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ABSTRACT

Spinach chloroplasts and algae evolve little oxygen in response
to the first two flashes in a'senies of 10 usec flashés spaced one
second apart, following a five minute incubation perfod in total
darkness.. A11 subsequent flashes stimulate oxygen evolution but the
quantitative yield of oxygen per flash undergoes damped oscillations
with period. four, being maximal on the third, se&enth, eleventh, etc.,.
f]aéhes. Kinetic analyses indicate that the period four oscillations
aré due to the linear accumu]atidn Qf oxidized intermediates which are
formed rapidly (t]/2§400.usec) fé]]owing each flash. Once formed,
these intermediates are stable for seconds.

In contrast to this behavior, chloroplasts which have been
inhibifed on the water side of PSII oxidize the added donor systems,

pheny1enediamine or hydroguinone, in a manner which shows neither the

- induction period nor the oscillations with period four noted in nor-
mal oxygen evolution. Comparative rate measurements. show that

- phenylenediamine gives results most clearly attributable to specific

PSIT oxidation in tris (0.8M, pH 8.0) or heat fnhibited ch]oropTasts._

When subjected to a series of saturating 10 psec flashes; dark-adapted
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tris-washed ch]orop]asts oxidize phenylehediamine on the first and
all subsequenf flashes. In the presence df\DCMU oﬁ]y the first ffash
is effectfve,_a]] following flashes give Tittle or no signal. The
onset k1net1cs for exogenous donor oxidation show half-times on the
.order of 200 péec; comparable to those found with intéct ch]ordp]asts
with water as the donor. These results are discussed in terms of a
mode]vin which donor oxidation occurs at a site close to thg primary
electron donor for PSII.

Béndwidth and hypérfine structuré measurements_of the EPR
spectrum of Signa] If, a_free-radica1 spéciés‘which is observed oniy
in_oxygenvevolv1ng photosyhthetic organisms, in spindch chioroplasts
show that fhe éigna] reflects two alternative states. One state is
characterized by a 16 G bandwidth and four partially resolved hyper-
fine componehtsQ ’The‘other stéte has 19 G bandwidth and five par-
tially resolved hyperfine components. It is possible to interconvert
these two states by changing the ionic strength of the cH]orop]ast
suspension. | ' - ‘ |

In order to perform kinetic experiments on Signal II a method was
developed which facilitates the isolation of fresh, untreated ch]brof

plasts with low dark levels of Signal II. Under these conditions a

single 10usec flash is sufficient to generate greater than 80% of the -

possible light-induced increase in Signal II spih concentration.

The risetime for this flash-induced increase in Signal II is
approximately 1 sec. The close assoéiation of Signal fI with PSII is
confirmed by the observations that red light is more effective than is
far red light in generating Signal II, and_that DCMU does not inhibit

the formation of the radical. Single flash saturation curves for the
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f]ash-iﬁdﬁqed increaée in Signal:I énd Signal II fﬁdfcate that the
quantum efficiency for Signél IT formation is close. to that for |
Signa] I. While one or two flashes (Spaced 10 mséc'apart) are quite
efficient in generating Signé1 IT, three or four flashes are much less
effectivefl,However, if this Spacing ié decreased to 100 usec, three
or.fodr f]ashes become as efficient as one or‘two flashes. From
observations of a def1c1ency of oxygen evo]ved during the initial
flashes of dark adapted ch1orop1asts, the conclusion is made that the

species which gives rise to Signal Il is able to compete with water

;fdr oxidizing equiva]ents'generated by PSII. On the basis of these

results a model is postulated in which Signal II arises from an

oxidized radical which is produced by a slow electrbh_transfer,to the

spec1f1c intermediates, 52 and S3, on the water side of P§II

In ch]orop]asts at room temperature, S1gna1 II dark decays to
50% of its tota1v11ght-1nduced Tevel in about 1 h. S1ng1e flashes
increase the sbih concentration in these aged chloroplasts but with
decreased'effectiveness compared with fresh, dark-adapted chloroplasts.
CCCP decreases the decay time of Signal II from hours to seconds
without appreciable altering the level of Signal II formed in
saturating continuous light. However, both the formation time con-
stant and the extent‘of\Sighal IT increase stimﬁ]ated by a single

saturating flash are decreased in CCCP-treated chloroplasts. These

results are interpreted in terms of the model, proposed above, in

which Signal Il is generated by oxidation-reduction reactions on

the water side of PSII.
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INTRODUCTION

Photosynthesis forms one-half of the water/oxygen cycle in
nature. Green plants and algae use water as a reductant in the
1ight—driveh process of carbon dioxide fixation.. The oxygen
released in this photooxidatfoh of water is used in reactions,
princiha]]y respirationvlinked to phosphorylation, which comprise
the second half of the sycle. In these processes oxygen is used
as an oxjdént, being reduced to water.

The evo]ufion of this cycle is both-fascinating and instructive.
In the most widely acCépted hypothesis Concerning,the evoTution of
life, the earth solidified about five billion years agd (Berkner and-
Marshall, 1964) and initially was without an atmdsphere {Latimer,
1950) . A primitive atmosphere subsequent]y arose from secondary '
sources, most notably volcanic eruption, and was primariTy composed
of water, carbon dioxide, sulfur dioxide and nitrogen along with
traCes of a number of other gases. Early work on the composition
of this primordial atmosphere has been summarized (Berkner and Marshall,
1964) and indicated the complete absehce of oxygenjin volcanic eruh-
tions. More recent observations, particularly of_the'composition of
gases emitted from volcanoes in Hawaii (Naughton et al., 1969;
Muenow, 1973), indicate that small amounts of oxygen {about 0.1 ppm)
are released from active vqlcanoes. However, the oxygen released
from primitive volcanoes most likely reacted immediately with ferrous
iron in lava oxidizing it to ferric iron (Dole, 1965), resulting in

an early atmosphere that was essentially anoxygenic. The geochemical



3-
evidence pointing to this cbnc]usion has been summarized
(Chamberlain, 1952; Rutten, 1962, 1971).
Early theoriés (see, for exahp]e, Gaffron, 1962) of the evolu-
tion of the afmospheke assUmed that the pringipa] source for.the

appearance of molecular oxygen was the photodissociation of water’

vapor. However, the work of Urey (1959) on the se]ffregulat{On of

this prbceSs by oxygen shadowing and of Dole (1965) on the rates of

hydrogen atom escape ihditate that equiTibrium for thisvphotodisso~

ciation prbcéSs was established at an oxygen concentration of'lo—3

_the present atmoépheric level (PAL) of oxygen. Therefore the cur-

rent theory. for thé prebiotic atmosphere postulates essentially a

reducing atmosphere with only traces of oxygen. Under these condi-

. tions the ozone concentration at the éarth's surface was only a' tenth

of present levels and extended to a height above the earth of one-
fourth that at present (Berkner and Marshall, 1968). ‘Since ozone
constitutes the major component of the atmosphefe shield against
ultraviolet. , the ultraviolet intensity incident upon the surface
of the earth was much higher than it is today. |

The now famous experiments bf Miller and Urey (1959) have showii

that under the prebiotic conditions described above, using energy

_inputs. of ultraviolet radiation, heat, electric‘dfscharge and radio-

activity, the simple organic compounds of the Oparin'(1938) - Haldane
(1954).organ1c soup are formed. Early attempts to detect porphyrins
1h similar experiments were unsuccessful (Gaffron, 1962); however,
recently they have been shown to occur when the methane, ammonia,

water vapor system is subjected to electrical discharge . (Hodgson and
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Ponnamperuma, 1968). A mechanism involving hydrogen cyanidé has been
proposed for this process and the catalyfic effect of divalent cations
has been noted (Calvin, 1969). Therefore the conclusion that the por-
phryin ring system, vital to both the'photpsynthetic énd the res-
piratory systems;'appeared early in the prebiotic organic milieu,
is tenable. |

The aséembly of the simple monbmeric organic compounds into
polypeptides and polynucleotides, the role of abiotic catalysis and
autocata]yfic functions in this process and the origin of functional

and informational macromolecules have been discussed by several

authors (Good, 1973; Eigen; 1971; Pattee, 1971; Calvin, 1969) . Since

this area is one of active research with several hypothetical formu-
Tations I will not go into it in any detail.

In the prebiotic aqueous phase porphyrin may have_played the
role of a rogue mo]ecu]é, feacting fo form metalloporphyrins and then
~mediating both:photochemica1 and cqta]ytic electron transfers. Based
on considerations of-re1ative abundance, Krasnovsky (1971) has pointed
out that the metalloporphyrins most 1ikely to have accurred in the
early environment are those formed either with ‘magnesium or iron.
Although the rates of the Fe (11) or Mg (I1) reaction with porphyrins
are very slow in water (Philips, 1963), once formed, both metallo-
porphyrins are thermodynamically quite stéb]e in aqueous solution
(Marks, 1969). In prebiotic bodies of water the pH is generally

thought to have been between 7 and 9 (Rabinowitz et al., 1971},

which would have stabilized both metalloporphyrins to the well known
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dilute acid dissociation. The Fe metalloporphyrin is photothemica]]y
inactive but an excellent catalyst in electron tkansfer reactions

which'prbceed with a net decrease in free energy. The Mg metéllo-

.porphyrin,'bn the other hand, is essentially a photocata]yst,

mediating electron transfers in which free energy is stored in the
products. Two characteristics of magnesium metalloporphyrins may
have added considerably versatility to these'photoreactiohs. The

first is that chlorophyll (a magnesium,meta]]oporphyrin-with a hydro-

carbon tail) is able to undergo'photooxidatioﬁ, photoreduction and
‘reversible photosensitization_reactiOhé;‘ Estigneev (1969) has -

‘demonstrated that in basic media in the presence of a fairly strong

reductant and 1ight the chlorophyll anion can be detected,IWhile in
acidic media with a suitable acceptor, the chlorophyll cation is
observed. For examp]e,'Krasnovsky (1969) has observed the chloro-

phy1l b photosensitized reduction of riboflavin by Cysteine. The

.second -characteristic is that the redox potential (redugtion poten-

tial, i.e., for the reaction M+ e - M) of chlorophyll is highly

~influenced by its environment. Similar effects have been noted for

iron-porphyrins in which both the basicity of the porphyrin ring

nitrogens and of the 5th and 6th 1igands to the iron stabilize the

“ferric state with respect to ferrous, thus lowering the redox poten-

tial (Falks, 1964). Seely and Diehn (1969) have reported the poten-b
tials for the oxidation of chlorophyll a in a number of solvents and
have found values for the‘reaction'ch1+ + e » Chl ranging from +0.75

in methanol to greater than +1.0 in t-butanol. /They also report a- 
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value of +0.60 for reduction of the chlorophyll cation to the triplet
.state. They conclude from these experiments that there must be soine
mechanism for nucleophilic stabilization of the Chi cafion by solvent .
molecules. It is important to note that unstabﬂized.Chl+ has suf-
ficient energy to oxidize water, a]thoﬁgh to date this has not been
demonstrated in vitro experimentally. |

A second class of electron transfer catalysts also may have
evolved prebiotically. These are the non-heme iron compounds of
which ferredoxin is tﬁe best known example. They consist essentially
of an iron-inorganic sulfur “fock” (general]y Fe282 or Fe454) Tinked
via cysteinerthiol groups to a polypeptide chain (Carter et al., 1372).
Granick (1965) has presentéd a model for their abiogenesis in which
the first step 1nv61ves FeS and FeS2 cluster formation in monolayers
on solid surfaces. The ferredoxins haVe very low redox potentials,
generally in the range -0.2 to -0.5 volts, and are able to function
as one (plant photosynthesis) or two (bacteria] photoﬁynthesis) elec-
tron carriers. Two excellent summaries of the properties and func-
tions of known ferredoxins have appeared (Ha]i and Evans, 1969;
Libpafd, 1973). | 7

The picture emerges, then, that in the prebiotic oceans cbn-
siderable photochemical and catalytic electron transfer reactions
occurred. These reactions, along with ultraviolet-mediated photo-
reactions and perhaps catalysis on clays, led to a divefsification

of the prebiotic hydrosphere. Had appreciable amounts of oxygen

been present'under these conditions it would have had severe inhibitory
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effects by providing. an oxidizing pathway resulting in an extremely
stable final product, water. This arQUment has been cited as evidence

for thé anbxygenic character of the primordial atmosphere (Berkner

‘and Marshall, 1964).

Electron franéfer.reactions, catalyzed by primitive enzymes
similar to those described above, mdst'1ike1y brovided the energy

sdurée for ‘the first primitive cells. The method by which the energy

“in these reactions was conserved is uncertain; however, a nuiber of

‘considerations bear on this question. In today‘s biosphere, energy

conservation occurs through'the coupled phosphorylation of ADP to
ATP catalyzed by a membrane bound coupling factor with ATPase

activity [F] in mitochondria, CFi in chloroplasts (Beechey and

Cattéll, 1973)]. Whether this energy conservation is mediated by

-a specific high energy intermediate (Chance, 1972) or a transmembrane

potential gradient (Mitchell, 1968) is an area of active research at
present. However, the complexity involved in the membrane bound phos-

phorylation system indicates that perhaps a simpler system was origi-

nally used. A number of authors have suggestedvthe orthbphosphate

(Pi) - inorganic pyrophosphate (PP{) system as a candidate for pri-

mordial energy conservation. This assignment is based both on. the
simplicity of the PPi phosphorous—oxygen-phosphoroué lTinkage and the
demonstration of the occurrence of éPi in prebiotic model systems
(Schwaftz,‘1972; Miller and Parris, ]964). Support for this hypothesis

has come from the "metabolic fossil" demonstrated in the photosynthetic

bacterium, R. rubrum. H. Baltscheffsky (1971) and M}_Baltscheffsky
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- (1969) have shown that under certain conditions, chromatophores
(iso1ated membrane fragment vesicles obtained by sonication of the
intact bacterial cell) produce.PPi’from Pi ih a lightédrjven'roacF - .
tion and that the PPi formed can be coupled to energy requiring | v
dark reactions via a pyrophosphatase.
The firsf.organisms orobably were not photosyhthetic; ratner
they were ab]e_to oOuplé primitiﬁe cell. processes vio the Pi - PP
system to the transfer of e]éotroné from the highly reduced organic
compounds 1in the'envjronhent to less reduced moelcular sinks. Broda
(]970, 1971)‘has pointed out that these organismslmay'have resembled
thé hydrogen fermenters, typified by the clostridia found in today's
biosphere.  He bases this hypothesis on the fact that clostridia are
obligate anaercbes and further on the fact that théy are completely
devoid of»hehe. Therefore the earliest orgaoisms may have used only
the‘non-hémeAironvand flavin compounds in an e]ectron transoort
chain coupled to PPi formation. In ]ight of the hign potentials
discussed above involved in magnesium porphyrin oxidation, this for-
mulation is pleasing in that it allows 1ife to appear without the
complexity involved in first developing the controlled environment
in wnich chlorophyll photooxidation occufs (Philipson, 1972) and
theh,coup1ing én electron transfer chain with the photochemistry. -
Within this hypothesis the rise of photosynthetic organisms .
would be triggered by the depletion of substrate suitao]e for fer-

mentation. (It should be mentioned at this point that an alterna-

tive view, i.e., that photosynthesis was the first 1ife process,
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has been‘postulatedv(Granick, 1965, Gaffron, 1965) . However, the
‘arguménts'cited in the previous paragraph indicate that tnis was
unlikely.) This evolutionary step may have occurred sinply by replacinq
the exogenous electron donors to ferredoxin wifh the cOup]ed bhoto—
reduction of ferredoxin and photooxidation of a My porphyrin. Iron
heme éompounds-would have then rereduced thé oxidized chlorophyll.
Ih its earliest operation this type of photoactfvity'probably served
only td provide energy for phosphorylation. The oxidized reme con-
pounds would have served as excellent terminal acceptors in this
1ight-driven “fermentation” reaction and thus a cycje developed:
1ight;induced Ch1 oxidation andvcoup]ed non-heme iron reduction fol-
Towed by successive electron transfer via flavin aﬁd quinone to the
heme. Phosphorylation would have been coupled to the dark‘(non—
light-driven) reactions; the energy conserved would have been used
for the éséimi]étion of exogenous organic compounds.

Considerable evidence supporting the role of a ferredoxin-like
mo]ecuTe‘as the primary acceptor (the primary acceptor and donor‘are
the first stable chemical species observed following lignt-induced
charge Separation) 1n bacterial photosynthesis and in Photosystem I
(see below) has accumulated. Using EPR techniques, Malkin aﬁd
Beardeh (197]).have'$hown the occurrence of an EPR signal (g = 1.94),
characteristic of non-heme iron proteins, upon illuminating chloro-
plasts at 20°K. Simi]érly,.Leigh and Dutton (1972; have observed a
light-induced EPR signal (g = 1.82) 1n'bacter1a. Stoichiometric
meésurements indicate that these signals appear in a 1:1 ratio with

the spin signal arising from the oxidized reaction center Chl (Bearden
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and Malkin, 1972). Furthermore, chemical reduction of the g = 1.82
signal 1n bacteria prior tolfreezing leads to a loss in the light-
induced oxidized reaction center signal. In these low temperéture
experiments it is assumed that only thevprimary donor and acceptor | S
are produced and'that secondéry é]ectron transfers:do not occur.

