endogenous fatty acids. The processes 
do not exactly follow the kinetics of chemical 
peroxidaGon, perhaps because the internal 
supply of substrate and conditions at the 
peroxidation sites may slightly alter the 
reaction (15, 16). 

In biological and chemical systems the 
occurrence of peroxidation is usually corre- 
lated with MDA production (3, 13, 17). 
The efficiency of MDA production measured 
during mitochondrial swelling shows that 
the amount of MDA produced to the tri- 
unsaturates present is 2.5 %, since the molar 
ratio of MDA to total fatty acids is 1:300 
(18) and typical mitochondria are found to 
contain about 12% tri- or higher unsatu- 
rated fatty acids (19). Microsomes yield an 
MDA efficiency of 4.5-5 % as measured by 
the ratio of MDA produced to oxygen up- 
take (20). These efficiencies of MDA forma- 
tion are nearly that of the chloroplasts (see 
Table II). Similar ratios of MDA: 02 and 
MDA: tri-unsaturates lost suggest similar 
mechanisms. The ratio of 1 mole oxygen 
taken up to 1 mole tri-unsaturate lost 
argues strongly for the cyclic lipid peroxida- 
tion mechanism. The interdependence of 
oxygen uptake, chlorophyll a bleaching, and 
MDA production fits into the peroxidation 
kinetics; however, the chlorophyll b bleach- 
ing may not be as directly connected. 
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TABLE V 

\'I'LOCITY COKFFICIENT C.~LCUL.~TI~:D FOR PKII- 
OXIL)AT~~I: P~wcxss~s IN ILLUNIN.\T~:I) 

CHLOROPLASTS 

Measurementa 
Light k’ b 

intensity (aqueous 
(mW/cm*) phase) 

Rlalondialdehyle 
formatioll 

20 1.1 9 x 10-j 

Chlorophyll a 
bleaching 

20 1.1 7 x 10-Z 

Or consumption 
0, rollsumptioll 

(as O2 pressure) 

160 0.8 67 X 1O-5 
160 2.9 43 x 10-s 

a See RICXJLTS. 
*See I)~scuss~os. 

(k3), and the termination processes (Icd, kj, ks), 
t,he rate of 02 uptake or peroxide formation 
is given as 

d(O2) k&d”2 [RHl 1021 
dt (kP 1021 + [RHl(ks/kz)(ka/kg)liJ ’ 

where [OZ] is oxygen concentration and 
[RH] is lipid concentration. From the 
kinetics of measurements at different 
chloroplast, concentrations and the stoichi- 
ometry as in Table II, the two combinations 
of velocity coefficient [( k#‘%,]/( k~)~‘~ = &; 
(h-&4( L/h) 112 = k’ can be determined as 
in Table V. 

The average Ic’ is 1.5, but this assumes the 
unlikely possibility that peroxidation is 
occurring within the aqueous phase. A more 
reasonable site for the peroxidation is 
within or near the lipophilic grana mem- 
branes. This would alter the concentration 
of fatty acids by a dilution factor of about 
l/3000, and then the average value of k’ 
should be 5 X 10a4. This does not agree with 
the value of k’ found for chemical peroxida- 
tion of ethyl linolenate of 4.4 X lO+ (6, 16). 
If the two systems are equivalent, this would 
indicate the oxygen concentration at the site 
of peroxidation is only about 2 PM. 

The average & can be calculated if the 
individual 5’s are reduced to the value at a 
constant light intensity. The average & is 
14 X 10-j second-’ for a white light in- 
tensity of 20 mW/cm2, which is nearly 
20 X 1O-g einstein/cm2/second (22). If an 
average absorbancy of 0.5 cm-’ and a 

quantum efficiency of 7 (from stoichiometry) 
are assumed, t’he above value agrees with the 
chemical value of & for a chemical system 
(2.3 X 10e2 M-II2 sec-1’2) (6, 16). For chloro- 
plasts at a chlorophyll concentration of 11 
PM, the reaction rate is calculated as 0.4 
pmole/mg chlorophyll/hour. 

The velocity coefficients are near those 
for a chemical autoxidation of the same 
fatty acid (linolenic), providing the oxygen 
at the site during peroxidation is low (2 PM) 
and the quantum efficiency is high (7 moles/ 
einstein). A quantum yield above one and a 
square root light dependency constitutes 
primary evidence for a photoperoxidation 
reaction (6, 16). 

Chloroph.yll sensitization and fatty acid 
loss. The dependence of chlorophyll h 
bleaching to light intensity suggests that it 
is not involved in primary peroxidative 
kinetics. The threshold of light intensity and 
the long lag period indicate a protect’ive 
agent or action of antioxidant which must 
be overcome. Either a photosensitized 
reaction of chlorophyll directly with oxygen 
or a reaction with the hydroperoxides pro- 
duced by the primary reaction might ac- 
count for chlorophyll b bleaching. There are 
indications that chlorophyll b is also not in 
the region of electron flow in normal photo- 
synthesis (23). Monochromatic light studies 
indicate that chlorophyll is sensitizing per- 
oxidation, but it is not known whether chlor- 
ophyll a or b initiates the process. 

The major fatty acids lost by peroxidation 
are C16:1, Cl6:3 and C18:3 (Table III), 
and the loss of tri-unsaturated compounds 
is reasonable by a peroxidative reaction 
being in good agreement with the observed 
efficiency of RIDA production. Perhaps 
other unsaturated fatty acids are spared 
first because the tri-unsaturated compounds 
present a more susceptible route for per- 
oxidation (16). Ultimately all the unsatu- 
rated compounds are att’acked (see Fig. 4). 
This, however, does not explain the early loss 
of C16: 1 by a peroxidative mechanism 
unless C16: 1 is in a vulnerable position (24). 
On the average seven tri-unsaturated fatty 
acids suffer peroxidation attack for each 
chlorophyll destroyed, and MDA is formed 
with 2 9% efficiency. 
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Possible site of peroxidation. The activation 
energy for initiation of chemical autoxida- 
tion of fatty acids (6) and for the lag period 
of chloroplast peroxidation is about 17 kcal/ 
mole (Table IV). Moreover, the energies of 
activation for system II as measured by 
oxygen uptake and absorbancy changes (23)) 
and for temperature inactivation of the Hill 
reaction (25), are within 1 kcal/mole of 
autoxidation. Therefore peroxidation within 
chloroplasts may be linked to photosystem 
II inactivation. 

The dependence upon temperature of the 
linear phase has been examined at low oxy- 
gen tension. Autoxidation of tri-unsaturated 
fatty acids has a Km of only 5 PM oxygen (6, 
16). The results of Franck and French (26) 
on photooxidation in Hydrangea, plotted as 
in Fig. 8, reveal a Km for oxygen of 690 PM 

compared with 420 PM obtained in this in- 
vestigation. From comparisons of peroxida- 
tion in the aqueous phase and chloroplast 
system, t,he oxygen tension at the site of 
peroxidation appears to be at least 100 times 
lower than for the aqueous phase. If the 
fatty acids and chlorophyll a were located in 
a nonaqueous environment, as indicated by 
the stability of the excited chlorophyll state 
(27), inhibition of photosystem II by lipases 
(28), and by electron microscopy fixation 
(29), then the low oxygen concentration 
might be maintained by a permeability 
barrier. 
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