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-ABSTRACT_ ;'Electron paramagnegic resonance (EPR) specctoscopj has revealed a
new free radical signal produced By illuminatioh of spinach chloroplasts'at
77°K. This signal-is obsefvéd only when an oxidant (ferficyanide) is added to
the chloroplast suspension in the dark prior to illumination. The EPR signal
is produced at TT°K by illumination with 645-nm monochromatic 1ightlcapable_o£
activating Photosyéteﬁ'II but not with 715-nm illumination capable of activating
PhOCOsygtem I. PFurthermore, since the signal shows a relative incréase ih. :
chloroplast fragﬁents enriched in Photosystem II but is abseant in chldroplast
fragments enriched iﬂ~PhotosySCem I;'we conclude that this new free radical EPR
signal is associated with the primary photoact of Phocdsystem II in chloroplasts.
On the basis of the measured EPR parameters (gi= 2.0026 * 0.0002, linewidgh

= 8 gauss), it is suggested that the signal may be associated with the reaction

center chlorophyll of Photosystem II.
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Tﬂé mechéniénbf oxygen évdluéion is’one'gf.thé méjor_unrgséivéd'problems
in chloroplast photosynthesis. Oxygen evolution has been founa to proceed
more efficiently in s@ott-wavelength ligﬁc'(l < 700 nm), associated with
Photosystem II, than in long-wavelength light (A > 700 nm), associatéd.ﬁith
Photosystem I (1-3) but the.nature of the primary reactants of Photosystem‘II '
and the subsequent dark reactions involved . in the process of oxygen‘evolution
have not yet been fully characterized.

Two different light-induceﬂ absorbance changes appear to be related to the
primary photochemical event of Photosystem II. A light-induced absorbance.
change at 550 nm was discovered by Kanaff and Arnon (4) and was found to be due
‘to the Photosystem II photoreduction of a chloroplast component, design;ted
C550. The photoreduction of C550 was found ;o proceed not only at physioiogical
temperature but alsb at TTOK, a finding which indicated a possible relaffon with
a priwary photochemical event. On.the basis of this work, which was confirmed.
and extended in other laboratories (5-10), C550 was proposed (L-8) as the
primary electron acceptor of Photosystem II. Ddring et al. (11,12) observed a
differeqt light-induced absorbance change at physiological temperature in
chloroplast fragments enriched in Photosystem II. fhis absorbance change was
very rapid and had a spectrum with peaks at 435 nm and 68é nn., These wofkers
suggested this change was due to a form of chlorophyll a which functioned as
the reaction center chlorophyll of Photosystem II. Later measurementé of the
photoinduced abgorbange change at 682 nm showed the reaction occurred at T°K -
(13).'-The'possib1e relation of this absorbance change and C550 to the primary

photoact of Photosystem II has been discussed by Butler (14).

Although electron f paramagnetlc resonance (EPR) spectroscopy has been used

v

to study the primary photoact in photosynthetic bacteria (15-18) and to study

the primdry reaction of chloroplast Photosystem I (19-22), EPR signals



-specifically associafea witb'the brimary feactancs of éhlsroplaéﬁ Photosystem'II_
have not ﬂeretofore been detected. An EPR signal, now known as "Signél "
(23-25), has been associated'with Photosystem II but the nature of the component
responsible for this signal and its role in-photosynthecic electron transport
‘is not clear (24,25).

In this paper we report an EPR sbectroscopic examination of chloroplasts
and chloroplast fragments at 77°K for changes which are attributable to the
primary photoreaction of Photosystem II. We ﬁave detected a new frée radical
EPR signal which is different from other preyioqsly described chloroplast free
radical signalé and which may be associated with the reactién center chlorophyll

of Photosystem II.