The absorption characteristics of the magnesium porphyrin
1hvo]ved in this cycle is uncertain. The Chl in present day higher
plants and,a]gae has absorption bands in the blue (440 nm) énd red
(680 nm), while BCh1 absorbs at 370 nm, 590 nm and in the region
around 850 nm. Olson (1970) has presented evidencé, based on the
biosynthesis of BCh1, indicating that a form of_Ch]lsimilar to that
found in bjueégreen algae was first used in photoreactions. The
control of fhe redox potential of the oxidized Chl in the photo-
active centers (reaction centers) of these organisms may have been
achieved in two related wéys. Spéctrbscopic work (Sauer tal.,

1966; Katz et al., 1963) has shown that Chl in suitable solvents
(e.g., CC1,) can exist as dimers and the in vivo circular dichroisn
of reaction centers from bacferia and higher p]ants have indicated
that the.ChT‘ﬁ01ecu1és in these centers are Coupied by exciton inter-
action (Philipson, 1972). Katz and Norris (1973) have presented
arguments: based on NMR studies with Chl model systems, which indi-
cate that Chl dimerized via water may éxhibit spectral characteris-
tics similar to one of the reaction centers in plants. Thus it

appears that the nucleophilic stabilization of Ch1" discussed above

"may occur in reaction centers by dimerization via a nucleophile.
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The second mode of'stabilization may be the_de]oba]ization of the

~ positive charge over the two molecules in the dimer. Feher (1973),

using ENDOR techniques, has shown that in the oxidized”reaction  

center of R. spheroides the positive charge is delocalized over two

~ BChT molecules. This charge delocalization would also tend to

stabilize the oxidized reaCtioh center. Further consideratighs on
the stability of the reaction.center will be discussed below.

Three mechanisms evolved to stabilize and funnel the photo-

chemistry of the reaction center into energy conserVing rather than
‘photodestructive reactions. The first involved the build-up of a
i]arge quinone pool of intermediate redox potential (+0.04 V) (Reed

et al., 1969) which functions to maintain the heme in the reduced

state. This type of arrangement appears to be universal .in photo-

synthetic bacteria and in Photosystem [ of green plants, i.e., a

'g;type'cytochrome is oxidized dikect]y by the reaction center and

the 0xidized Cytochrome is subsequently- rereduced by electrons sup-
plied by a large pool of quinone (generally 10-20 molecules per

reaction center). This arrangement insures that a large concentra-

- tion of oxidized, and therefore reactive, Chl does not occur. The

second protective mechanism involves the development Qf kinetic

. balances such that the oxidation of the cytochrome occurs rapidly

(t1/2 = 1 psec) (Parson, 1968). If the reaction center is not

'rereduced.by the cytochrome, the reduced-primary'acceptor back

reacts in a time (30 msec) (McElroy et al., 1969) long with respect

to the oxidation of the cytochrome, but short enough to prevent

accumulation of oxidized Chl. The third mechanism was the developnent
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of carofenbids. 'Presumab1y these pigments first functioned in
energy transfer (see below), but with rising oxygen concentrations,
they assumed the function of Chl triplet state quenchers and served
to prevent nonspecific Chl triplet state photooxidation. Clayton
(1965) has pointed out that carotenoidless mutants’of’photosynthetic
bacteria are able to grow anaerobically in the 1ight,'but in the
presence of oxygen and light, massive photooxidation occurs. |

, The chcebt of the photosynthetic;unit,.first developed from
the experiments of Emerson and Arnéld (1932), indicates a further
refinement of the emerging photosynthetic apparatus. The pigments
in photosynthétic organisms have attained a kind of division of
labor: The majority of the pigments do no phétochemistry but serve
to funnel 1fght energy to the specialized reaction center Chl. This
quite probably occurred ear]y'in the evolution of photosynthesis,
perhaps in response to diminished light intensity due to the pro-
liferation of light absorbing organisms; .A second response to this
competition may have been the development of a multiplicity of Ch]
forms with differing absorption spectra and evehtua]]y the incor-
poration of secondary pigments (e.g., carotenes and phycqbilihs) to
assist in the collection of Tight. Rabinowitch ahd'Govindjee (J969)
-discuss both the structure of these pigments and the.modes of energy
transfer. Also of interest is the recent work of Geacintov et al.

(1972, 1973) on the orientation of Chl in vivo.

. Many of the modifications and develepments of the photosyntnetic

apparatus described above may have occurred when the only Tight-driven
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reaction was cyclic phoéphoky]ation. However, as the supply of

organic'substratevsuitab]e for photoassimilation was depleted, the
exploitation of other carbon sources became neceséary; This evolu-
tiohary Streés appears to have been met in a number of ways. The
major classes of photosynthefiC‘bacteria.arév]isted in Table 1 (p.32),
together with a number of their characteristics. As shown under tne
column Tabeled "carbon source" the three classes of bacteria have
retained the‘ability fo photoassimi]ate‘organi; compounds. Whether
this is medfatéd by reversed electron flow via ATP hydko]ysis or by
11éht-induced non-cyclic generation of a reductant is uncertain at
present (Gregory, 197T). However, all three c]asses have also
deve]oﬁed‘methods of fixing carbon dioxide. This is accomp]ished

in one of two ways: either the reductive pentose cycle (Calvin and -

Bassham, 1962) or the reductive citric acid cycle (Evans et al.,

- 1966). The pentose pathway is the same as that found in algae and

green plant carbon dioxide fixation' and reqdires NADH and ATP, the 4
reductiye citric acid’éyt]e is essentially a reversed Krebs' cycle
and requireé reduced ferredoxinva1ong with NADH and ATP.

Before these two carbon fixing pathways could evolve, however,
a hydrogen source is required for the light-driven NADH reduction.
(The demonstration of a direct NAD non-cyclic reduction in bécteria]
systems is ticklish; in whole cells substrate photoo*idation and. NAD
reduction can be observed (Amesz, 1963) whereas ih chromatophore
prebarations NAD_reduction appears to proceed by reversed (ATP
dependentf electron flow (Vernbn, 1968). Dutton and Leigh (1973)

have recenp]y&reported that in purified reaction centers of R. rubrum



RV

the midpoint potential of the g = 1.82 EPR signal, which they claim
| afises from thetpriméry acceptor, is -40 mV and not pH dependent.
However, in chromatophore preparations from the same organism, this
midpoint pdtentia] is lower (-100 mV at pH 8) and pH dependent. It
is quite possib]e_thén that in fractionating intact cells, to obtain
chromatophores, similar alterations in thé chemical environment of
| the ndn—cyc]ic NAD~reduction meéhanism may oécur. For example,
.chromatbphorés\exhibif ubiquinoné_behévior méfked]y different from
fhat obséfved in‘who1e cells (Vernon, 1964) . Therefore the use of
chromatophore preparations in studying electron transfef is ffaught
with artifacts. |

In-bacteria the hydrogen source for NAD'reductidn appears to
have evo]véd in two'distjnct directions. The first, and perhaps the
more primitive, utilizes a wide variety of organic compounds as sub-
strate for photoqxidation reactions. Van Niel (1941) has studied this
reaction extensively and 11$ts 12 organic acids (from two to nine
-carboh compounds) and a number of alcohols upon which bacteria may
grow. The onTy products of these oxidations are carbon dioxide with

the acids and acetone with the alcohols. This pathway is uséd exten- -

sively by the purple non-sulfur bacteria (e.g., Rhodopseudomonas spheroides,

Rhodospiri]]um rubrum) and may have evolved by coupling exogenous

orgénic reductants via flavoprotein dehydrogenases td the quinohe _
pool. Horio and Kamen (1970) have noted that organicvsubstrates reduce
this pool in fhé'dark in present day R. rubrum. This mechanism repre-
sents a simp]e extension of the protective role postulated above for

the ubiquinone pool.
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The second invb]ves iﬁe photooxidatiqn'of inorganic sulfur com-
pounds. Photosynthetic bacteria can be divided into two Classes
based oh-this_sulfur'metabolism; The simp]er are the gréen sulfur

bacteria (e.g., Chlorobium thiosulfatdphi]um) which are able to

~oxidize hydrogen sulfide or sodium éU]fide to elemental sulfur.
Van Niel (1941) has pointed out that these organisms are unable to
 oxidize the éulfur to higher oxidation states. In marked contraét

to this behavior is that exhibited by the second class, the purple

su]fur bacteria (e.g., Chromatium), which are able to oxidize hydro-
gen suifide (S = —é) to sulfate (S = +6). Thié_oxidaﬁion appears to
proceed via two electron stéps since the purp]e'squur bacteria will
also metabojize elemental sulfur (S = 0), thiosulfate (S = +2) and
sulfite (S = +4) with sulfate (S = +6) as the end product. The
characteristics of these processes will be dealt with in some detail.
“The development of substrate oxidation by the pUrp]e nthSu]fur
followed by the green sulfur bacteria may have been the initiation
of the evolutionary process leading to water oxidation in algae. The
pufp]e bacteria use BChl a as both the major anténna and reaction
center pigment (P890 or P870) and consequently absorb maximally in the
~region 800-90C nm. (Reaction centefs are usually desigﬁated as. "p"
followed by the wavelength of maximum bieaching upon the photooxida-
tion of the reaction center.) The green bacfefia, on the other hand,
contain a form of Chl (Chlorobium Chl) which absorbs between 700 and

- 800 nm and subsequently transfers energy to the reaction center, P840,

“which is postulated to be a typical BChl a molecule (Olson, 1970).
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Green bacteria show similarities to the ox}gen evolving blue-green
and green algae, especially in the‘organization of the membrane
(Fowler et al., 1971), and may have been the more inmediate precursor
to oxygen evolving a1gée. In this formulation the pUrbTe su]f@r.bac—'
teria would be an evo]Qtionary refinement to the sulfur metabolism
of the green bacteria and have presented a combination-ofvthe func-
tions of thé_green and purple non-sulfur bacferia. Recent work
(Kennel et al., 1972; Thornber and 0lson, 1971) indicates that
depending on the redox poise of the environment the purple sulfur
bbacteria, Chromatium, can dxidize either succinate, a reartion typi-
cal of purp]é non-sulfur bacteria, or hydrogen sulfide, a reaction
charactéristic of green bacteria. Thus the purple sulfur bacteria may
have evolved from a purple non-sulfur bacteria by incorporating sulfur
photooxidation. This 'is strengthened by the observatfon,?mentioned
above, that purple sulfur pacteria are able to use the waste, eieméh-
tal su]fur,:bf green bacteria photosynthesis as substrate.

The cytochrome comp]emeﬁt involved in these three types of bac-
terial photosynthesis offer insights into the mechanisms of the photo-
oxidations. (Before proceeding into this tbpic, however, the reader
shou]d-be warned that the subject of bacterial cytochromes is oné-
that borders on chaoé.) In photosynthetic bacteria there are bbth‘
respiratory and photosyhthetic cytochromes which must first be
sorted through. In addition, I have encountered four types of
classification for the photosynthetic cytochromes: (a) according

to Soret band absorption maxima,(b) according to alpha band maxima,

(c) according to midpoint redox potential, and (d) one that appears
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to me to be completely random (e.g., cyt Coo cyt cc', cyt B). For

this subject a scorecard is a necessity. The purp]é non-sulfur bac-

teria contain both ¢ and b type cytochromes. c¢-Type have alpha band

maxima around 550 nm, and the heme is bound covalently via reaction

~of the heme viny] groupS‘with cysteines of the polypeptide. b-Type

are usua11y;bf lower potential than c-type, have -alpha band maxima

around 560 nm and the heme is not bound to the protein covalently.

" Dutton and Jackson (1972) have studied the electron transfer reactions

in R. rubrum and R. spheroides. Using the succinate/fumarate couple

) as'substrate; ubiquinone is reduced via a flavoprotein and the ubi-

’ quinbne 15 subsequently oxidized via cyt b and cyt ¢ by the reaction

center. Note that this reaction sequence is quite similar to mito-

chondrial electron transport in which the sequence is succinate,

flavoprotein, ubiquinone, cyt b, cyt c, Cytochrome oxidase and oxygen.

The sulfur metabolizers contain only c-type cytochromes. In

- Chromatium, cut Coer is a highvpotentia] (Em7 = +0.34) species

(Thornber and 0lson, 1971) and appears to function along with cyt cc'
in cyclic and organic substrate photooxidation reactions (Gregory,
1971). These bacteria also contain a lower potential cytvc55o‘(Em7 =

+0.04) which is functional in sulfur metabolism. The green sulfur

'bacterium,_QL thiosu]fatophiium, also contains a low pdtential cytb-‘

chrome, cyt C553 (Em7 = +0.098) (Bartsch et al., 1967) which is

similar to the low potential cyt Coiop of Chromatium.

" These two 10w-potentia1 cytochromes, cyt Coep of Chkomatium

and Coe3 of Q;_thiosulfatbphi1um have three quite interesting pfoperties.

They appear to be the site of sulfur interaction in the two bacteria,
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they are oxidized directly by the reaction center (Hind and Olson,
1968) and they cdntain in addition to heme, a flavin molecule
(Bartsch, 1968). Also important is the fact that similar hene-
flavin-proteins have not béen fsd]ated from purple non-sulfur bac-
teria. Cyt Cepo from Chromatium contains heme to flayin ina 2:1
ratio whereas cyt-é553 contains only one heme and one flavin. This
may be crucial to the ability of the purple bacteria to oxidize
sulfide to sulfate, whereés‘the'green bacteria are able to oxidize
sulfide only to elemental sulfur. Unfortunately, little further work
appears to Have beén done with these cytochromes. We may attribute;
at least tentatively, the following chafacteristics to bacterial sul-
fur metabolism: (1) su]fur'compoundS'are oxidized in two electron
steps; (2) a flavo-heme-protein appears'to be the ihteraction site;
(3) although these cytochromes are of re]ative]y']ow'potentiél,'there
~do not appeaf to be intermediate carriers between the cytccnromes and
the reaction center; (4) b-type cytochromes do hot occur.

Hith,the rise of sulfur metabolism and the accumulation of sul-
fate-and partié]]onxﬁdfzed 1ntermedfate in the, as yet, anoxygenic
envirpnment; the process of respiration became possibje. Although some
present day respfrers are able to use fumarate as a terminal oxidant
in réspiration via a f]avoprotein (Singer, 1971), thisrfumarate is
usua]Ty of a non-photosynthetic source, e.g., glycolysis, and there-
fore may not have been present at high concentration in the early
biosphere; Sulfate, however, was produced in high COnCéntration by

photosynthétic organisms and its reduction in respiration would have

provided a sulfur cycle similar to the water/oxygen cycle in operation
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todéy. Remnants from this earlier stage 1n‘evo]ﬁtien exist today
and reduce sulfate via an electron transport chain consisting of
‘flavbproteins,»Cytochrome and ‘a terminal sulfate (or sulfite)
reductase (Dolin, 1961). This terminal reductase and a similar one
involved in nitrate-based respiration appear to be complex flavo-
proteins (up to eight flavin mo1chfes‘per proteih) which a]se coh-
tain non-heme iron'(Mah1er and Cordes, 1971) This su]fur cycle
may have been long- 11ved, its deve]opment 11m1ted only by the. |
15carc1ty of sulfur. Upon reaching this 11m1t’the stage was set. for
‘the déve]opment of oxygen evolution. |

| . The reduct1on potential for oxygen is +0 82 V.at pH 7 (Lat1mer,
1952). Therefore photosynthetic organisms capab]e of ox1d1z1ng water
must-develop a mechanism which generates an oxidant of higher poten-
tial thanvthis. -They have alse retained the ability to genekate a
reductant with a potential 1ewer then ferredoxfn (Em7 E -O.5)ﬂv The
f}ee energy available from single quanta of red'light, which drives
“green plant and algal photosynthesis quite effectively (SUn, 1971),
is insufficient to span this 1.3 V potential ranée:(ROSS and.Calvin,
: 1967) The prototype algae which evo]ved from the bacteria overcame
this thermodynam1c difficulty by arrang1ng two chlorophy]] photo-
oxidation-reduction reactions in series. One generates the high
potenfia]boxidant which oxidized water and simultaneously supplies\
a weak reductant to the other photoreaction which reduceévferre—
doxin. The feactions, both Tight-driven and dark steps,'Whieh
generate oxygen, have been labeled Photosystem IT (PSII) and the :

reactions which reduce ferredoxin, Photbsystem’I (PSI). Photosystem_
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hés many bf the characteristics of bacteria] photosynthesis. P7OO’
the reaction center jn PSI, is reduced vfa a c-type cytochrome (unfor-
| tunateiy designated cyt f, the "f" coming from the Latin for leaf,
frons) by a large quinone pool, there is a phosphorylation cycle
around PSI, and NADP is reduced via a non-heme iron pfbtein which
_appears to be the.primary accebtor (Malkin and Bearden, 1971; Bearden
and Malkin, 1972). - |

As shown in Table 1, the redox propertfes of P700 are very close
to thosé for the bacterial reaction centers and consequently far
short of the +0.82 necessary for PSII oxygen evo]ution.. In order to
~gain. an insight into the bropérties of the reaction center Chl for
PSII; especially its high redox potential, consideration of the
properties of these lower potential reaction centers is fruitful.

