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This document was prepared as an account of work sponsored by the United States
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assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not

- necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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CHEMICAL TRAPPING OF A PRIMARY QUANTUM CONVERSION PRODUCT IN PHOTOSYNTHESIS

Gerald A. Corker, Melvin P. Klein and Melvin Calvin

ch r

Department of Chemistry arnd Lawrence Radiation Laboratory,

University of Californiaz, Berkceley, California

The capacity o? photosynthetic organisms to exhibit photé—induced-eléc—
tron parameznetic reéonance (EPR) signals ha;\been known for over ten years.l
Subcellular units of photoé&nthetic materials, fhe quantasomes and the chroma-~
tophores, are capable of Hill Reaction activity, and also of exhibiting the
light-induced E?R signals. This, cOubled with the rapid rise and decay kine-
tics of these signals,e'suggests but ddes not prove that the unpaired elec-

trons are involved in the initial electron transfer processes in the primary

- quantum conversion act.

The identification of the species giving rise to these‘signals and

their connectién with processes of primary guantum conversioh remaiﬁs elusive
even though such varied approaches as mutant sfrains,B'special growth condi-
tions,h extremé physical condifions,5 special métabolic inhibiﬁors,6 ef05 have
been applied to this problem. In this:commﬁnication-we wish toreport another
method being used in an'attémpt to idéntify the species reéponsible for.pnc
unpdired electrons.

 Hoffman preparedva'water soluble, stable free radical, di-tertiary-
butylﬁitrdxide (hereafter called DTBN), which is a "vigorous free radical

HT

scavenger’ . It shows a sharp, well resolved, symmetrical, three-line para-

magnetic resonance spectrum that is relatively insensitive to the molecular

environment. The chemistry of di—tertiarybutylnitroxide has not been studicd

¥ The work described in this paper was sponsored by the U.S. Atomic Enerpy

Coammicaeinn
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extensively. However, four distinct types of interaction can be envisioned

for this molecule. - It could underzo a one-electron reduction to form a hy-

droxylamine vhth can be reduced subsequeantly to the amine; an oxidative de-

gradation to 2-methyl-2-nitrosopronunce and iscbutylene; or a coupling with

another radical formihg either an oxygen substituted hydroxylamine or a tri-

substituted amine oxide. The reactions are represented by equations I through

Iv.

I)

II)

S IIT)

Iv)

%
1}

N + e ~N. + H N
N0 , N0 N-OH
B T jS — ‘R/
e I - ' CH :
R . - € R _ ' 3\ .
N\ j20 , \it-o R-y-o + C=CH, +
R ' H/ ' CH /
L . , 3
R\ + A° R\
N0 ————— N-0-A
> .
R R
R
+ A R 0
/- o 7\ »
R _ R poL )
‘R = tertiary butyl group E

~unspecified radical

The present work sought to determine whether, in the presence of phdto—

A

L .
el T

i synthetically,active organisms and light, the nitroxyl radical would couplc

with the radicals proauced in these organismsﬂ If so, the use of a cafbon—lh

‘H
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labeled n{troxide would make it.?ossiblévto isolate aﬁd déterminé which
constituent;J or‘constitgents, gi%e rise to the photo-induced EPR‘signals}
The stability of unlabeled DTBN wiﬂh varioﬁs organié materiais, ﬁoth
in the light and in the dark, was tested. It undefgoes reactions in the
dark with tetracyanoethylene, p-chloranil, Qféhloranil and sodium ascor-

bate, the rates of disappearance of the nitroxide (Esr signal) being un-

chunged upon illumination with a tungsten filament lamp. Tt is inert under

-both light and dark conditions with N,N-dimethylaniline, N,N,N,Nétetramethyl-'

phenylenediamine, quinoline, hexamethylbenzene, hexafluorobenzene,‘penta—
fluorobenzonitfile, m-dinitrobenzene, §¢trinitrobenéehe, lumiflavin, lumi-
chrome, chlorophyll a, 2,6edichlofophenol-indophénol, 3-(3,4-dichlorophenyl)—
1,i~dimethylurea, K3Fe(CN)6, salicylaldoxime and KBH). Cyclohexane, ethaﬁql,
chlofoform, dimetﬁylformamide; aceténitrilé, benzéﬁe or the pure materiél '
was used as éolvent in these experiments. Aitempts to demonstrate inter-’
action of DTBN with~chlor6phyll a were carried.out both in éyclohexane aﬁd'

in ethanol. No interaction waé observed either in the dark of\upon illumin-
ation. However, the sdution in ethanol may have been éompiicqted by the pre-

sence of traces of oxygen since only a nitrogen purge was used to degas this

‘sample.