MATERIALS AND METHODS

Whole spinach chioropl&stsvand washed, broken chloroplasts were prepared
from greenhouse spinach as previously described (26,27). Digitonin chloroplast
fragments enriched in Photosystem II (D-10) and Phocgsystem I (Drlhh).were
prepared by the procedure §f Hauska et al. (28).  Triton chloroplasc fragments
enriched in Photosystem II were érepated from whole chloroplasts by the procedure
of Malkin (26). Chlorophyll concentrations and the chloropﬂyll_a:b ratio were
measured by the method of Arnon (29). .

Oxidation-reduction potentials of chloroplast suspensions at 5°C in the
presence of 10 ﬁM ferricyanide were measured with a Radiometgr fK-1h9Acombined
'platinum-calomel electrode and a Corning digital pH meter (Model 110). The
oxidation-reduction potentials are reported relative to the standard hydrogen

‘electrode. - ' L

.Chloroplast samples were placed in standard X-band quartz EPR tubes
(3 mm i.d.) and illuminated for 30 sec at 77°K directly in the EPR cavity with

the apbaracus previously désgribed_(eo). Baird-Atomic interference filters

\
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(715 nm or 6&5 nm) of half-band width 1Q;n§ were used'for‘ﬁhe monochromatic

' illuminationé. The iﬁcident light intensity én the sampie waé apprdximétely :
5x 1oh ergs-c¢'2-sec-1. EPR spectra were iecqrded ac9.22Cﬁz at 77°K{

‘ betailg of the‘EPR methods are the same as:g;ven in preQious pdblications‘

(19,22, 27). .

RESULTS AND DISCUSSION
-As shown in Fig. 1A, an EPR free radical ‘signal, identical to "Sign#1~II"
(24,25), is present in washed, broken chloropiasts at T7°K in the d;rk. Tﬁe
| aédition~of 10 oM ferricyanide to ?he chloroplasts at 5°C in the dark followed
by EPR examination at T7°K (Fig. IB) results in the appearance of a second
narrow free radical signal centefed at g = 2.002 and having a linewidth of

approximately 8 gauss. This signal,'referred to as "Signal I" (24,25), has

Fﬂq} 1

been shown to be due to the oxidized form of P700, the reaction center chlorophyll

- of Photosystem I (24,25,30,31). The concentration of ferricyanide added to

these samples was sufficient to raise the ambient oxidation-reduction potential

of the suspension to approximately 4540 mV. If the chloroplast sample is

illuminated at 77°K in the presence of ferricyanide with fat-redvlight (715 nm),

which activates primarily'Photosystem.I, there is no increase in the observed

EPR signal (Fig. 1C). The intensity of f;r-red light used for the illumination

was sufficient to completeli photooxidize PT00 at 77°K when- ferricyanide was
omitted from the reaction mixture. This finding indicates that P700 was
completely oxidized chemically prior to illumination. If, however, the same

sample is subsequently illuminated with red light (645 nm), which activates

Photosystem II, 8-1arge_§ncreaseAgn;;hg EPR signal is now_observed (Fig. 1D).

Since this light-induced change occurs at an oxidation-reduction potential where -

P700 is already fully oxidized, is produced by monochromatic illumination which "

/



’
aeti§atee‘Pho;esyétem Ii, an&'ie not produced 5} illuﬁina:ion thch eetivates
Photosystem I, it is clear that the additional EPR signal must be due to a
photoreaction of a 2hotosys:eﬁ II component.

fhe observation that the EPR signal appears when ehe chloreplast.sample is
illuminated at low temperatufes (17°K or'lower), temperatures where chemical
reactions would be strongly inhibited, is consistene with an association of the
component responsible for the signal with a primary photochemical event.

The light-induced EPR signal observed in the presence of ferric&anide was
also qetected in whole spinach chloroplasts, although broken chloroplasts were
mainly used in these studies to facilitate the in;eraceion of ferricyanide with
membrane-bound components.

Primary photoreactions in photosynthetic bacteria are reversible on the
cessation of illumination even at temperatures as low as i;7°K (32,15,17).