Three main lines of attack have been app]iéd in attempting to
’underétand_the structure and'functiona1ity of these species. The
first has beén eitehsiVely deve]oped‘by Sauer and coworkers (Sauer,
1973; Philipson, 1972) and involves the application of circular
dichroism techniques to purified and partial]y purified reaction:
center preparations from green plants and bacteria. -The technique
is very sensitive to protein conformation and intermolecular inter-
actions betwéen the- chlorophylls. Denoting‘the chjordphy]]_comp]e-
ment as P and the primary'acceptor as A, the bleaching observed in

photooxidizing the reaction center can be presented as

_ secondary :
PA vy pfam 75 pfp
acceptors
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Chemical oxidation of the reaction center may be represented as
| - chemical +
PA ————> PA
oxidant
To date the CD technique has been extensively applied 1n_studyfng
the Chl conformations in the PA complex. Upon oxidation, the absorp-
tions due to the photooxidizab]é Ch1 are bleached ahdrthe interaction

of the unbleached Chls in the reaction center, P+A, can be studied.

The results from these studies have shown extensive exciton interaction

between the Chls in the reaction center, part of this interaction
remains even after photooxidation. As yet the interactions of the
oxidized Chl in the reaction center, P'A, which absorbs at 1250, 1140,
980 and 420-450 nm in bactérial reaction centers (Clayton, ]962) and
at 815 and 750 nm in PSf (Inoue et al., 1973), have not been examined
with CD. Research into this area is currently underway.

The second technique, which employs EPR techniqués, has been
developed by Katz, Norris and coworkers (Katz and Norris,'1973; Norris

et al., 1971) and by Feher and coworkers (McElroy ggigj;, 1972, Feher,

1973). The method is essentially complementary to the CD measurements

in that the unpaired electron of the oxidized Chl in the reaction

centervP+A is observed. This allows statements about the inter-

‘actions of this oxidized Chl to be made. Norris et &l. (1971) com-

pared the EPR signal arising from oxidized P7OO with the signal from

a number of diidized Ch1 model compounds and, basing their arguments

on theoretical line width considerations, cdncluded that P7OO+ best

fit the assignment of (Ch]-HZO—CM)+ McElroy et al. (1972) concluded,

on the basis of line narrowing in P870" (tH = 9.4

RIS

0.2 G) compared to
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monomer BCh1' (aH = 13.0 * 0.2 G) in yitro, that the in vivo signal
probably arose from a dimer. More recently, Feher (1973) has reported
that app]ication of the ENDOR teéhnique indicates that the unpaired
electron in,fhe R. spherogides oxidized reaction center is de]bcalized
over two BChl molecules. |

- The final technjque, aTso baséd on EPR, has been developed by
Dutton'and Leigh (1973; Dutton gg_gi;,_1972) and ‘involves chemical
reduction of the primary accéptof and subsequent observation of light
interaction with the reaction center PA". Under these conditions

and at 16w témperatUre, EPR signals characteristic of the triplet
state are obserVed fo]Towing é laser pu]sé. The quantum yield for
this triplet is higﬁ; N}aight ggvgl;'(1973) repoftéd a value of 0.9.

The picture that‘emerges_from these studies-is'that the Chls 1in
the reaction center of bacteria and PSI interact extensiQe]y and are
able to funnel ehergy efficiently via exciton tranSfer to the photo-
oxidizabTevcénter. 'Cﬁarge separation may occur via'fhe reaction
(Ch1+—H20-Ch1') (Katzvand Norris, 1973). Fo]]owing.reduction of the
primary acceptor the oxidiied Chl may be stabi]ized by both the nucleo-
phile, H20, and delocalization over the dimer as(Ch]—HZO-ChT)+.

The reaction center of PSII most Tikely evo]Qed from‘the structure
postulated above. Olson (1970) has pointed éut that two adjacent photo-
systehs in an é]ga] precursor may have been in communication via a
shared quinone pool. 'Initia1]y these two photosystems may have con-
tained reaction center Chl arrangements similar to the structure

described above and one of these may have gradually moved upward in

redox potential by controlled destabilization of the Chl cation.
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O]son (]970) has suggested that this destabilization occurred in
small steps and that various n1trogen compounds served as electron
donors to the emerging Photosystem II. The fact that organisms wh1ch

use nitrate as terminal respiratory acceptor are functional today

~(Dol%in, 1961) may- be taken as support for this hypothesis. Opposing

this view, however, is the failure to observe any photosynthetic
organisms with nitrogen compounds as electron donors.

'The mechanism of the controlled destabilization of.the Ch1

‘cation to generate an.oxidant capable of osidizing water is not at
all understood. In fact, little is ‘known about the architecture of

~ the reaction center of Photosystem II (Clayton, 1972). However, the

results of three sets of experiments allow at least speculative
statements to be made about the sequence of events resu]ting in fhe
reaction center of PSII. The'first is that the Chl absorbance in
the PSII reacfion center is blue-shifted compared to P700. Action

spectra show that the quantum efficiency for oxygen evolution is

close to one electron transferred through PSII per two photons

absorbed at 678 nm but that this efficiency drops rapidly in moving
farther to the red. Photosystem I, on the other hand, shows a nigh
quantum efficiency even in 700 nm light (Sun, 1971);' In addition,

a bleaching in the region 680-690 nm, first observed by Doring et al.
(1967, 1969) has been tentatively attributed to the reaction center
of PSII and designated P680 (Floyd et al., 1971). However, Butler
(1972) has pointed out the danéers due to fluorescence artifacts 1n

this measurement and notes that the concentration-of P680 measured

by Floyd et al. corresponds to 1 1000 Chl. Van Gorkom and Donze
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(1973) have provided an explanation for the low P680 concentration
jn terms of a biphasic detay (t]/2 = 35 usec'and 200 psec) for the o
reduction of the oxidized reaction cénter.
~Malkin and Beraden (1973) have recently observed an EPR signal
which_they have suggestedfmay be assbciated with the reaction center
ch]orophy]T of PSIT. The spectrum for the éigna] is very similar to
fhat obsefved for the EPR spectrum of P700" in Q_va]ue, linewidth,
and abSence of hyperfiné sfructure. vPre]iminary'Quantitative measure-
menté indicate that thié spin signal is present in the concentration |
1:330 Chl. | |
 The sfmi]aritieﬁ between the signal reported by Malkin and
Bearden and P700. indicate that the Unpéired:electrOn of the oxidized
Chl in the reaction centers of PSII and I exist in simi]ar environ-
ments. 'This implies that in P680" the e]ectrdn is delocalized over
a dimér. Tﬁe b]uQ:shift, however, may indicéte that the water which
was postulated above to be present in the P700 reaction-center has
‘been'réplaced in P680 by an alternative, ahd less ﬁuc]eophi]ic, ligand.
'Kétz and Norris (1973) have presented a number of Chf—]igand'mode1
compounds of the form;—L—Chlz—L— which show characteristic abéorptionv
in the region 680 to 690. Unfortunately, no work appears to haQé
been done investigating the effect of the varfous ligands on the
redox potentfa] of the Chl dimers. Free radicals of these compounds
were prepared and had linewidths from 1 to 3 gauss wider than the iﬂ;gixg _
signal.
The third set of experiments involves the observation that the
reaction center of PSII appears to function in a hydrophobic environ-

ment. In untreated chloroplasts only hydroxylamine_(Cheniaé and
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Martin; 1971) and hydrogen peroxide (Inoue and Nishimura,‘1971;
Babcock, unpublished results) have been found to cémpete with water
for oxidiéing equivalents generated by PSII. Reagénts, such as
pheny]enediamine, hydroquinone and ferrocyanide, appear to be
excluded from the PSII reaction center in intact ch]orop]asts; An
earlier report (Cheniae and Martin, 1970) that ascorbate is able to
overridekoxygen evolution appears to be an artifact resulting from
the“ability of ascorbate to reduce superoxide (Allen and Hall, 1973).
'In Cdntrast, P700 operates in a much more polar environment. Redox
titrations of P700 have been performed using the ferri/ferrocyanide
couple (de, 1961), and electron donors such as dichlorophenylindo-
pheno] and tetramethylphenylenediamine appear to have_direct accéss
to the reaction center. Therefore in the process ¢f its evolution
the reaction cénter of PSII appears to have mdved into a more hydro—
phobic environment.

Krassner (1973) has studied the effect on the redox potential of
iron-porphyrin compounds exerted by the polarity of the Tocal environ-
ment. He concludes that the high redox potential of the heme in cyto-
chromes compared to model heme complexes may be accounted for by the
non-polar nature of the heme environment within the'prOtein. There-
fore a second mechanism involved in the destabilization of the oxidized
reaction in PSIi may be the hydrophobicity of the environment.

The evolution of water oxidation and concommitant oxygen release
~required the development of three interacting systems. We Have con-

sidered the first, generation of a strong oxidant, in detail above.

The second system is an organized mechanism which reacts quickly and
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specificially with substrate water. This will be deé]t with now
and the third, protection of cell constituents from photooxidation,
will be considered below.

As postulated above, the oxidation of watef occurs most probably
Vin a ﬁydrophébic environment. It.has'been known for some time that
nonpolar moieties have é Structuring effect on water which.can be
obsérved as an entropy deckea;e (Franks and Evans, 1945). Whether
‘thiS“effect has é direct stabilizing effect on proteins as_suggestedv
by Klotz (1965) or leads to‘the formation of hydrophobic bonds as |
suggested by Kauzmann (1959) and Scheraga (1964) has been recently
discussed (Tajt and Franks,v]971). A structure has been proposed
(Richards, 1963) for the protein ribonué]ease in which the depreésion
in the surface of the molecule contains highly structured water mole-
cules. Such a structure is envisioned for the site of wafer oxida-
‘tion'in PSII. The ordering of the water mblecu1es by the hydrophobic
site would faciiitate, and may be necessary for, the formétion of
intermediates leading to the release of mofecu]ar oxygen. This model
exp]ains the observéd fnhibition of-oxygen evolution in'chlorop1asts
by chaotropic agents such as perchlorate anion, nifrate ahion, urea
and guanidine (Lozierr_g‘gl;ﬁ 1971). These agents are bostulated to
disrupt hydrogen bonds in water, subsequently making hydrophobic
regions of prcteins more accessible (Von Hippel and Schleich, 1969;
Hatefi and Hanstein, 1969). These reagents; howevef, do not appear to
disrupt photosynthetic reactions other than oxygen evolution since
exogenous donors, hydroquinone and Mn+2, are able to donate electrons

to the reaction center with subsequent NADP reduction in this non-
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oxygen evolving chloroplast preparation. Simi]ar1y, the oxygen
:evolving apparatus is disrupted by heat treatments (Yamashita and
Butler, 1968) at times and temperatures (50°C, 3 min) which dd hot
disrupt,NADP reduction Qia PSII by'eXOgenous donors. The model is
“also consistent with.the HZO18 experiments performéd by Kutyurin
(1971) from which he concludes that significant amouhts of bound water
exist in the .oxygen evolving mechanism.

The oxidation of water to molecular oxygen is.a four electron
process. Nifhin the postulated hydrophobic site for water oxidation
thé,accumulation of fhese four oxidizing equiva1ents could occur in a
number of ways. Three of the models will bé,describéd here. In the
first, four PSII reaction centers, each storing one oxidizing equiva-
lent per photon -absorbed, would coopérate to provide the four oxidizing
equiva]ents necessary to oxidize water. In the_sécond model, coopera-
tion is postulated between twd PSIT reaction centers, each of which
"is able to store two oxidizing equivalents. A model of this type hasv
been prdposed by Joliot et al. (1969) and involved the generation of
atomic oxygen in a tWo electron oxidation process which occurred in
each PSII center. Two oxygen atoms then reacted to form molecular
oxygen. In the third'model, each PSII center would act independently,
accumulating oxidiéing equivalents linearly with phstons absorbed,
unfi] a tbta] of four have been stored. |

If single flashes of light, short enough so that only a single
"electron can be transferred through each PSII reaction center, are

given, the measurements of the oxygen evolved in response to each

flash should indicate which of the above mechanisms occurs. For
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example, with four reaction centers copperating, maximum oxygen
should occur on the first flash. This experiment has been pérformed
in a number of Taboratories (Joliot et al., 1969; Kok et al., 1970;
Weiss and Sauer, 1970; Weiss et-al., 1971; Babcock, thié work, Sec-
tion 1I1.3) and the observation (see Fig. 3, this work) has been that
little or no oxygen is evolved on the first two f]ashes, max1ma1
amounts on the third and fourth and shbsequent damped oscillations
with périod fbur. Kok et al. (1970) have presented a kinetic model for
this process in_which charge accumulation occurs independently within
each réaction center.  The indepeﬁdent action of reaction centers Has
also been shown in oxygen evolution experiménts on partially inhibited
¢h1orop1asts (Kok g;_gl;) 1970), on manganese deficient (see be]ow)
algae (Cheniae and Martin; 1973) and from f]uorescence measuréments
(Jo]iot‘gg_gl;J 1973). In order to account for the high yields of
oxygen resulting from the fhird flash, Kok’gg al. (1970)'postu1ated
that the one electron bxidized state, as wei] as tﬁe completely
reduced State,’was stable. Denoting the oxygen evolving centers as -

§thd its oxidation state by subscript, the Kok et al. model can be

summarized as

‘ ' hv ' H.,,0
TN vy hv »
STO > 5w Sp v 33 T JS4 Co
2

SO’ S] -- Dark stable

Part of the work presented in this thesis deals with the kinetics of
formation and decay of the intermediates presented in this scheme.
The electrons removed from the water side of PSII via P680 reduce

the primary acceptor for PSII which is subsequently reoxidized by

W



-29-

oxidizing equfvalents generated by PSI. Recent work (see Butler,
1973, for an excellent summary) has associated this primary acceptor
wﬁth a sbectra] band shift around 550 nm, hence the designation of
this.acceptor as (550. -

| USing the flashing iight technique it has becdme possible to
study the behavior of PSII in all five of the S sfates. The state S,
is quité labile and reacts to generate oxygen in less than 1 msec
(Jq]iot gi_gl;g 1966). The Stafes S2 and 53 ﬁave been studied in a
number of ways,'pariicu]ar]y-by way of delayed emission.whfch has the
spectrum of Chl fluorescence and is fhought to ofiginate from.a back
reaction befween the primary acceptor and donor {Lavorel, 1969). The
‘halftime for the reaction S, —— S ., following a flash is in the
réhge 200-600 usec (Kok et al., 1970; Babcock, Fig. 4, this work) .
Thus observation of delayed light emitted less than 200 usec following
a flash meésures the state Sn’ while the delayed light emitted after

1 msec measures the state Sn;]{ Zankel (1971), meaéuring delayed
light emitted in the range 45-160 usec, observed maximum emission
after the'thfrd flash, whereas Joliot and coworkers (Barbieri et al.,
19705 Joliot et al., 1971) measured light emitted 30 msec after the
flash and observed ma*imum emission following the second fiash and
osci]]atidns with period four. Resujts.similar.to those reported by
Joliot g}_gl;_have been described by Fleischman and Mayne (1973) and_
Hardt and Malkin (1973) for delayed light emission triggered by pH
transitions, salt jumps and temperature jumps. These results imply
that the states S3 and to a certain extent S2 are more reactive than
S

0 and S].‘ Results consistent with their interpretation have been
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thained for. the light-induced generatidn of an EPR.signa1 associated
with Photosystem 1I (Babcock and Sauer, ]973a,b) and are described in
this thesis. Tributsch‘(]971) and van Gorkom and Donze (1973) have
interprefed this increased reaétivity for the states SZ and S3 in
terms of electric field effects existing witHin-the reaction center.
‘Vermeglio ahdeathis (1973) have oBtained evidence, from the low tem-
perature photooxidation of a cytochrome (Cyt b559)'associated with
PSII,'indicating that conformation changes may accompany fhe'forma—

tion of the s»tates'S2 and 53.



Organism Class
R, rubrum purple
nonsulfur
C. ethylica | green
sulfur
Chromatium . purple
sulfur
R. viridis purple
P. luridum blue-green
algae.
Chlorella green
pyrenoidosa algae
Spinach higher

plant

Carbon

source |

co
organ%c

co
organtc

co
organftc

co,
organic

co

organ?c_

co
organ?c

CO2

’

Table 1

~ Absorption

RXN Center

RXN Center Hydrogen Cyto-
nm Chl & Absorption Potential source chromes
800-900 BCh1 a, P870 +.44 organic b,c
700-800 BChl a, P840 +.24  some organic ¢
" <=
800-900 BCh1 a, P885 - +.49 SS.S, . ¢
‘ : 5,057, 505
organic |
| w
970-1190 BCh1 b, P960 +.39 to +.45 organic - !
550-700 Chl a, P700 - +.38 to +.42  water, ¢,b
organic '
600-700 chl a, P700 +.43 water c.b
600-700 Chl a, P700 C+.43 water  c,b
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OXYGEN EVOLUTION IN FLASHING LIGHT
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OXYGEN EVOLUTION IN FLASHING LIGHT

A. Introduction

The most striking recent deve]opmentyin the study of .photosyn-
thetfc oxygen evolution has been the ana]ysis'of’this process using
.sequences of short, saturating flashés and the subsequent realization

that labile, photochemically produced intermediateé are‘involved.
‘Franck and A]]en-(1955) first noted that plants. incubated in the
dark forléevera1'm1nutes, evolved no oxygen.until the second flash
“in a series of brief (16—4 sec), strong f]aéhes.‘ This waé'confirmed

by later investigators, and Jd]iot (1965) proposed a_mode] explaining
this observation as resu]ting ffom the activation_of an oxygen pre-
cursor mo?eéu]evin a one quantum process. However, experinments by
Weiss and Sauef (1970), using 20-40 nanosecond pulses from a 7-switched
ruby laser and 20 uséc flashes from a xenon flash lamp, demonstrated
that at these flash times only a single electron is transferred thfough
each PSII reaction center and showed that no appreciable amounts of
oxygen were evolved until the third flash in a series. Simi]ar_experi—
ments by both Joliot et al. (1969) and Kok et al. (1970), using

refined polarographic techniques and 10 usec flashes, have elucidated
the entire pattern of oxygen evoked oy a series bf 20-30 flashes

(Fig. 3). Both Joliot.gg__l;_(1969) and Kok et al. (1970) presented
models to account for the pattern of oxygen evolution. The Joliot

et al. (1969) model involved a complex switching mechanism and has

been abandoned in favor of the Kok et al. (1970) model described in

Section I..
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In this section the polarographic technique‘for’detecting OXygen
evolved in response to single flashes is described and the'pattern of |
oxygen evolution in respbnse to 21‘“sec flashes ié presented. The
activation and deactivation kinetics of the states 52 and 33 in the
Kok et al. (1970) model for oxygen evolution have been studied using

paired flashes with variable dark time between fiashes.