Illumination of cyélohexane solutions containing DTBN and various quinones
causes a. disappearance of the radical, which is very sloWwly reversible in the

dark. The  extent of this reversibility is 50 percent or greater. Monochromatic

- light, of wavelengths absorbed by the particular quinone in the visible region

of the spectrum, was used for these illuminations., The quinones capable of '
effecting this photodestruction of DTBN are 1,4-benzoquinone, l,h-dﬁroquinone,

1,k-naphthoquinone and 9,10-anthroquinone.
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When freshly prepared chloroplasts from spinach leaves are suspended

in a 0.5 M sucrose solution buffered at pH 6.8 and containing DTBN, 4 rapid,

irreversible destruction of the nitroxide occurs in the dark. The same obser-

v

vation is made wiﬁh intact Chlorella ceils and with the photosynthetic bac-
terium Rhodospirillum rubrum. However, when the spinach chlofoplasts are
a;lowed to agé in a cold room in fhe dark for a few days, and chloroplast-
DTBN mixtures prepaFed froﬁ these aged ghloroplasts are examined in the
dark, only a slow decay Ofrthe nitroxide resonance is observed. When such -
preparations"are illuminated with light of wavelength greater than 5400 R -
the rate of'destruction of the fadical is incrédééd. .The ratgs of both the
dark and the light-induced decay vafy with the age and treatment of the
chloroplast preparations. The same results are_oﬁtained witﬁ &hloroplast'
fragments obtained by rupturing the éhloroplast in 0.0S'ﬂ'sucroée buffer-
~ed at pH 6.8. Results typical of this effeqt éré shown;ih Figure 1. We
have wdrked primarily with fragménts,because the dark reéction is slower

\ . -
with fresh fragments and disappears in fewer days than with the whole
chloroplast. '

The reduced form of the nitroxide, di-tertiarybutylhydroxylamine

(DTBNH) is not oxidized in the dark in the'presenée of'chloroplast frag-
ments . Howéver, if the mixtufe is illumigated with light of wavelengths
gréater‘than(SMO mu;'a rapid increase of thg ni%roxide resonance oécurs

followed by a_grédual decay. The effect is shown in Figure 2. "This effect
is aléo Qbserved iﬁ samples coﬁtaining DITBN . and freéhly isolated fragments,'
preparations iﬁ whiéh 80 to 95 percent of the nitroxide has disappeared
during the period betwéen the preparation of the samples and detecﬁionvof

the nitroxide signal in the EPR spectrometer., The change in signal height
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'is not. as large in these latter samples as with the ones containing the

deliberately reduced fofm and fragments. No signal increase is observed
with fresh whole chloroplasts with either DTBN or DTBNH, either in the dark
or in the light. ! | ’

.The increase in the signal height shown in Figure 2 was shown to be

due to an enlarged nitroxide signal and not due to some other photo-generated

radical, by sweeping through the three-line spectrum of the nitroxide before

‘and after illumination. Although all samples were purged with nitrogen prior.

to each experiment, it is conceivable that the increased signal height could

be due to a photoreaction involving the uptake of oxygen which would cause

a narrowing of the nitroxide resonance accompanied by an increased signal

height, if the number of?spins remained constant. This is unlikely, however;
since the magniﬁude of the signal change would require‘a narrowing of thef‘
signal by a factor of 2 or more. This narrdwing is not observed.

Tt wouldvappear from these observations that the deétruction of the
nitroxide in the dark by ffeshly isolated chloroplaéf or fragments is a
reduction, first to the hydroxylamine and then to some other species pro-
5ably the secondary amine,‘whichvis not photd—oxidizéd to the nitroxidé.

~The pﬁoto—induced oxidation of DTBNH to DIBN in the presence of chloro-
plast fragments clearly rules out the poésibility that the photodestruction
of the hitroxyl radical is a simple reduction to the hyéroxylamine. |
Considerable information has been obtained éﬁout the photo-induced
EPR signals in photosynthetic 6rganisms by §ubjecting them to a'variety of
environmental treatments. Table I is a resume of the effects of a few of =

these treatments on the two light-induced free radical signals detected in

green materials. Included in this table is the effect of each variation on

the photodésﬁruction of the nitroxide.

;
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TABTE I

THE EFFECTS OF  ENVIRONMENT ON THE PHOTODESTRUCTION OF DTBN AND SPINACH

CHLOROPLAST ‘EPR SIGNALS

Treatment v Broad Signal Narrow Signalv‘_ DTEN Photoreaction
! ' : :

Control " Present Present : Reaction
6h°C’—viS min _ Absent : ' R Reaction
100°C ~ 15 min " g Absent | No reuction

Aged - _ " Present Reaction

' ' 6 - : 6 . .