In cbntrast,‘EPR éignels from chloroplasts or chloroplast fragments

are irreversible up to temperatures of at least T1°k (17,19,20).
The light-induced change observed in the_pfesence of ferricyanide is similar
to other_light-induced chloroplast EPR eignals in this respecf.'

Fig. 2 shows EPR differehce spectra obtained froﬁ the data with washed, qu 1‘~
broken chleroplasts. (The signals have been multiplied by.a factor of two to.
facilitate compariéon.). Fig. 2A presents the difference'between the spectrum
of the dark sample treated with ferricyanide and the spectrum of the sample with
no addition. This free radical signal is due to the oxidized form of PTOO.

Fig. 2B shows the difference spectrum between the sample illuminated with 645=-nm

llght at 77 K (in the presence of ferricyanlde) and the sample illuminated with

715-nm lxght at 77 K (1n the presence of ferrlcyanlde) Thxs dxfference spectrum

indicates that a free radical is photoinduced by 645-nm 11ght. The free radical



has a g valuglof.2.0026 1_0.6062 énd a péak-tg-peak Qiéth.of apéfoiiﬁatgly
8 gaﬁss. An estimation of-the.concentration of the new light-induced free
radical, assuming §_=.1/2, gives-a valué of one radical per 330 cﬂlorophyll
molecules. Although this value is approximéte, it indicates that thé species
producing the new signal isApresent at a cbncentration'cqmparable td.thac of
otﬁer electron cransferAcarriers of the photosynthetic electron transport chain.
The findings with chloroplasts reported above indicate that the new
light-induced free radical signal is associated with Photosystem II. Additionél
support for this conclusion is based on experiments Qith chloroplast fragments
‘enriched in either Photosystem I or fhotosystem II. As shown in Fig. 3,. qu.3
digitonin chloroplast fragments enriched in Photosysteém II (D-10) show, in the
présence of ferricyanidé, no light;induced_éhanges after illumination'with‘
Tl15-nm light (Fig. 3B), but a subsequent illumination with 645-nm light (Fig.
3C) results in a largé light-induced free radical signal. In contrast, thg
digitonin chloroplast fragments enriched in Photosystem I (D-144) show no
lighc-inducéd changes after thé-addition of ferricyanide with either red or
far-red_illuﬁination (Fig. 4B and 4C). " Quantitative estimates of the spin. | Fﬂq.‘¥
concentration of the free radical compénent photoinduced in the presence of
ferricyanide in the D-10 fragments show an approximately two-fold increase
when compared to chloroplasts. The PTOO content of these fragments, estimated
ffom chemical difference spectra, was one PT0O0 per 2000 chlorophyll molecules.
This amount of P700 is far too low to account for the free radical signal
observed in the preparation after low-temperature iliuminacion. An increase

in the concentration of the new lighte induced signal relatlve to chloroplasts

was also observed w1th chloroplasc fragments enriched in Photosystem II prepared
by Triton treatment. The results.with chloroplast fragments enriched in
Phdtosystem II'étrongly support the cohclusion that this free radical is -

indeed associated with the photochemical activity of Photosystem II.



CONCLUDING REﬁARKS
The results presented indicate the existence of a light-induced EPR signal
associated with the primary photochemical reaction of chloroplast Photosystem II.
Previously, the only known EPR signal in chloroplasts related to this
photosystem was that known as “'Signal II" (2&,25);Athis component, however, does
not undergo photoreactions at low temperatures and therefore is not likely to
be associated with a primary photochemical eveat. In addition, the EPR

parameters of the new low-temperature, light-induced signal (g =-2.0026,

linewidth = 8 gauss) clearly distinguish this sigAal from Signal II (g = 2.00k4,

19 gauss).

linewidth

A light-induced free radical signal in chloroplasts at room temperature has
prev1ously been observed at oxidation-reduction potentials greater.than 4550 mV
(33) but no results were reported to 1nd1cate an association of the component
with a primary reactant of Photosystem II. Since we have not made measurements
of our light-induced change at physiological temperatures, the relation or the
reporteéd radical signal and our newly detected signal is not clear.i