G. Materials and Methods

(1) Light sources and optical arrangement
5

Short light flashes (2.1 x 172 ”.sec) were produced from a xenon-
pulsed light system manufactured by ILC Co., Sunnyvé]e, Calif.? as
described by Weiss and Sauer (1970). Using a moré efficient light-
collecting optical arrangement we have lowered the lamp voltage neces-
sary for saturating flashes and, consequently, it is now possible to
flash once every second~indefinite1yi The flashes were foﬁused by a
lens system and filtered through Corning 1-69 infrared and 3-75 ultra-

violet filters. Continuous light is obtained from a Bell and Howell
300-watt projector,vfi]tered.through 5 ém of uater, and, if dasired,
appropriate Corning Glass color filters before being focused on tne
electrode by a pair of planoconvex lenses. Illumination was initiated

using a mechanical shutter which had an opening time less than 20 msec.

(2) Electrodes and flow system -

In thevexperiments described, both a teflon covered platinum and
a bare platinum electrode were used. The teflon covered electrode is
the modified Pickett apparatus described by leiss and Sauer (1970).

Because the teflon film (thickness = 6.4 wicrons) separates the oxygen

evolving sample from the platinum electrode and cohsequent]y lengthens
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the diffusion time necessary for the dissolved oxygen to reach the

platinum surface, the response time of this apparatus is on the crder

- of 300 msec.

In the bare e]ect}ode system, the teflon is removed and the
algae or ch1orop1asts are in direct contact with the platinum elec-

trode surfacé. In order to maintain electrical contéct bétween the

'p1atinum and Ag/AgCl electrodes, and to avoid poisoning the photosyn-.

thetic mechaniéms with Ag+ ion, the reference (Ag/AgCl) electrode is
placed in a cul-de-sac in the flow system downstrean from the plati-

num electrode. The reference anode is approximately 1 cm from the

main flow stream and 4 cm from the platinum cathode. The response

time of this bare platinum electrode arrangement is 10 msec.

The sample compartment in both electrode systems is similar. The
bottom is formed by the platinum electrode, either bare or teflon
covered; the top is the same 1.6 mil (0.04 mm) dialysis membrane

separating the algae from the flowing medium as described earlier

- (Weiss and Sauer, 1970). The sides of the compartment are defined

by a spacer. Durfng the course of this work a number of different
spacers were tried. Initially a viton rubber coated fiberglass spacer
was used. This was replaced by a 10 mil (0.25 mm) thick sheet of
}{y]ar sandwiched between two 5 mil (0.13 mm)'thick sheets of Dow
Si]asficv#SOO-l using General Electric si]fcone rubber adhesive

sealant to hold the three sheets together. Finally, a bilayer spacer

| formed by black electrical tape and thin teflon sheeting [total spacer

thickness = 5 mil (0.13 mm)] was used.

The flow system is essentially that described earlier (Weiss ana

Sauer, 1970) with three slight changés. The first is the use of an
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eléctro]yte solution (0.1 M KC1, 0.01 M phosphate buffer, pH = 7.6)
instead of-MyeE‘s nutrient medium in.expekiments whiph involve the
bare platinum electrode. The second is the elimination of the aerated,
glass helices-packed co]uhn, which had been included to provide a more
uniformly aerated flow medium. Experiments with and without this
column under otherwise identical conditions show no differences in
electrode responée, chrent dfift or noise. The reservoir, of course,
is still aerated. Finally, thé flow rate over the sambTe has been
increased from 10 cc/min to 30 cc/min by raising the upper reservoir
to a height of 4 feet above the_e]ectrode;

(3) Detection and recording circuits

The circuit used in providing a bias to the platinum electrode
and in detecting oxygen transient§ is shown in Fig. T. The double
pb]e - double throw switch serves to connect either of. two ciréuits
with the electrode. The first, involving the 100 @ resistor and a
Keithley 149 millimicrovoltmeter, was adapted from Myers and Graham
(1963) and is used in detecting slow (response time = 500 msec)
phenomena. The second system involves the cUrrent-to-vo]tage trans-
ducing operational amplifier (Philbrick operational amplifier 1023).
In this arrangement, both the Ag/AgCl reference electrode and the
positive input terminal of the op amp are connected to system ground,
':and the negative input terminal, through the action of the operational -
amp]ifier; is a virtual ground. The voltage offset between positive
and negative input terminals is biased with a 866 Q resistor. This
arrangement allows a currentbmeasurement to be made without introducing

a resistor into the electrode circuit, thereby acting as a potentiostat
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in supplying a well regulated EMF to the electrodes regardless of
the current fiowing in the circuit. Because of reéistive and
capacitive losses involved in the electrode arrangement, it is
necessary to measure the potential between the platinum electrode and
the electrolyte solution using a third e]ectrqde, either Ag/AgCl or
calomel, and a null pointlpotentiometer;

The current-to-voltage transducer is followed by a low pass

(f =5 kHz) third order Butterworth active filter (Operational Ampli-

c
fier Devices 45 J) which attenuates high frequency noise components.
The dark current (~ 3 pamp) due to the high concentration of oxygen
dissolved in the flowing electrolyte is eliminated using either a
high pass (fC ¥ 0.5 Hz) active filter (Philbrick operational ampli-
fier SQ 10a) or a biased unity-gain amplifier (Philbrick SQ 10a).
The output of this system can be fed into either an oscilloscope
(Tektronics RM 31, Type D Preamplifier) or into a Sanborn Single
Channel Recorder (Sanborn Model 151-100A, Driver Amplifier and Power
Supply Mode1_150—400; rise time = 5 msec).

(4) Algae and chloroplasts

The algae used in these experiments were Chlorella pyrenoidosa
“grown under a variety of conditions, generally in batch culture. No-
6bvious differences were noted with aﬁy of the various samples. Chloro- .
plasts come from six to eight week old spinach p]anté grown from seed .
in a gfowth chamber. The isolation procedures are either those
described by Kelly (1968), or those used by Butler and Yamashita
(1968b) tc obtain “intact chloroplasts". Estimations of ch]orophy11

content were made according to the method outlined by Sun (1971).
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In our experiments we used chloroplasts which contained between
0.3 mg/ml of chlorophyll and 0.9 mg/ml. The reaction mixtures used
in each experiment will be described in the discussion of that
experiment. |
C. Results

(1) Bare electrode oxygen polarogram

Fig. 2 shows the dependence of electrode response upon the
applied potential in monitoring photqsynthetica?]y generated oxygen.
in these experiments ch]oropiasts were prepared atcording to Yamashita
‘and Butler (1968b) and were 0.4 'mg/ml in chlorophyll; the reaction
Mixture contained 0.0025 M NADP, 41 ug Fd/ml, 0.012 M tris (pH = 7.6),
0.008 M MgCiZ, and 0.016 M NaCl. A new sample was injected into the
e1ectrdde for egth different voltage setting. Because this type of
ekperiment pfecludes the usual normalization of results, it was
necessary to treat each sample as uniformly as possible in order to
obtain repeatability. Therefore, for all samples the following proto-
col was observed as closely as possible: 7-1/2 min after applying the
voltage the ch]orop]aéts were injected and allowed to settle for 10 min
in the dark; 40 xenon flashes were given, followed by 5 min dark, and
another 40 flashes followed by another 5 min dark period. The samp]é
~was then illuminated for 4.0 sec with weak continuous red light fol-
1bwed by 5 min dark and another 4 sec illumination with red lignt.

The sigﬁa] after the second 4 sec 111qm1nation is plotted as the
ordinate on the po]arogram. The absence of a well Qéfined plateau-

is characteristic of polarograms obtained with biclogical samples

(Myers and Graham, 1963), and necessitates the careful regulation of
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the applied voltage mentioned preyiously. In éontrast, for oxygen
polarograms obtained without chloroplasts, a diffusion limjted cur-
rent plateau exists in the region of applied potential between -.55
and -.80 volts.
(2) Pattern of oxygen yield in flashing light

The chloroplasts and reaction mixtures for these experiments were
prepared in the éame manner  as those uséd in obtaining the polarogram.
The inset in Fig. 3 shows a typica] trace obtained with saturating
21 usec flashes spaced 1 sec apart. The sample had been kept in the
dark for 5 min preceding this séries of flashes. In this experiment
a sma11 oxygen ﬁptake is observed on the first %1ash, which is brobab]y
attributable to Photosystem I effects (Mehler, 1951). This-phenomenon
appeared rather randomly in our experiments, its abpeqrance and»magni—
tude vérying from experiment to experiment. In all of our experimeﬁts,
however, we observed a sha]] amount of oxygen on the second flash; its
magnitude relative to the steady state is typical. The large third
spike as well as the 6sc111ations with a period of fdur'are evident in
this trace. In this experiment the high pass ff]ter was used to elimi-
nate the d.c. dark current. This arrangement distorts the decay of
the oxygen spikes. However; using the unity gain bias amplifier, it
can be shown (Ley and Babcock, unpublished) that the decay of the
siéna] is exponentia] and, therefore that the height of the spike is
proportional to area. 1In all quantitative experiments the spike
‘height was used as an index to>0xygenyevo1ved;

Fig. 3 presents data averaged from eight experiments carried out
under the same conditions as describes above. Flash number is plotted

as the abscissa; the average normalized flash yield (flash yield
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divided by steady-state yie]d)lis plotted on the ordinate. As shown,
the oxygen‘pattern oscillates through six or‘seven cyé]es before
reaching a steady staﬁe.‘

(3) Kinetics of activation and deactivation of oxygen producing

intermediates - -

Abundant evidence exists which indicates that the uniqee pattern
of oxygen evolution shown in Fig. 3 results from the linear accumula-
tion of charge on the oxidizing side of PSiI‘(K'ok et al., 1970, |
Bouges-Bocquet, 1973; Section-II1). The first two non-oxygen evolving
flashes serve to bui]d a pool of oxidized intermediates;_the Sbstates
in the Kok et al. (1970) model, which cooperate on the third flash to
produce oxygeh.' In the series of ekperiments described here, the
kinetics of the principal intermediate formed after the first f]ash, 82,
and after the second flash, 53, have been determined. Since the state
32 requires:two flashes to reach the oxygen evolving state 54 by varying
the time between f]ashes 1 and 2 and rmonitoring the oxygeﬁ yield
resu]ting from the third flash (Y3), the kinetics of Sz_can be deter-
mined.' Simi]ar]y-the‘S3 state kinetics may be observed by varying the
time between flashes 2 and 3 and monitoring'YB. The half time for the
formation of these intermediates may be obtained by gradually decreasing
the time between the two flashes unti] the yield of oxygen on the third
flash indicates that the two flashes are so closely spaced that the
organism beheves as 1f they were one flash. A plot of'the‘time, gither
At]2 for 52 or At23 for 53, between these f]aéhes vs. yield on the

third flash gives the half time for the formation of the intermediate.

Fig. 4 is a plot of the results from such an experiment for S5 using
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the teflon covered_e]ectfode and the Keith1éy voltmeter as the ampli- .
fier. Chloroplasts prepared according fo Kelly (1968) and containing
0.33 ug/ml chlorophyll were suspended ih a reaction mixture which.was

5 M DPIP, 50

0.045 M tricine (pH = 7.5), 0.0045 M MgCl,, 5.3 x 107
ug/ml in ferfodoxin and 83‘ﬂg/m1 in plastocyanin. t]/2 is approxi-
mately 750 usec.for’the rise_bf Sé. Ana]ogohs experiments for 82
indicaie that this staté is formed:sljght1y more rapidly, t]/2 =

500 psec. 'In‘the plot of Aty,, or as shown in Fig. .4 at,s, vs.‘Y3
there is a plateau exfending from At = 10 msec to at = 1 sec in which
Y3 does not vary and indicates that both S2 and 33 are stable in this
time range. At At greater than 1 sec deactivation begins. Fig. 4
shows the deactivation kinetics; the hé]f time for the decay of 33 is
seen to be approximately 10 sec. A simi]ér value was obtained for 52
in cnloroplasts. |

D. Discussion

Thelpattern of oxygen evolution in flashing light shown in

- Fig. 3 has been most adequately explained by the four-step, linear

charge accumulation model postulated by Kok et al. (1970). This

model has been discussed in Section I, so only a few additional com-

ments will be presented here.

The most unusual aspect of the 6xygen evolution pattern is the
high yield of oxygen observed on the third flash. The stability of

the state S;, postulated to accéunt'for this result, has been well

documented .(Kok et al., 1970; Joliot et al., 1971). However, whether
this stable state is located on the oxidizing side of PSII or on the

reducing side is uncertain. If it were on the reducing side, the
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transfer of two e1ectf0ns on one of the first three flashes would
be necessary‘to account for the large Y3. Indirect evidence has
accumulated recently supporting the reducing side hypoﬁhesis. Light
saturation curves indicate that hfgher intensities by approximately
50% are required to saturate the oxygen‘yield of the third flash com-
pared to thaf for the steady state (Babcock, uhpubTished). A two-
electron transfef on one of the,firgt three flashes would explain
this requirement for higher light energy. Bouges-Bocquet (1973)
"demonstrated_that the equilibrium befween Sg and Sy has a potential
close tovthe zero volt potential of the plastoquinone pool. Inter-
mediates on the water side of PSII would be expected to have poten-
tials much closer to the +.8 volt potential of water. Kok and
Dubcek (1972) have studied the reduction of the fluoreécence quencher,
Q, by single flashes in DCMU-treated chloroplasts and conclude that
this pool is heterogenoUs and may require more thah a single electron
for complete reduction. Jo]iot and Joliot (1971) have reached simi-
lar conclusions studying dithionite effects on fluorescence guenching.
Butler and Cramer (1969) performed redo; titrations on fluorescence
‘quenching and observed twovcomponents,vqne with a potential of -.035
volts and a second with a potential around -.270 vb]fs;.'Finallx the
results described in Section III indicate that in tr1§—treated chloro-
plasts two electrons may be transferred through PSII on the first
flash in dark-adapted samples. Uhfoktunate]y, clearly definitive
experiménts addressed to this question are lackingi

The va]ues.for the formation ha1f times for the states 52 and

S3 are in agreement with values obtained in similar experiments by
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other authors. Kok et al. (1970) observed 200 psec for 53'and 400 usec

for S., and Bouges-Bocquet (1972, 1973) reports values between 200 and

3
600 usec for these two states. Kok and Forbush (1968), measuring

fluorescence quenching %n f]aShing light, determined that the recovery
fime for the fluorescence quencher following a singfe flash js 600
psec. Since this quencher is generally assumed to be the prjmgry
acceptor of PSII (Duysens and Sweers, 1963), the reoxidation of this
laccebtor may be the fate-]imiting step for reactions occurring on
the oxidizing side of PSII. Recently, however, experiments by Joliot
and Joliot (1971b), Delosme (1971), and But]ek (1973) have indicated
that attricuting all fluorescence quenching.to reactions on the
‘reducing side of PSII may be simplistic. These authors suggest that
the quenching process may involve the cooperation between entities
involved on both sides of PSII. In this case the formation kinetics
presented in this Section and the fluorescence experiments of Kok énd
Forbush (1968) would be measurements of the same process, i.e., the
}rate limiting stgp in the reaction center of PSII.
The deactivation kinetics presented in Fig. 4 for the state 53,
band similar experiments for 52, show that both states are stable for
seconds in chloroplasts isolated from spinach. For fhe green alga,

Chlorella pyrenoidosa, Joliot et al. (1971) showed that the deactiva-

tion for 82 and 53 in this organism is about five times faster than
that for chloroplasts. Ley and Babcock (unpublished) found results
similar to Joliot et al. (1971) for Chiorella, but for the blue-green

alga, Anacystis nidulans, found that the deactivaticn rate in this

organism was even more rapid than Chlorella. Thus it appears that
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in the course of its evolution from the less complex blue-green algae
through green algae to green plants the oxygen apparatus has developed

in a way which prolongs the lifetime of intermediate oxidation states.
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SECTION III
OXIDATION OF EXOGENOUS DONORS BY SYSTEM II
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.OXIDATION OF EXOGENOUS DONORS BY SYSTEM II

A. Introduction

The results presented in Section II and the Kok et al. (1970)
model invoked to explain them provide'insight into the behavior of
the oxygen evolution machinery. However, this model is essentially
a fbrma] kinetic model, and the S state formulation provides little
~insight into the molecular identity éf the intermediate species, or
“the organization of the enzymatic processes necessary for oxygen
evolution. A much better approach to this facet of the problem has
.been developed in recent years through the use of treatments which
fnhibit oxygen evolution followed by the use of electron donors
which are subsequently able to restore the flow of electrans through
the reaction center of Photosystem II. This type of approach has
been used exfensive]y in studying Photosystem I, particularTy using
DCMU to inhibit electron flow from water foi]owed by the addition of
the ascorbate/DPIP couple to restore electron flow through System I
exclusively (Sun and Sauer, 1971).