~ DCmMu : _ Decreased - Enhanced No reaction

- pepIp® ' % ' Present Partial inhibition
Heptane extracted Lok ‘ , " " "
Salicylaldoxime *% P ' L "
KQFE(CN)6 . *% ' ' A o " "

DCMU,'3—(3,h*dichlorophcnyl)—l,l~dimethylurea; DCPIP, 2,6-dichlorophenol-
indophenol.
#% Experiments run on aged chloroplast fragments in which this sighal is

not present.




-7~

The chemicals shgwn in Table I all interact in séme way with the elec—
tron transfr chain connecfing the speciles participating in the two ligﬁt
acts of photosynthesis.‘ Potassium Terricyanide and the iﬁdoPhenol dye both
éct as Hill reégents, accepting elecorons frém different points og the chain.
Salicylaldoximg is thbught to binag the two copper atoms in‘plastocfanin,
thus terminating electron flow at this point. Heptane extracts the quinones
and carotenes. DCMU’is a potent innibitor of photosynthetic 6x&gen evolution
and eleétron'flow in gneral. o

The inhibitory or pérfial inhibitorj effect of these chemiéal species
on the photédéstruction of thevnitroxide suggests-that the nitroxide is coupling
wifh the radical or radicals produced when the'fragmenfs afe illuminated;b I
.the nitroxide were ﬁﬁdergoing a photo—é%idation, and if one‘assumes that the
inhibitory effect of DCME occurs at only ohe site within the photos&nthesiz-
~ing organism; namely; on the oxygén evolvingvside of the mechanism, the com~
plete blockade of the photdréactibn of DTBN by DCMU would suggest that this
- photo-oxidation is occurring between the oxidation of water and the first
‘light act. If this were true;'howevér, ferricyanide and the indophenol
dye both should cause an increased rate of destruction of the nitroxide.
This is not observed.

Furthermore,_no absorption due to 2—methyl—2—nitrosoﬁropane\dimer can
Dde detecﬁed in the ultraviolet spectrum of samples in which the nitroxide
radical has»béén destfoyed. The.aﬁount‘qf the nitroxyl radical which can
bg removed pbotochemically from this system is at least equal to and on
.sevexal occasiéns has beep several timeslgreafer than the tqtal amount of
chlorophyll a present in the reaction vessel. This would seem to require

that the species with which the nitroxyl radical is reacting is close to

J ‘ ' ot
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one of the terminals of the photosynthesizing sequence of reactions; a

»

'site where materials are present in greater abundance than chlorophyll.

The effect of DCMU and the interesting cobservation of Weaver8 that large

amounts of unbound manganeous ions Jevelop in Chlamydomonas cells grown in

the presence of a nitroxide and light, ;uggest'that the site of interéction

éf DTBN is close to the primary reductant (H50). |
¢Further examiﬂation_of this reaétion is being pursued and will be

reportea in the future. 1In addifion, carbon-14 labeled nifroxide will be »

used to determine the fate of the nitroxyl radical. o \

‘ Summary

Preliminary sﬁudieslof a photochemical reactioﬁ‘betWeen di-tertiary-
butylnitrdxide and chloroplés%s isolated from spinach are repofted; The |
results indicate that the nitroxide is coupling with the photo-induced
radicals produced in these photosynthesizing systems. Thé exact fate of
the nitroxide has not yet been determined_but is being pursﬁed by the

use of a carbon-1lh labeled'nitroxide, with.the object of detefmining the

nature of the photoproduced radical, or radicals, with which it couples.
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Figure 1.

Figure 2.

FIGURE CAPTIONS

The time response of di-tertiarybutylnitroxide (DTBN) EPR sig-

nal to light. The initiazl reaction mixture contained 1.40 mg

-chloroﬁhyll (a + b) per ml of suspension, 1.67 x 10~k M DTBN, 0.05 M

sucrose, 0.05 M_phosphaté buffer, pH 6.8. Light with wavelength
betweén'?hoo ﬁ and 9800 R was used. Base line check was made by

displacing field from résonance value. Sample purged with No.

Effect of light on di-tertiarybutylnitroxide (DTBN) EPR signal in

the presence of large excesses of di—tertiarybﬁtylhydroxylamine
(DTBNH). The initial mixture contained 1.85 mg chiorophyll (a + E}
per ml of suspension, 2.1 X lO‘h M DTBNH, .05 M sucrose, Q.OS M
phosphate buffer, pH 6.8, No atmésphefe, illu@inated with light

of -wavelength 5&00,2 té 9800 X. Check of base line made by dis-—
placing magnetic field from resonance. The nitrogen present
initiaily assumed duz?air oxidation of'DTBNH during sample pre-
paration. Thé complete oxidatioq of the DTBNH origindlly presenf

would'fesult iﬁ a-signal height of 5.1 units on this scale.
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