Although we cannot assxgn this new free radical signal to either the donor
or the acceptor of Photosystem 11, the simllarlty between the EPR parameters (g
value and llnew1dth) of the new free radical signal and the EPR sxgnals of
chlorophyll free radicals (34,35) suggests the signal may originate from the
reaction center chlorophyll of Photosystem Ii. We have been unable to detect
any corresponding EPR change associated with the second reactant (the electron
acceptor) of the primary photoact of Photosystem II. Addltional experiments are

currently in progress to clarxfy the ldentlty of the sxgnal-produclng component

- D7 — = - —_— - — A

in the photosynthetlc electron transport pathway and to further eluc1date the -

nature of the primary photochemical act of chloroplast Photosystem II.
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LEGENDS TO- Fims

Fig. 1. Low-temperature, }ight-induced free'rédical signal in'chloroplasts
in the presence of ferricyanide. The_reacﬁion mixture contained 50 mM Tricine
(pH 7.8), 20 mM NaCl, washed, bfoken chloroplasts (0.3 mg chlorophyll per ml)
and, where present, 10 mM potassium férricyénide. (A) No additions, dark;

(B) Plus ferricyanide, dark; (C) Plus ferricyanide, illuminated at TT°K with
715-nm light; (D) Plus ferricyanide,~illumiﬂated at T7°K with 645-nm light}
First derivative EPR spectra were recorded at 77°K with the following instrument
-settings: Frequency, 9.2GHz; power, 0.5 mW; modulation amplitude, 2 gauss;
scan rate, 5 gauss/sec.

i Fig. 2. EPR difference spectra of chloroplast freé.radical signals. (A)
The difference spectrum in the dark between the sample ;reated with ferricyanide
and the sample with no addition. (B)'Ihe difference spectrum of the sample
illuminated with 645-nm light (in the presence of férricyanide) at T7°K and the
sample illuminated with 715-nm light at T7°K (in the presence of ferricyanide).
Both difference spécfrg have beén multiplied by a factpr of two. EPR spectra
were recorded at TT°K as described in Fig. 1.

Fig. 3. Low-temperature; light-inducgd EPR free radic#l sign#l in
Pﬁotosystem II chloroplast fragments in the presence of ferricyanide. -The reaction
mixtﬁre contained 50 mM Tricine (pH 7.8), 20 mM NaCl, 10 mM potassium ferricyahide,
and D-10 chloroplast fragments (0.3 mg chlorophyll per ml). (A) Plus ferricyanide,
dark; (B) Plus ferricyanide, illuminated at T7°K with T15-nm light; (C) Plus

ferricyanide, illuminated at T7°K with 6L45-nm light. EPR spectra were recorded

at 77 K as described in Fig. 1.

—_— T T e — == — = == —= R e e

Fig. 4. Low-temperature, light-induced EPR free radlcal signal in
Photosystem I chloroplast fragments in -the presence of ferricyanide; The

reaction mixture contained 50 mM Tricine (pH 7.8), 20 mM NaCl, 10 mM potassium



| o ' | 12"
-'ferricyanide, And D-1L44 chloroplast fragﬁeﬁts (0.5 mg éhlqrophyll per mi).
(A) Plus ferricyanide, dark; (B) Plus ferricyanide, illuminated at T7°K with
715-nm light; (C) Plus ferricyénidé, illuminated at T7°K with 6L45-nm light.

EPR spectra'were‘recorded ac‘77°K_as described in Fig. 1.



No addition, Dark

+Fe(lll)CN, Dark.

+Fe(ll)CN, 715 hy

+Fe(lll)CN, 645 hy

f—
10 gauss




10 gauss

L.
ol

g = 2.002




+Fe(ll)CN, Dark

+Fe(lll)CN, 645 hi‘},’

I
o

L
Y o

10 gauss

|
!

| .



+Fe(ll)CN, Dark

+Fe(ll)CN, 715 hy

+Fellll)CN, 645 hv

10 gauss