To be useful in.probing the mechanism of Pﬁotosystem IT the
treatment employed must be able to inhibit on fhe oxidizing side of
System II; j;g;, it must be able to éimp]ify the system by separating
the reaction center Chl (RC I1) from some or all of the oxygén
evolving machinery. Several such treatments have been‘intfoduced
recently: Extraction with tris buffer at high pH (Yamashita and
But]er, 1968b), incubatioh.with hydroxylamine (Cheniae and Martin,
1970), moderate heat treatment (Katoh and San Pietro, 1967), chloride

ion deficiency (Izawa et al., 1969), treatment with chaotropic agents
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(Lozier et al., 1971), incubation with phenyl mercuric acetate
(Honeycutt and Krdgmann, 1972); trypSin.digestion (Selman and
Bannister, 1971), and iso]ation of mutants with lesions on the
water side of PSII (Epel and_Levine, 1971). Ih_additiqﬁ, the
preparation of System II par@ic}es from ch]oroblasts Qéda]]y
resu]ﬁs in a loss in oxygen evolving capacity (see,'for examp]é;

Vernon and Shaw, 1969; Wessels et al., 1973). Under these treat-
ments the chloroplasts or particles are no ]ongervab1e to reduée

NADP with water as an electron donor. However, if an exogenous

donor is supﬁ]ied, NADP is again keduced in light-driven electron
'1transfer'reactions that genera]iy proceed via both photosystems.

A number of exogenous donors have beén used, among them hydroquinone,

manganous icn, and phenylenediamine (for a more complete listing and

t al., 1972). Generally, ascorbate is

references, see Haveman
added to the system in order to maintain the donor in its reduced
state and electron flow is monitored by recording changes in concen-
tratioh of an addéd‘oxidant. Schematically, this process is repre-

sented as

DHN L A
asc (: ;) RCIT =» electron transport chain = RCI

DS _ _ 7 AH, <= moni tor
where DH2 and D are the reduced and oxidized forms of the added donor,
AH, and A are the reduced and oxidized forms of the added electron
acéeptor, asc is ascorbate, and RCI and RCIi are the reaction centers

for Photosystems I and II. |

Unfortunately, this method has a number of disadvantages: (1)

Most Hil1l oxidants, such as ferricyanide or DPIP; react directly with
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the added dondrs. Thus far, only NAbP and methylviologen, both Photo-
system i acceptors, have been used as oxidants. Therefore the process
of interest, the oxidatfon‘of tﬁe‘donor, is fairly far removéd from
the process which is actually monitored. '(2) The detection of oxi-
dant is_re]ative1y iﬁsensitive, e.q., single flash experiments are
impractical, and consequently it is diffibu]t to‘obtainvinformation
concerning the kinetics of donor oxidation. (3)'Not'a11 donors are
specific to the oxidizing side of Photosystem_II. Some, for example,
couple both between fhe two photosystéms.and on the water side‘df
System II (Cheniae and Martin, 1970; Haveman et al., 1972).

In this Sectionva system is-described which overcomes the diffi-
culties mentioned above by combining the use of inhibitofy treatments
and added electron donors with the increased sensitivity afforded by
polarographic detecfion. Essentially the method consists of replaéing
ascorbate, which has been used by prevjous workers tb maintain the
donor in its reduced_state; with a po]afized platinum electrode. The
oxidized donor, which has been produced in fhe light, then diffuses
to the é]ectrode surface where it 1s re-reduced and_fhe fesu]ting
signé] is amplified and recorded. Scheﬁatica]]y,

e]ectrode DH A

C_ ) RCIT — = RCI C

monltor AH2

The advantages of this method are immediately obvious. We are
using ch]broplasts which haye been treated in a way that simplifies
the fairly complicated four-electron process which yie1d$ molecular
oxygen. Therefore, we are able to observe reactions much c]oéer to

the actual reaction center chlorophyll. The increased sensitivity
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and fast time response of the polarized electrode detection system
allows the use of short single flashes in studying reaction kinetics
for these donors. We have also eTiminated the cumbersome and often
inaccurate {Mantai and Hind, 1971; Allen and Hall, i973) detectioh
systems used when changes in Hill oxidant concentrations are monitored
as an indication of electron f]ow thrbugh Photosystem II. In this
Section, results obtained by applying'this bo]arographic method, using
primarily tris-washed chloroplasts and bhehy]enediamine-as donor, are
described. |

B. Materials and Methods

(1) Light sources, optical arrangement, electrodes and flow sys tems

Short 1ighf flashes were produced from a xenon pulsed light system
manufacturéd by ILC Company (Sunnyva]e; Ca1if,) and focused_bn the
samp]e as described inSection II. A pu]sevforming netwofk (PFN-6) has
been obtained from ILC which prdduces 10 usec flashes rather than the
21 usec flashes described earlier. Continuous light is obtained from
a Bell and Howe]} 300 watt projector and, when desired, filtered through
Corning Glass Color Filters. Monochromatic 1fght and intensity measure-
ments were obtained as described by Sauer and Biggins (1965). The
é]ectrode system is the bare electrode which has been described in/
Section II. In order to obtain a reproducible platinum surface before
each series of'exberiments, the platinum is rubbed.gently with mild
abrasive, finely powdéred sapphire (Trade name, Saffron), and washed
with a 1% solution of Triton X-100. It is then rinsed for about 15 min
with distilled water and assembled. The 5 mil bilayer spacer was used

in all experiments. The flow system is identical to that described



54
(Section II)'except ﬁhe upper reservoir is now eeratedIWith 100% air ;
rather than the 96%'§ir; 4%1C02vdsed previousiy.' This enange-had no-"
- effect on the response of the-e]ectrode. | o

(2) Ch]or_p}asts and reaction mixtures

"Intact“ and “Tris-washed“ spinach chioropiasts nere prepared
according ‘to the methods of Yamashita and Butler_(1968b). Stock sus-
nensions of these ch]ordb]asts, cdntaining petween 2‘end 5 mg‘Chi/ml,
.were diluted 9Vto 1 with a'standard reaction mixture cOntaining
O.OZVMVNaCI, 0.01 M MgC]z, 0 015 M tris (pH .6)‘buffer. NADP ,

" DCMU, ferredoxin and other reagents were added according to the
experiment and are noted in the figure eaptions .Chi‘analyses were car-
ried out as described in Section II. Finai Chl concentrations in all
.experiments were between 0.2 and 0.5 mg Ch]/m]

(3) Reagents |

Al reagents except those noted below were used.as obtained from
the.manufacturer. FDCMU was obtained from duPont and.recrystaliized
from methanoi before'use Hydroqu1none and pheny]enediamine were
obtained from J. T Baker Company and sublimed at 40 microns pressure _
and 80°C. Ferredoxin was purified from spinach as descrlbed by Sun
~and Sauer (197]). o |
C. Results

(1) Donor sys tems

Lozier et al. (1971) observed the photooxidation cf Mn2+ in,

chloroplasts treated with chaotropic agents and Ben Hayyim and Avron

+2

(1970) reported the photooxidation of Mn “ to Mn+3 in untreated chloro-

+3

plasts. In the latter experiments the unstable Mn is trapped as the
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| manganipyrophosphate'and asséyed by ddantitatiye dxiddfion of potaésium
-férrocyanide.‘.KoTthoff'ahd Lingdhe (1952) repoftéd tﬁat'mahgénipyro4
‘phosphate is‘reducéd'at a‘dkoppihg-mercurydeiectrode,withfa half-wave

~ potential of +0. 1-volts vé s. C.E. 'Hdwever; a]l‘attémpts to observe

Mn *2 photoox1dat1on w1th or w1thout added pyrophosphate, us1ng the
bare p]at1num e]ectrode were unsuccessful.

S1m11ar1y; attempts to mon1tor the ox1datfon of aScorbate'po1aro-
graph1ca11y proved unsuccessfu] | At high-concentratiohé (O 01 M to |
0 05 M) in 1ntact or tris-washed ch]oroplasts, w1th or. w1thout DCMU, a
large negative going signal was observed at -0.6 volts. This type of
éignal cofrespcﬁds to a decrease in the dark current which results
_from‘a conSumption of dxygen, most probab]y a reduction of 02 to H202
“via a Mehler type reactionb(MehTer,_]951).' The prohounced inséns1t1v1ty
to DCMU, a we]];known System II inhibitor, indicates thét ascorbate is
involved 1h'okidation processes other than those mediatéd'by this
photosystem (Allen and Hall, 1973) |

Hydroxy]am1ne has been used extensively as an electron donor to
System IT. Bennoun and Joliot (1969) observed a signal from the oxi-
dized derivative of hydroxy]éminé at a modu]ated platinum electrode |
when chloroplasts which had been supplied with this-dqnor were i]iumi-
nated. We have repeated these eXperiments and observed thé signal.
'HoweVer,'thefe dre a ﬁumber of disadvantages in using this compound:
(1) Relatively high concentrations are necessaryv(about 0.01 M) to
override COmpeting signé]s from 02 produced photosyhthetidal]y.

(2) Hydroxylamine has at least three effects in chlorop]asts—-inhibiF

tor of oxygen evolution, electron donor and phosphorylation uncoupler
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(Cheniae and Martin, 1971). (3) The chemisfry of hydfoxy]amine is
complex so_that it méy be possible fhat interferinglreéctions compli-
cate its oxidation. For these reasons these experimeﬁts were not
pursued in any more detail. | |
The'e]ectrén donors hydroquinone (HQ) and phenylededjamine (PD)

have been used by Yamashita and But1éf (1968b)lto feStore electron
fTow through Systém'II in'tfis-washed-ChToroplaété‘:gKo]thoff ahd:»
Lihgané (1950, 1952) h#ve-shown that these édmpouﬁds are suitable
'fornpolarographic s tudy atvstationary.p1afinum é]ettrgdes, the half-
' wave poténtféfs being betweén 0.0 and'—0}4'901ts. ‘Using.tr154washéd,
ch]ordp]asts Undek aerobiciéonditionﬁ'in the absence of ascorbate

and e1ectrode potentia]§ from‘0.0 to -0.6, signals ¢orresponding_to
both oxidized hydrbquinone and oxidized pheny]enédiémine have been
observed. POIardgrams.for the detection of oxidized PD and HQ are
shdwn in Fig. 5. The experiments were performed by 111uminating the
tris¥washed chioroplasts with:a'series of 20 flashes, shaced 1 séc'
apart, and averaging the magnitude of the signé]s»frqm thé last

10 flashes for each voltage setting. The polarogram for each species
show; a plateau in the region between -0.3 and‘ZQ;G volts. The half-
wave potentials for HQ and PD, -0.2 vo]ts,_ére sﬁfficiéntly separatéd
from the more negative half-wave potential of oxygen (Fig. 2), that
a clean separatioh‘bétween the two signals is.pbssibléQ Since most
of the inhibitory treatments discussed in the introduction to this
Section do-nbt completely inhibit oxygen evé]utioh, this feature is
useful in eliminating oxygen signals from the functiona} water oxi-

~dizing centers.
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The decrease in s1gna1 magn1tude for HQ in go1ng to more nega-
tive app11ed voltages probab]y 1nd1cates a react1on between HQ and
oxygenvprodue1ng.qu1none and_hydrogen perox1de. A s1m11ar react1onbd
.has'been'rebdrted by, Trebst et al. (1963). Mantailand Hind (1971) :
have shown an ana]ogous react1on between hydraz1ne and oxygen which
is med1ated by the combined act1on of light, ch1oroplasts and Mn 2.
.In the bare e]eetrode system_the_react1on of oxygen wou]d be observed
only atvvoltages‘more negative than -0.5 (see Qxygen belarogram,
Fig. 2);- This wonld produee.avnedatiVe-going signaifat_these 7
-voltages whien wou]d»snbtract frombthe pqsitive;going'dx1dized HQ
signal. Ferredoxinvappears_to catalyze this reaction'between HQ
~and oxygen.sinee:the addition of the protein to trts—waShed Chldro—
plasts increases the magnitude of HQ oxidation;;deteCtedApo]aro; ‘
graphica]ly at -0.4 volts, by a factor.of 4'(Tabte'IIi);
| ~This hypothesis.is'sdbportedlby concentrationistddies-forvPD'andﬂ
HQ, Fig.,6, which.indicate that while PD oxidationjin'tris—washed-
-6

chloroplasts half saturates at a concentration of-Sex 107° M, the

photooxidation of HQ, in the presence'ot_ferredOX1n, reduires anlg-
“fold inerease in concentratton for half saturation'at 4.x 10'5-Mg
Therefore it appears that there is more than a sing]e‘Site for HQ
ox1dat1on | A | u o

Po]arograph1c detection of s1gn1f1cant ox1dat1on of the PD or
- HQ donor systems in intact ch]orop]asts has not been observed It
appears that the mechan1sm for water oxidation must be disrupted by
‘one of the treatments described. 1n the 1ntroduct10n to this Sect1on.

before these exogenous donor systems have access to the»react1ons
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occurr1ng on the water s1de of PSII.

(2) Spectroscop1c detect1on of acceptor reduct1on compared w1th'

polarograph1c detect1on of. donor ox1dat1onjf

If PD is donat1ng eTectrons on]y to the ox1d1z1ng 51de of PSII
a compar1son between the rates of NADP reduct1on and PD ox1dat1on in
tris- washed chToropTasts should glve the same va]ue The resuTts of
exper1ments 1n wh1ch “the reduct1on of NADP was. mon1tored are shown in
Table 'II. In 1ntact ch]oroplasts water serves as the eTectron donor,
with trls—washed ch]orop]asts, e1ther PD or. HQ as 1nd1cated in the
table. These results can be summar1zed as fo]]ows (T) tr1s—wash1n§,
inhibits the reduction of NADP with water as:eTectrontdonor; as reported
by Yamashita and But]er (1968b); (2)'the donoresystem,bPD/asc, restores
about 60%.of the eTettronﬂtTow to NADP,thi]e’the system, HQ/asc, |
restores about 40%;v(3) the restoration of electron fTow by'either
donor system is DCMU sensitive indicating that System 11 is necessany
.for NADP reduct1on by these donors. | |

The resu]ts of analogous experiments in which the‘ox1dat1on of
the eTectron donor is monitored po]arograph1ca]1y are shown in Table
III. In these exper1ments the ch]orop]ast react10n m1xture suspens1on
was injected into the electrode and a ser1es of 10 usec saturat1ng

flashes spaced 1 sec apart was g1ven The steady- -state y1e1d of oxi-

.- dized product [wh1ch is proportional to the rate of the react1on

" (Kok et al., 1970)] was obtained as the average of 10 flashes. For
the Pd ~ NADP reaction these results are in good agreement with those
~obtained from the spectroscopicaT]y‘obtained results, i.e., with or

without Fd in the system the degree of restoration of e]ectron-fTow
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Table I~

‘Spectroscopic Detection - NADP Reduction .

- o _ Rate’ t _'».Percehf
Chloro- , Donor ~ "umoles NADP -~ = of =
plasts Reaction Mixture*  System - (mg Ch]vhr)t S Intact
Intact  NADP, Fd  H,0 . 10.2. - 100

CTris NADP; Fd . HWO oo <o
Tris  NADP, Fd, HQ, asc ~‘HQ/asc 4.0 © 39
Tris ' NADP, Fd, HQ, asc  HQ/asc .0 - <10

S o T | .

Tris  NADP, Fd, PD, asc PD/asc 6.4 63

Tris  NADP, Fd, PD, asc PD/asc ~  <1.0 <10

. DCMu

*Concentrations:' [NADP] = 2;5_x~]0’4 Mi_[HQ] = 2.5vxv1b'5'M; [asc] =
2.5 x 107 M3 [PD] = 2.5 x 1075 M; [DCMUT = 1 x 1075 ; [Fd] =
4 ug/ml; [Ch1] = 13 ug/ml. -
Continuods actinic light ét 678 nm; incidentvintensity 3 nanoeinstefhs_

2 1

cm “-sec .
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Table III
~ Polarographic Detection_? Donor Oxidation

Rate. Percent

'_Ch]ord— L : Donor | relative units . - of
plasts:  Reaction Mixturef ~System (mg‘Ch]);f_ .. _Intact
Intact . NADP, Fd HO 20,9';',.5_" 100
Tris N, Fd KO 25 12
Tris NADP,TFd,AHQ : HQ o -58;5 o ésoi‘ ,
Tris  NAP,HQ  HQ . 137 66
Tris . '° NADP, Fd,PD  PD 156 fa" R
Tris NADP, PD T PD N 14;7-‘ ' - 0
*Concentrations: [NADP] = 2.5 x 1073 M; [HQ] = 5 x 107 m; [pD] =

5 x 107 M; [Fd] = 41 yg/ml; [Ch1] = 200 ug/ml. -

Actinic flashes (10 usec) of white light.

is about 70%;. With HQ as ddhor in'tris-washed.gh]ofop]ésts,.thé effect
“of ferredoxin distussed adee is evident. Without added ferredoxin, .
HQ oxidation is about'GS%'that Qbéerved in_intacfiChIordplasts With_

: Watef as electron .donor (compared with 40% reStbréfiQn of NADP redﬁcé
tion by HQ/asc shown in Table II). Howevef,:addéd'ferredoxin_ihcreases:
the fate of'HQ oXidation'fb almost thfeé times»théffdbééryed with |
intact chloroplasts for water oxidation. The results from these two
sefs;of éxperiments and tﬁose discussed- above 1hdicafe that PD fs less |

ambiguous as an electron donor than HQ.
. . \ N
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(3) PD ox1dat1on by tr1s—washed ch]orop]asts 1n flash1ng 11ght |

» The pattern of PD ox1dat10n 1n f]ash1ng light (10 usec f]ashes, :
.1 sec apart) in pre111um1nated tr1s—washed ch]orop]asts s shown 1n Fig.
7a. The yield from each flash is -about the same and the s1tuat1on is
. s1m11ar to steady state oxygen evo]ut1on 1n 1ntact ch]orop]asts (see
1nset F1g 3) If DCMU 1s added to these tr1s—washed chloroplasts
pr1or to- pre111um1nat1on, the photoox1dat1on of PD in fxash1ng light
is e11m1nated on a]] flashes. Th1s result 1nd1cates that the. photo-
':ox1dat1on of PD is medlated by PSII and conflrms the resu]ts shown in
Table II in wh1ch DCMU e11m1nated the PD/asc supported reduction of
~ NADP in tr1s-washed ch]orop]asts

The mode of action of DCMU s genera]]y thought to 1nv01ve the

inhibition ofﬁthe'reox1dat1on of the primary System II:acceptor, Q,
following its reduction by 1ight (Kok and_Forbush,']968; Bennoun.and
Jo]iot,<1969; Bennoun and Lit 1973; but see also Roeenberg et al.,
1972). Since Q 15'1ange1y'in the oxidized state in the dark, DCMU-
treated, tris-washed chloroplasts which have been maintained in the
dark should produce oxidized PD only. on the first ftaéh,‘which sérves
to reduce Q. $ince the reoxidation of Q7 is then blocked by:DCMU,
subsequent flashes should be ineffectual in oxidizingdPD; This
experiment is shoWn_in”Fig..7d and the predicted result is_observed,
i.e., in_dark-adapted,'DCMuetreated chloroplasts oxidized PD ie
generated on!yvon}the‘first flash. Similar experiments with dark-
adapted, DCMU;tfeated chloroplasts, monitoring oxygenveVO]ution, show

no oxygen evolved on any flash. . However, since in these chloroplasts
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PD OXIDATION BY TRIS-WASHED CHLOROPLASTS

PREILLUMINATION
a) V -C)G '

 :' DARK—ADAPTED '

b) v--0.6
e = eve00

vii.' '  o 1  f  ; t  DCMU
AR o) V=-06

 XBL736-4848

.Figure 7. Experimental traces for PD_oXidétion_iﬁ

tris-washed chloroplasts. 'ReactiQn-mﬁXthrés as. déstfibed in Materiéis |
énd Méthods; PD concentratioﬁ'ﬁn (a), (‘) ahd (c) was. 5 X 10 4 M, 1in

) (d) ]X'10'4 M. Dark alapted ‘chloroplasts were a]lo red 5 min dark berore
1nitiatioh'6f flash sequence. Preillumination was‘wetr 10 flashes

spaced 1 sec apart and ending 1 sec before initiatiau of sequence.
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1itt1e'oxygen'is evo]ved:dntii.the third flash\(Fig;ia);'this_resuit'
is expected o . : o | : ‘

The pattern of PD ox1dation in dark adapted tris-washed ch]oro-
v'piasts is shown in Fig 7b' In contrast to oxygen evo]ution in intact: '
chloroplasts, this experiment shows that oxidized PD is produced on'
each f]ash, inciuding the first two This pattern of PD ox1dation on
the first 10 f]ashes can be,observedvWith or without added NADP. For
t]ater fiashes Withoutvthe added.acceptorthe'yieid_otroxidiied PD
"j7decreases,;indicating’that the piaStoquinone poo]l 10catedhbetWeen the

| two photosystems has become redoced The - yieid of the first flash
‘and to a 1esser extent the third flash, is anoma]ous in that the total
area beneath'the spike is,greater.than on other f]ashes. The shape of
the spike aiso indicates that the Signal is composed of two components,
one which is detected rapid]y and a second which appears more slowly
f in- time. Fig 7c is a repeat of the experiment in 7b except that the
.;voitage applied'to the e]ectrode has been raised to 0 volts. - At this
potentiai only the slower component is detected asia.positive going .
signal, indicating that‘this component is_chemicaily?distinct.from the
_‘more rapidily detected'species. .Parker1and-Adams (1956)_have shown-"‘
| “that under certain conditiohs-of anodic poiarOgraphy;'the polarogram'
for PD oxidation splits into two waves, indicating=that PD'is'able to i
- undergo one or two electron oxidation The difference between the
two ha]f—wave potentials is on the order of 0.15 to 0.20 volts. In

addition, Diett (1962) have shown that the PD ? jon is more

easily reduced than the PD *l ion. In the data presented in_Figs. 7b

and-7c the faster component is more difficuit to reduce than the
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s]ower component and is ass1gned to the PD + .on. The s]ower com—.A
| ponent whose half—wave potent1a1 1s about 0 2 vo]ts more pos1t1ve
than the fast component can then be a551gned to the PD 2 ‘n,

_ As shown in Fig. 7a and for 1ater f]ashes 1n 7b the appearance
of the s]ower ocmponent'requ1res a dark 1nterya] before'a ser1e5»of
f}ashes‘is/ahleito eroke it. th. 8_presentsvthe ktnetics for this
induction period Tris¥washed chloropTasts.With added'PD were incubated
in the dark for various t1mes and the magn1tude of the sTow component |
. on the first. f]ash after this per1od 1s p]otted as a funct1on of the
dark t1me The ha]f t1me 1s on the order of 40 sec and and about
- 3 min dark is required for the comp]ete regenerat1on of the slow com-
ponent ThIS time 1s comparab]e to times found for the ful] 1nduc— )
-t1on of the osc111atory behav1or of oxygen evo]ut1on 1n f]ash1ng |
Tight (Jo]1o et al., 1969). | - -
Simiiar.experiments With HQ‘as donor in dark:adapted, tris-washed
‘ch1orop1asts show analogousvbehavior,‘in that:the yie]d:of oxidized |
HQ on the ffrstdfTash is about twice that ofrsubseqdent flashes.
However; ntth'antimycin'A-treated,orhheated ch]orop}asts~(51°c,:3 min)
" the yield of oxidized PD on the first f]ash_shows only the fast com-

: ‘ R T R - o

ponent.

(4)_Actjvationfkinetics.for PD oXidation'invtrfs-washed ch]orop]asts,"

As shown.aboVe,,PD oxidation by‘tris;waShed_chtoropiasts exhjpitsy_
a pattern 1n'f1ashtng‘1ight qpite dtstinct from that for nater‘oxida—‘
‘tion in 1ntact ch]orop]asts In order to ga1n 1nformat1on on the. s1te

~of PD oxldatlon, activation stud1es, s1m11ar to those shown in Fig. 4

i

for oxygen evolution, were carried out. -F1g.’9 presents the resu]ts
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of these expefiments.‘:Two c]osé]y spaced flashes were given to pre-
i]]uminéted tris-washed chloroplasts. and the yield’of oxidized donor
produced on the second flash is plotted as a function of the time
between the tWo flashes. As this dark time decreases toward the
value for the half time of PD donation the yield of the second flash
decreases; this corresponds to the falling portion of the curve in
‘the region between 1073 and 107% sec. The half time for PD oxidation, -
200-300. usec, is in the same range as that'repOrted in Section Il and
by othér authors (Kok et al., 1970; Boﬁges;Bocquet, 1973) for water
‘oxidation in intact chloroplasts.
D. Dfscussion

Of the donor systems studied, PD giveé results most clearly
attributable to specific oxidation by Photosystem If. This conclu-
sion is based on three ]fnes of evidence. The first 1s'the good -
_agreement between the rate of PD oxidat&on detected_po]arographica]]y
“1in tris-washed chloroplasts and the rate of NADP reduction detected
épectroscopica11y in tris-washed chloroplasts suhp]ied with the PD/asc.
coup]é (Tables II and III). The second is the sensitivity of PD oxjda-
tion to the PSII inhibitor, DCMU, shown in Fig. 7d. The third}]ine of
evidence is the observation, discussed in connection with Fig.:7b, fhat
PD oxidation in dark-adapted, tris-washédvch]ordplasts occurs for the.
first several f]ashes with or without the addition of NADP. This
behavior is similar to that observed in oxygen evolution experiments
and indicates that the plastoquinone pool located between the two
photosystems (Amesz, 1973) is acting as a sink for electrons coming

from PSII, either from water in intact chloroplasts or PD in tris-

washed chloroplasts.
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SLOW COMPONENT &GNAL AFTER THME H)
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Recovery kinetics for slow compenent. Reaction mixture
4

from each exper1m9nt were norma11zed w1th re>pect to the steaay

JIer after 10 fiashes.

M. Results
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ONSET KINETICS FOR PHENYLENEDIAMINE

’ OXID/-\TION»'_»IN PREILLUMINATED CHLOROPLASTS
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figure 9. Onset kinetjcé for PD-oxidatidn in tris-washed ch]brop?aéts.

Reaction mixture as described in Materials and Methods; PD concentration

was T X 10_3 M.. Experimenta} procedure as -described in the text.
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The pr1nc1pa1 resu]ts of the f]ash1ng Tight stud1es on PD ox1da— :
tion in tr1s-washed ch]oroplasts shown in F1gs 7 8 and 9 can be sum-
;mar1zed as’ fo]]ows (1) PD ox1dat1on occurs on the f1rst and a11 sub—
»sequent f]ashes in dark- adapted or pre111um1nated ch]orop]asts These
‘results prov1de d1rect ev1dence that charge separatlon 1n PSII occurs
. on a]] f]ashes and that the two-f]ash 1nduction per1od observed in »_;
oxygen evo]ut1on experlments serves to accumulate ox1d1z1ng equ1va— -
]entsjfor the ox1dat1on of water, (2),0nset kjnetlcs (F]b. 9 show that B
PD is one electron okidized at'a site'whieh has/adreset time-sym11ar
| to that observed for oxygen evo]ut1on 1ntermed1ates (3) In.darkf
adapted ch]orop1asts both. PD -and PD, are generated -There are‘no'
‘ osci]]at1ons with flash_number in the yield of_PD—]"1nd1cat1ng that
the-site for PD oxidation is close to thefprimary donor_or the PSII
reaction'Center Chl.itser. However, PD+2 oroddetion is maktmal on
theftirst.flash and oscillates withgperiod'two; but n{th diminishing
| yield, on subsequent flashes. (4) Following il]umtnationha dark. time

“is required'.ﬁefore'PD+2

can again be evoked by f1ashes,' The tine - :
- course for this dark processA(Fig. 8) iS'simtlar.to_that observed forh
'the recovery of theicharacteriStie perfod'four osoillatjons in oxygen
evolution.. (5) DCMU}inhibits the oxidation'of PD on a]lfflashes in
vprei]]dminated:DCMU-treated,Chloroplastst_for dark-adapted chloro-
.plastsvthe yield of‘oxidized PD on‘the first f]ash:is,not-affected 7'
by DCMU;fhowever,‘subsequent flashes prodUce no oxidiied PD.

| The fo11owing mode].accounts for the observatfons on the genera—

+1

tion of PD The react1on center and water ox1d1z1ng site in PSII

is designated as Q P680-Z- S, where Q is the pr1mary atceptor, P680
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is the reaction center Chl, Z is the primary donor, and S, is the
pool in which chargé accumulation occurs (with n = Q to 4 indicating
extent ofvoxidation). ’The absorptidn of a photon by dark~adapted

chloroplasts would then result in the following reactions :

Q-P680-2-S, —— Q7-P680*-Z-5, | I1I-1
Q”-P680*-2-5, _dark_, o -peso-z'-s,  III-2
Q-pes0-z*-s, -2k g -pego-z-s,  III-3

The fast component of PD oxidation, leading to the one-electron
oxidized PD+], observed on the first and subsequent f1§$hes, would

+], Z+, or S].

result from;the reduction by PD of one of the species-P680
As mentioned above, the onset kinetics (Fig. 9) shdw that PD oxidation
occurs at a a1te which has a reset time similar to that observed for
-oxygen evolution intermediates. In oxygen exper1ments this reset time
is usually associated with the react1on shown in equation I111-3, but
may also correspond to the reoxidation of Q@ (see Df;éussion; Section
I1) or with, the react1on in equation III-2. |

In this model DCMU inhibits by blocking the reoxidation of Q.
In preilluminated chloroplasts, Q has been reduced during the pre-
;eding illumination period and subsequént flashes evoke no further
electron transfer.v In dark-adapted chloropliasts, Q is_oxidized
before the fTash series but the first flash transfers'éufficient
electrons tb reduce Q completely, and no further flash-induced elec-
trOn‘transfer occurs. Yamashita and Butler (1968b) have reached a

similar conclusion on the basis of fluorescence studies for the mode

of action of DCMU in tris-washed chloroplasts.
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The s]ower component, correspond1ng to PD ,IWhich:occurs-on
'the f1rst th1rd and flfth f]ash is more d1ff1cu]t to exp1a1n 'The
'_ osc111at1on w1th per1od two and the recovery k1net1cs of thls com-
) ponent shown in F1g 8 suggest that it may or1g1nate from a more
7ox1d1zed S state e1ther S2 or S3 In thlS mode] the recovery |
k1net1cs wou]d correspond to. the k1net1cs for reestab11sh1ng equ111b-
rium between S0 and-S]. Fo]]ow1ng the f1rst f]ash S0 would be advanced
“to S] and produce PD + S] ‘would be advanced to 52 ard produce PD 2
However, add1t1ona] assumpt1ons, perhaps 1nvo]v1ng alternate pr1mary o
acceptors as suggested by Joliot and Jo11ot (1971) to account for
"f]uorescence cata, would be necessary to exp]aln the per1od two osc11-
lations in the slow component . | A

A second model would 1mp11cate‘e1ectron carriers which lie off~
the 1inear'pathway from P680 to Sn shown in equattonvIIE-l as the
source tor.the s]ower component “One of these carriersiis cytb559
(But]er, 1973 Vermeg]1o and Math1s, 1973) and another is a free
~ radical species which has been des1gnated S1gna1 II (see Section IV)
In trls-washed ch]orop]asts both of these species have been shown to
undergo PSII med1ated photoox1dat1on (Knaff and Arnon, 1969; Loz1er
~and But]er,_1973). The addition of an electron donor appears to
quench this oridation,‘but unfortunately this procéss has not been
studied in detail. The reduction of one or both ot these electron _
carriers may account'for the generation of the PD+2>obServed”on the:
first f]ash shown in Figs. 7b and 7c. The fact that the PD+2 signa]

is absent in heat-treated or antimycin A-treated, tris—washed chloro-

plasts indicates that this may be the case because these treatments
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a]ter the potehtia] of cyt b559 (Wada and Arnon, 1971; Cramer ahd |
Bohme, 1972) so that it is no longer reducible by Pb.‘ F1ashing 1{ght
studies of cyt b559 behavior in tris-washed chloroplasts would be
useful. | |

Finally, our experiments do not definitely asSOEiate the slower
component exclusively with reactions occurring on the water Side of
PSII. Vermeglio and Mathis (1973b) have noticed bSci]Yations Wi th
period two in the oxidation of cyt f; presumably avPSI reaction. That
the recovery kinetics of the slow component are similar to those for |
intermediates involved in oxygen evolution, and that the slow com-
ponent is not qbserved in intact ch1orop1asfs argue against this PSI
assignhent. »Aﬁ action spectrum for the generation:of fhe-s]ow com-

ponent would resolve this question,
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* SECTION 1V ‘
DECAY KINETLCS AND SPECTRAL PROPERTIES OF EPR SIGNAL II



" DECAY KINETICS AND SPECTRAL PROPERTIES OF EPR'SIGNAL [1

A. IntrodUction |
| At room temperature oxygen evo1v1ng photosynthet1c mater1als
generate two free radical spec1es wh1ch are detectab]e us1ng EPR .
spectroscopy (Commoner t al., 19565 Sogo et ] 19“7) (F1gure 10).
Thé-first,FWhich has been termed Signal I, has . rapld r1se and decay
| kinetics and ha§ been established as arising from_the;ox1djzed'reac—
“tion center of Photosystem I, P7oof-(Beinert and Kbk,h1964; Kohl,
1972). The Second Signal 1I, haS‘beentless.we11"charaCterized It
has been reported to have a g_va]ue of 2. .0046, a 11ne w1dth of. about
20 gauss, hyperflne structure resu1t1ng from 1nteract10n w1th protons
and decay kinetics on the order:of hours (He1se and.Treharne, 1964) ..
The studies of Weaver'andeishop have shown Signai'fi'to be.absent in
"‘photosynthet1c bacteria, in a]ga] mutants 1ack1ng the ab111ty to’ evo]ve
oxygen and in algae grown on a manganese def1c1ent med1um (Weaver,
1962; Weaver and BlShOp, 1963) Ch]orop]ast preparat1ons which have
lost oxygen evolving capac1ty through heating or son1cat1on a]so 1ack '

the sp1n s1gna1 (Treharn t al., 1963). Ch]orop]ast part1c]es

eetal.
enr1ched in Photosystem I1 activity show an 1ncreased S1gna1 Il mag— .
nitude, whereas. Photosystem I part1c1es are def1c1ent in th1s feature.
'_ (Koh1' 1972) On the basis of these findings S1gna1 II has been
assoc1ated with the oxygen evo]v1ng Photosystem 11 1n a]gae and green
p]ants (Weaver, ]968)

Kohl and coworkers, using deuteration, extraction and readdition

procedures and in vitro studies on mode]'compounds; have presented

(
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o
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1

XBL729-4768
Figure 10.  EPR spectrum (1st derivative) of spinach chloroplasts
illuminated with broad band continuous']ight. NADP concentration

was 1 X 1073

M and Fd was 41 ug/ml. Thermi;rowave nower wés"SO m ,
1nstrument't1me constant was 0.3 sec, scan rate -was 12.5 G/min. The
low field maximum of Signal I is labelled with "I", onc of the iow

field hyperfine components of Signal Il is labelled with "Il".
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‘ev1dence suggest1ng that the molecu1ar species giv1ng rise. to S1gna1
O II may be p]astoqu1none or a. spec1es closely re]ated to- 1t (Koh]
et al., 1965; Kohl and Wood, 1969; Koh et al. 1969) Kinetic
~evidencevlihkinthhis observation with the functlona]'pOOT of plasto-
qu1none Tocated between the two photosystems 1s 1ack1ng (Esser, |
1972; Amesz, 1973) There are however, severa] d1fferent poo]s of
‘qUihOne.present,in the chloroplast, so th1s obseryatlon does not
invalidate the assignment of Signal II to a p]aStOQuihone derivative
(Liéhtehthaler,']969) A review article on the properties‘of both
-Signals 1 and I1 has recently appeared (Koh1, 1972) v '
Recent]y, specu]at1ons on the functional 1ocat10n of S1gna1 II have

centered on the water .side of Photosystem II, where long-lived inter-
'mediates involved in‘the water oxidation'process have:been demon-
strated_(Kb g___l__ 1970). The basis for this eeéighhenf comes from
both the long decay time of the radical and its behavior tovreagents
such as hydrory1amine, anilinothiophene and CCCP, which speed the
decay of beth;Signal I (Okayama gifgl;, 1971;.Lozier and Bﬁtler,
1973) and oxidized precursors ihro1ved in oxygen eyo1utioh (Renger,
1971). | | | o
.Kihetic aneiysis of Sigha1 IIIhas been greatly hampered byvfte .
slow decay, which is on the order of hours  at room tehperature.e
Kinetic'meesurements after such ]ohg times are diffieu1t to inter-: -
pret because of severe éging effects (Section VO.;,In the experimehis
presenteduin this section we heve established condffiehs under which

- fresh chloroplasts with Tow dark levels of Signal II" can be obtained. -
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in addition, we havehfouhd'that the speties‘gi?ing'ktSe to Stgnal
IT exists ih two a]ternative states The EPR speetrum of one of
these states has 5 hyperf1ne components and 1s s1m11ar to that v
reported by other workers (Koh1, 1972). The EPR propert1es of the .
.second;state'include a narrower bandwidth and on]y 4 hyperf1ne com-
, pOnents We have carr1ed out pre11m1nary exper1ments exp]or1ng :

the factors wh1ch contro] the 1nterconvers1on of these two states

B. Materials and Methods

(1) Ch]orqp]ast;preparat1on

Spinach (Sp1nac1a oleracea var. early hybr1d No 7) was. grown

' ih growth chambers under cond1t]ons as oqt]tned by,Syn and Sauer
(1971). 'ChTOropTasts were iso]ated3by grinding‘teh’lohsec in a
Waring b1ender usingian iso]ation so]utien COhSi#tjﬁgvof 0.4 M
sucrose, 0.1-M tricine (pH 7 6), 0.01 M NaCl (Unwashed sucrose :
ch]orop]asts).or 0.35.M'NaC], 0.02 M tris (pH 8.0)t(thashed'sa1t ;
ch]orop]asts) | Thevch1orop1asts were‘then ft]tered through 8 layers
of cheesecuoth, spun for 1 min at 3000 x g in a Sorva] RCZB centr1-
fuge, and the pe]]eted ch]oroplasts were resuspended in the 1so]a-
tion solution. A]] operations were carried out §t14° . Washed
chloroplasts were prepared by resuspendihg eithek 6ffthese'types of.
- ch]oroblasts_in fresh isolation medium and subsequently centrifuging at
1000 x g for 10 min. Chloroplasts referred to in the text as ”dark4h
adapted chloroplasts were prepared in the same manner except that |
the spinach leaves were.picked after they had heen;ih.the dark for

for at least 8 hr, and all subsequent'isolation steps were carried



'QT;79- v .
“out in the»dark Ch]orophy]] concentrat1ons were between 2 and 4
mg/ml. ‘EDfAh(1O M) (flnal concentrat1on) was present 1n all exper1— '

+2.

.ments to eliminate the Mn s1gna] wh1ch otherw1se wou]d d1stort the

baseline. In contro] experlments the same resu]ts were obta1ned with
'or w1thout added EDTA

(2) Light sources o

Broad band cont]nuous whlte 11ght was obta1ned from a m1cro-

scope 111um1nator and was passed through a water fi]ter and a Corn1ng

- 1-69, 3—74,f1]ter-comb1nat1on. The 1ntens1ty at the sample for this

continuouslfight was 45 mi1liwatts per cm2 Red (650 nm) or far red
(700 nm) cont1nuous ]19ht was prov1ded by a tungsten ]amp, a Bausch

 and Lomb monochromator (Mode] 33-86- 03 entrance slit = ex1t sljt =

-_'2 mm; d1spers1on, 6.5 nm/mm), and’ approprlate OptrcaJ.Industries‘nJ

':1nterference f11ters to e11m1nate higher order d1ffract1ons " Light

\ 1ntens1ty was adJusted using appropr1ate Ba]zers neutra] dens1ty
filters and measured with a Hew]ett—Packard Rad1antvF]ux‘Detector
(Model 8334A). -Illumination was initiated uSing an electromechanical
shutter which has an opening.tfme.]essvthani]O msec. '““

- (3) EPR measurements

1

A Varian E-3 (X band, 9.5 GHz) EPR spectrometer fitted with a

slotted cav1ty to perm1 1n‘situ'iilumination was used in recordﬁng

spectra and kinetic changes in ch]orop]ast suspens1ons contalned in
a- quartz EPR flat ce]] (nom1na1 optical path length 0. 2 mm) . The
cavity was cont1nuous]y flushed with dry, room- temperature nitrogen
_ g "The modu]at1on amplltude in record1ng spectra was - 5 O gauss.

Spectra were - recorded by sweep1ng from low field to h1gh f1e1d w1th

-

i . . - . .
. r
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the‘spettrometer'time constant; microwave poWer and scan rate as
| noted in the f1gure 1egends o N

Signal averag1ng was performed using a 1024 channe] Enhancetron
signal averager. The output of .the Varian E 3 spectrometer, w1th a
't1me constant as noted in the text was fed 1nto the averager "
Appropriate t1m1ng c1rcu1ts synchron1zed the 1n1t1at1on of the
raverager sweep “and _the f1e1d sweep for record1ng spectra Low
- temperature EPR exper1ments were performed us1ng 3 mm cy]1ndr1ca1
(I D.) quartz samp]e tubes ‘A Varian low temperature accessory o
. (Model #E-4557-9) was used‘to ma1nta1n-the temperature.w1th1n +5°C.

of the nomina] value.

C. Resu1ts
(M tffect of dark adaptat1on on S1gna1 11 decay

F1gure 11 shows EPR spectra of ch]orop1asts 1n ‘the 11ght and in
the dark ‘after illumination. In the,11ght,.both Slgnal 11 and S1gna1
I are observed, a]though the'magnitdde-of Signa] I.iseiow because no
electron acceptor system, such as ferredpxin/NADPf,'has been.ihcluded
in the ch]oroplast‘sospension ~Upon darkentng, SignatAI decays
quickly- whereas ‘the extent of Signal II decay is sl1ght In his;
recent review article, Koh] (1972) mentlons that in the_darh Signal II
has hyperf1ne structure in the region labeled "I“ in Fig. 1i,’such
that the rat1o of the peak in this reg1on to the peak at the pos1t1on
labeled "II" in Flg 11 is 3/4 We have found that th1s ratio varies
considerably and is dependent on the method of ch]orop]ast isolation. |

-In the fo]]ow1ng subsection we consider the sources for th1s variation
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~ (a) Light

3  ...

(b)'Ddrk

. 3370 R 33%0 - .. 3410
H (Gauss) | :

Figure 1. EPR'spectra of chﬂorob]asts resuspendéd'fn 1solat$8?rsf_4?is
So]ution:in the light (a) and in the dark immedféte1y.aftek;ilfUmiﬁaé
‘tfon-(b); Broad band continuoug'}ight‘was used io i}]uminate.the
sémp]e. The instrument time constant was 0.3 sec, the scan rate was -
25 G/min and the microwave power was JE imW. Léw'fiéjd méximum for

Signal II labelled as "II", for aignalvl'as “I“;v_ff



| o -81-
ft1n the structure of S1gna1 IT in deta11
Cyc]es of red and far red 119ht have been shown to have no effecf_
“on ‘the decay .of S1gna1 II (Esser, 1972), and exogenous redox systems
appear to be excluded from the site of S1gna1 II format1on Fresh
ch]oroplasts prepared from spinach picked: dur1ng the growth chamber
.v-_11ght cyc1e show high dark 1evels of S1gna1_II and,exh1b1t;11tt1e -
‘ addttidnal'liqhteindUCed increase. e have found:that 1n¢ubation af
dthese ch]oroplasts for 2-4h at. O Cin a darkened 1ce bucket 1eads
'to a 20- 30% decrease in the s1gna1, wh1ch is rega1ned upon . 111um1na—
tion. It appears that a so1ub1e endogenous-factor fac111tates th1s
idecay, since washed ch]orop]asts show very little- (1ess ‘than 10”)
Signal Ir decrease even after 5 or 6 h of dark 1ncubat1on |

Nerhave found, however,‘that ]f sp1nach ]eaves are p1cked-toward

"v'the end of the dark period of their growth cycle and the ch1oropTast

isolation procedure is carr1ed out in the dark, the magnltude of S1gna1
I1 prlor to 111um1nat1on is reduced F1g 12 shows EPR spectra of such
dark adapted ch1orop1asts before and after 11lum1nat1on The chloro-
p]asts in th1s exper1ment prepared from Teaves Wh]Ch had been in the
dark approxxmate]y 8 hr, show a 45% 1ncrease in s1gna1 II upon 111um1—
| nat1on | “ |

The effect of the microwave power Teve] on the'Signal iI'amp11-~
tude and on the rat1o of Signal Il before and after 111um1nat1on in. -
dark—adapted ch]orop]asts is shown.in F1g. 13. ‘Curve (g) 1nd1cates ‘
that Signaftil saturates ‘at fairly IOw power in agreement with Koh1¢.
(1972), and decreases slightly.at higher poWers. However, the ratio

of Signal II in dark-adapted chloroplasts to Signal II in these same
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CHLOROPLASTS
(a) Dark-adapted

(b) Dark after HlQminaﬁon

XBL732-4653

Figure jg; EPR spectra of dark-adépted ch]ordp]asﬁsiﬁh the dérk
before (a) and imiediately after (b) 1]]um1ndtiong;fThe sémple was
illuminated with broad band white light.for 2 mih'béforelspectrum
- .(b) was recdrded; ‘The instrument time constant Wasfl.okséc, scan

rate was 25 G/min, microwave power was 50 m.
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Figure 13. EPR Signal II amplitude (curve a, -—o-§—-) XBL734-4774
and the ratio of Sigﬁa] II before and after illumination

(curve b, - -0- -0- -) as a function of microwave power. Avfresh
sample of untreated, dark-adapted ch]orop]asts was used for each

experimental point. The instrument time constant and scan rate were

as described in Fig. 12.

SIGNAL I DARK /SIGNAL II LIGHT (- -o)
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.‘chlorop1asts fo]]ow1ng 111um1nat1on 1s not 1nf1uenced by tne m1cro— o
~ wave power‘as shown 1n_curvev(b) in Flg ]3; »Thms ‘ratio rema1ns
constant at about 0.60 in'this:set of experiments for microwave
~ powers between 1.0 and 125 mk . | | o

“Fig. 14 summarizes a ser1es.of exper1ments 1n wh1ch cilorop1asts
were prepared from leaves - p1cked at various t1mes after 1n1t1at1on of
the dark per1odf W1th1n the flrst 2 hr after darken1ng there is a
decrease of'abodt 25%_1n the_s1gna1, which may'correspond to the 20-30%
’decrease (see.above)Athat'hasebeen'found to be assocfatedﬁwith_dark
1ncubated,¢h10rop1asts,atloét,"Flethng this"initial decrease there
is'a slower decreaSe to about 50-60% of ‘the 1ight-tnduced'Signaleaftpr
12 hr in the'dark Ne have cons1stent]y found that S1gna1 II appears
to decay on]y to th1s 50% 1eve] in the dark in v1vo Loz1er and But]er.
(1973) have reported a s1m11ar 50% p]ateau in the decay of 51gna1 II
_fo]]ow1ng 111um1nat1on in 1solated spinach chloroplasts at room tem—
vperature The poss1b1e s1gn1f1cance of th1s effect w1]1 be d1scussed
in deta11 be]ow | e |

(2) EPR spectra of Signal II - A]ternat1ve forms_

Fig 15 presents EPR spectra of . sp1nach ch]orop]asts neasured in
the dark under various cond1t1onsv Magnet1c f1e1d~pos1t1ons corres-lb
pond1ng to part1a11y resolved hyperfine peaks and troughs 1n the -
spectravhave been labeled with the 1etters A-F. ,F]g 15a snows the
EPR spectrum for Signa] If which we observe rodtihe]y'from unwashed
sucrose'ch]orop]asts. There.are tour partially resolved.components
and the bandwidth, measured as the'hagnetic fie1drdifference be tueen

the Tow fie]dpmaximum at B and the high field mi ni i at D, is 16 G.
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. 1gure 14 The decay of S]gna] II _190; Sp1nach p]ants in the

-vfgrowth chamber entered the dark per1od of their growth cycle at :fg:‘
“time zero At various t1mes fo]]ow1ng th1s, chlorop]asts were ;?f‘ii'~
nv1solated under r1gorous]y dark cond1t1ons Spectra were recorded
before and after 1]1um1nat1on w1th broad band wh1te 11ght, us1ng .
the the c0nstant and scan rate descr1bed in F1g 12 The maqn1tdde
of S1gna] II was measured as the d1fference between the 1ow f1e1d
‘f;max1mum at 3380 G and the h1gh f1e1d m1n1mum at 3396 G in F1g 11
‘,The rat1o of S1gna1 II before 1]1um1nat1on to S1qna] II fo11OW1ng
111um1nat1on is plotted as a funct1on of. the t1me the sp1nach

"]eaves were p1cked
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Under these‘conditions‘the shouider.at A is prominent, the amp11i tude
- of the peak C is sma11:compared to that at Bg and.there is no obvious
shou]derfbr'peak at’fie]d‘poéition Et. B |

If these unwashed §UCrose.ch}orop]aSts‘are subsequent1y'washed
with the sdcrose isolation medinm, the.§pectrun_§hown,in.Figﬂ stv
resu]ts This spectrum is now-similar to that reported‘by other_
workers (Kch] 1972) The Tow f1e]d shoulder at A is 1esa well
resolved; the peak at C is much 1arger there is a ahoulder at D and
a high fie1dem1nimum at E. _The apparent;bandwidth; measured~between
B and E,iis;]Q G. For the renainder‘of'this WOrk.Qe éhaT]vrefer to x
‘the 16 G speCtrnm of Signa]'II in Fig 15a as S1gna1 11(16) and to-
the 19 G spectrum in F1g 15b as S1gna1 I1(19). '

S1gna1 T1(19) in washed sucrose ch]orop]asts can be converted to
Signal II(16) by 1ncrea51ng the ionic strength For examp]e, we have
found that the add1t1on of 30 mM MgSO4, 40 'mM K2504, 30 mM MgC]Z,

30 m | Ha,Mo0, or 10 m Ky FeII(

CN)g to washed sucrose chloroplasts
:converts Signal TI(19) to Signal II(]S).v figﬁ 15¢,ehow5_the ePR
spectrum of'SignaT IT in washed sucrose ch]orop]astejin.whicn the
ionic'strength has been inereased byvthe additibn of 10 mM'notassium
.ferrqcyanide;'.This trace show51structure‘veryvsfmﬁ]ar}to that recorded_"
for Signa1-II(16) 1n-unwashed sucrose ch]orop]astel(Fig 15a) The h
shoulder at A is aga1n more apparent the amp11tude at C is reduced
and the h1gh f1e1d minimum has shifted from £ to D resu]t1ng in a
bandwidth of 16 6. |

| In these exper1ments the ionic strength of the added sa]t was the

II(

critical factor. For example 10 mM. K4 Fe CN)6 ( = 0.1 M) was suf-

ficient, whereas 10 mM MgC]2 (n = 0.03 M) was w1thogtvappreciab]e



EPR SPECTRA -
CHLOROPLASTS

{ - a) Unwashed

' T Washed

_ c) Washed
+KaFe (CN)g

: ) g=2.0023 : : o
n L. | I L NI B I
3370 - - 3390 3410 o
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XBL736-482I

Figure 15. EPR. ‘spectra of 5p1nach ch]orop]aats, 150sated in sucrese

1so]at1on med1um a)resuspended in iso]at1on med1um b) washed |

once in sucrose 1so]at1on med1um and resuspended 1n'1so1ation'medium,

c) as in b) w1th 10 mM K FeII(

4 CN)6 added following - resuspenSIOn

AN samp]es were illuminated w1th continuous, broad band ]1ght for

30 sec before the spectra were recorded The m1crowave power was 16mw

instrument time constant was 0. 3sec, and a scan rate of 12.5 G/mln
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effect on the conversion orooess. Honever,-if 3O,mM'MgC12 (u = 0.09 M)
was added to washed sucrose chlorop]asts; Signa]fli(lo)aWas observed.
_In these experiments we found, in generaT,hthat the'ionic”atrength of
the added sa]t had to be greater than u = 0.08 Mrto conVert‘Signa1
11(19) to IT(16) o '_'

Th1s convers1on of Signal II(19) to Signal Il(jo) is not facili-
tated by 30 mM sodium ascorbate,Aindicating thatvthegmechanism for this
conversion does‘not'involve reduotion Further evidencersupporting the‘v
conc]us1on that oxidation- reduct1on react1ons are not 1nvo1ved comes
from the 0bs ervat1on that 10 mM potass1um ferr1cyan1de added to washed
sUcroée ch]orop]asts convertszS1gna] I1(19) to-S1gna] I1(16) as effec-
t1ve1y as. does 10 mM potass1um ferrocyan1de At thiélconcentration.
ferr1cyan1de is a strong enough ox1dant to cause apprec1ab1e ox1da—
tion of PZOO and henee the presence of S1gna1 I obscures Signal II»
in the region around field positions C and_D,. HoneVer,_the shou]der '
at A invferriCyanide-treated'ohlorop1asts ts,as well resolved as it
is in Fig. i5a or 15c, indicating that Signal i1(15),§§ preeent.:
Thisvexperiment also demonstrates that Signal II(195Idoes not result
from an add1t1on of S1gna1 I and Signal II1(16), 1n agreement with: the
1nterpretat1on of Kohl (1972). | '

In a aecond set of experiments des1gned to test ‘the effect of _'
ionic strength on the structure of Signal II, we prepared unwashed
and nashed salt chloroplasts. The tina] NaC1 conCentratiOn in -both

. types of oh1orop]asts was 0.35-M (u = 0.35 M) and in each case Sig-
nal II(16) was observed. These experiments indicate”that Signal

I1(19) results in washed sucrose, chloroplasts from an ionic strength
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"_decrease-caused'by'the washing procedure‘and not, forﬁexample;‘by

v'f‘the remova] of so]uble factors contr1but1ng d1rect1y to S1gna1 11(16);"'

}.Th1s suggests that the 1nterconver51on of the two states of S1gha1 II
is med1ated by an a1terat1on in the structure of the radlcal spec1es
g1v1ng rise to the s1gna1 S ‘ o o
In order to determ1ne the re]at1ve number of sp1ns 1n o1gna1
II(19) and S1gna1-II(16), we performed double 1ntegrat1on_for.51gna1
fII(]Q)Vin;SampleS’of uashed‘sucrose ch1orob1asts ”Ustng‘chtoroptasts
from the same preparat1on, we then converted S1gna1 11(19) to:Signal
: II(16) and carr1ed out double 1ntedrat1on for S1gna1 II(16) . Com-
_paring these two values we found that the rat10 of’ splns in S1gna1
II(19) to sp1ns in II(16) was 1. 0 - O 05 for three d1fferent prepara-
tions of washed sucrose chlorop]asts e conc]ude from these exper1—
'ments that the spec1es gtv1ng r1se to S1gna1 11 can ex1st in two
a]ternat1ve states and that convert1ng from one state to the other
by 1on1c strength changes does not alter the number of spins detected.
Preliminary results suggest that the 1nterconvers1on between the
two states of S1gna1 II is temperature sens1t1ve Unwashed sucrose .
| ch1orop1asts which exh1b1t S1gna1511(16) at roomvtemperature show |
" Signal II1(19) when frozen'to -60°C or”toe—196°C'. Poweuerv'asidis?
cussed in greater deta11 below, 111um1nat1on does not play a ro]e
in the 1nterconvers1on of these two states of S1gna] II ' |
we observed both Signal II(]6) and 11(19) in ch]oroplasts pre-
pared from market and greenhouse Sp1nach and in pea ch]oroplasts :
: In each cf these samp]es it is poss1b1e to convert S1gna1 II(19)

S11(16) by 1on1c strength 1ncrease. In who]e 1eaves of growth chamber
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.'_ sp1nach we observed a 19G bandw1dth for S1gna1 II, 1nd1cat1ng that

" the predom1nant 1n v1vo state is that g1v1ng r1se to S1gna1 II(]9)

We a]so 1nvest1gated the structure of S1gna1 II 1n the algae Chlorella

pxreno1dosa and Ch]amydomonas re1nhard1 In agreement wlth published
spectra by Heaver (1962), Kohl (1972) and others we‘observe eSsentia]]y

S1gna1 II(19 The- rat1o of peak 1ntens1t1es at f1e1d po1nt C ‘to that

-at field point B 1n these algae varies between 0 50 and 0. 80, c0mpared

to the C/B ratio in S1gna] II1(16) wh1ch is less than. 0 25. The band-

width for S1gna1 II 1n these a]gae is 19 G. B
(3) L1ght—1nduced increases in Signals II§J6)'and'II(J9).h

We presented data above on the 11ght -induced 1ncrease in. S1gna1
IT in dark adapted ch]orop]asts The exper1ments were done wtth
spinach~chlorop1asts which exhibltede1gna1 II(16) We have - repeated |
these exper1ments with ch]orop]asts which show S1gna1 II(19) and w1th
chloroplasts in which S1gna] II(]Q)-has been convertedﬂto-SlgnallII(l6)
by 1onicrstrength increase. Vv o .12 j_ | '

The Teft side’of Fig. 16 shows spectra of S1gna1 iI recorded for
dark- adapted ch]orop]asts before (curves‘])wand in the dark afterr
(curves 2) 111um1nat1on. On the'right in the fipure'are the spectra
of the 1ight-induced increase invSigna1'II which 1s obta1ned by sub-”

tract1ng curve 1 fron curve 2 for each of the three exper1ments

- Fig. 16a was done with unwashed sucrose ch]oroplasts,_F1g 16b w1th -

washed sucrose'ch1orop1asts, and Fig. 16c with washed sucrose ch]oro-

I1

plasts to which 10 mM K4Fe '(CN)6 was added. - The data show that in

unwashed ch]oroplasts and in washed chloroplasts p1us ferrocyanide

the spectrum of the light-induced increase is that of Signal I1(16).



Washed_sucrose ch1orop1astsQ(Fig. 16b)'houever, erhiodt'Signa1.If(19)
before and:after'iltumination and,'as’eXpected,'theadifterenCe soectrum
vvis aTso that of Signal II(]Q)} 'The.results indicate'that Signa]s‘
(]6) and II(19) undergo ]ight4induced jncreases:wtthout change in

| spectral characterrstics B o B o o

| The ch4orop1asts used in the exper1ments in F1g ]6a were pre-
pared from sp1nach plants wh1ch had been in the dark about 4 hr. The
| ratio of the_amp11tude of Slgnal IT before 111um1nat}on to S1gnal 11

| fo1lowing 1Ttum1natton is.017, 1nvagreenent withvdata:oresented'in

Fig 14 on the in vivo decay of S1gna1 1. In F1gs 16b and ]6c a

second preparat1on of ch1orop1asts, isolated from sp1nach plants wh1ch
had-been in the dark for 10 hr, waS'used. In both,FJgsf 160 and 16¢
the'aMp1itude of Signal IT before illumination accounts for about 55%
of the amplitude of Signal II following 111umination' This result
agrees with the _n_~;___decay of S1gna1 II in sp1nach p]ants wh1ch we -
| measured ear]1er using unwashed sucrose ch]oroplasts and indicates

that the state 1n wh1ch the Signal I1 precursor ex1sts has 11tt]e

effect on the decay or light-induced 1ncrease in S1gna1 IT.

- D. Discussion _

Previous work on Signal II has concentrated on.its_molecular'
identity and its general 1ocation with respect to7the;two.ohotosyn5-
thetic 1light reactions. The.main conc1usions frongthis earlier work
" has been the identification of Signal IT with either ptastiquinone
or a plastcquinone derivative and the general association uith the

~oxygen evolving photosystem. Very few kinetic.experiments have been
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~ EPR SPECTRA — CHLOROPLASTS =~ =« LIGHT MINUS DARK
R IR S ' ~ EPR MFFERENCE SPEC1RA

() (1) bark=adop1ed .

(2) Dork after itlumination

:a)ﬁunwashed'

b) Washed

".c) Washed' ‘
+ KqFel(CN)g

Tﬁ" ‘ o e L o 9220023

XBLT36-4822

Figdre TG.I.Left:v CPR spectra of dark-adatted ch eroplasts, N
iso]ated infsucrose mediUm,.in the dark (1) before and (2,;after

f]]uminatien; two scans are shewn fnr both (1) and (2)1"Right; 1ight/
. minus datk EPR d1fference spectra obta1ned by subtract1ng (1).fhom (2)
for each of the samp]es on the left a) Unwashed b‘ washed, and <) v

washed + V4EeII(

CN) - sucrose ch]orop]asts Broad band 11gh “was used '
‘.fok illumination. The_subtract1ons were performed e]ectronica]1~
'with~the-$igna1 averager. The microwave power was 5 mw, 1nstrument

Ctime constant was 0.3 sec, and. the scan rate was 25 G/m1n
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reported pr1mar11y because of the d1ff1cu1ty assoc1ated w1th the |
| _Iong decay of the rad1ca], consequently, more spec1f1c 1nformat1on
.regard1ng its Iocat10n and mode of generat1on has been 1ack1ng
We have deveIoped a procedure that allows us to obtaln fresh
untreated ch]orop]asts with Tow dark~1eve]s Of;519“§] 11 rad1ca1s._‘
In the foH_owingvseCtion this procedure will be used in order to
.perform°kinetic'experimentsxon'the'Iight—inducedfQeneration*of :
Signal II However, in deveIop1ng this procedure severa] character1s-"
tics of S1gna1 IT have come to light. | v ‘: | | ‘ »
The in viv decay of S1gna] II shown in Fig. 14‘Indicates'that

th1s rad1ca1.1s unusuaIIy stab]e By contrast,_the’decaont SignalbI
fo]]ow1ng cessat1on of»111um1nat1on is onvthevorder ofitens of msec
(KohI 1972). In addition, only about half of the rad1ca] has decayed
even after 12 hr dark, and from the shape of the decay curve it
appears that a p]ateau 1s reached at the ]evel of ha]f decay Lozier
and Butler (1973) and exper1ments reported beIow (Flg 32) 1nd1cate |
that the dark decay of Signal I in 1so]ated chIoropIasts at room
temperature also reaches a plateau_at;about 50%.of the I1ght-1nduced
level, Thus it appears that SjonaI I is heterogengpus,_at least

with respect to decav kinetics; in that about‘50%7offthe radicals
decay more'rapidIy than the other haIt. This behaviorhis simiTar -

to that dispIayed by another‘enigmatic‘component.which.has been’
associated wi th Photosystem II, cyt bssg, 'Epel _t. al. (1972) have
shown that there are two‘distinct pooIsvof this cytochrome in oxygen—'
evolving organisms and that these two pools may_befdjstinguished on_

the basis of redox behavior. In addition, both cyt b559 and Signal II
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'do not appear to be 1nvolved 1n "the main e]ectron transfer react1ons
.'_1n normaIIy funct10n1ng chIoropIasts Cyt b55§ 1s Iargely reduced
| in these chIoropIasts and S1gna1 II is present as a free rad1ca]
._I]1um1nat1on does not appear to a]ter these states | The purpose
wh1ch these poo]s of stab111zed components serve 1s uncIear at
present However as d1scussed 1n the Introduct1on to th1s Sect1on
"‘for S1gna1 II and by Epe] t 1 .(1972) for cyt b559, thelr 1ntegr1ty
appears necessary for oxygen evqut1on ' _ L :
As shown 1n F1g 15, ve have demonstrated that‘the spec1es wh1ch
: gives r1se to S1gna1'II can ex1st 1n-e1ther of two»states -The EPR
propert1es of S1gna] II 1n these two states d1ffer both in hyperf1ne
structure and bandw1dth The bandw1dth of S1gna1 II(]6) is 16 G
'and we observe four part1a11y reso]ved hyperf1ne components,.the
bandw1dth of Signal- II(19) is 19 G with five. part1a11y reso]ved
hyperf1ne components Ne have shown that revers1b1e 1nterconver-
vs1on between these two states can be ach1eved by chang1ng the 1on1c
/ strength of the ch]orop]ast suspens1on At th1s tlme we do not
.understand the mechanlsm of the ionic strength 1nduced changes in
"SlgnaI II structure | | o
The ex1stence of two d1fferent states for the spec1es wh1ch
,g1ves rise to Slgna] II is. s1m11ar to the s1tuat1on for f]av1ns and
_*f]avoprote1ns- Pa]mer_et a] \1971) have presented the bandw1dth of

~ the EPR spectra for 13 fIavoprote1n free rad1caIs ' These f]avoprote1ns

faII,1nto two categorTes ‘one class has a bandw1dth of about 15 G,

.'.,dthe other has a bandw1dth of 19 G. In some cases_('.g qucose ox1-

“dase) 1t is poss1b1e to convert from one bandw1dth to the other by a
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o pH change B The opt1ca1 prapert1es of these two c]asses of f]avopro—
tein free rad1cals also show character1st1c behav1or the 19 G spec1es
'1s usua]]y b]ue the 15 G spec1es is usua]]y red On the bas1s of
: ;_opt1ca1 magnet1c resonance and mode] system stud1es, the b]ue,-]9-G'
_spec1es has been assoc1ated w1th the neutra] f1av1n sem1qu1n0ne rad1-.'
ca] of the flavoprote1n while: the red 15 G spec1es 1s the an1on1c -
Af]avoprotetn rad1ca1 In add1t10n, the cat1on1c f]avoprote1n free ”
.m rad1ca1 appears to have EPR propert]es s1m1lar to the neutra] rad1ca]
spec1es (Be1nert 1972), wh1le ‘the meta1 che]ate formed from the'”
neutral f]av1n sem1qu1none has an EPR spectrum 51m11ar to that of
- the an1on1;-f1avoprote1n radical (Muller __;_l;}:1967).‘ Therefore,.
thehdifferenCé in hoth dptica]”and'EPﬁ.characterjsties of the f]avo-,_'
aroteins Can}be attributed to the}protOn at-the'N(Sj'posittOn in the.
t]avin (Be1nert 1972). Th1s proton is present 1n the blue, 19_G .

neutra] or cat1on1c f]av1ns and absent in the red 15 G an1on1c or

- ‘metal chelated species.

Modé]’compound studies.of‘f]avins inditate"that'the hyberfine
Sp1itting:pattern of thefneutral flavin semiquinoneeradical_is'moref
" comp1ex than that'af the anionie tlavin radtcal (Be1nert 1972). )
Th1s 1s also the case in the benzoqu1none mode] system The anionic
p—benzoqujnone radical has five hyperf1ne 11nesscaused by‘interactionv
" of the unpaired’spin?with,the-fbur equivalent rfnginratonsv(Venkataraman
and'Fraente1, 1955{ Wertz and Vivo, 1955). 'Thelmenonretonated neutral
-p—henzosemiquinone‘radica1'has eighteen hyperfine']ines,indicating
‘that_the hydroxy]ic proton and two sets of two identica] ring protons.

~interact with the spin (Gough, 1966). Thus the‘protonation‘of atoms
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}wh1ch share unpa1red e]ectron dens1ty resu]ts 1n the observat1on of

. a-more comp]ex hyperf1ne sp11tt1ng pattern Th]S protonat1on ;;7b

' "phenomenon may be the bas1s for the observat1on of four partta]]y-:-

reso]ved hyperf1ne components in S1gnal II(]6) and f1ve part1a]1y- )
reso]ved hyperf1ne components in S1gna1 II(19) Thts 1nterpretat1on
| is strengthened by the deuterat1on exper1ments of koh] et a] (1965)
_wh1ch showed ‘that the hyperf1ne components of S1gna] II were due to
the 1nteract1on of the unpa1red e]ectron w1th protons

- The work of Koh]v et al. (Kohl et al., 1969; Kohl and tood,
]969) and Weaver (1968) have 1mp11cated p]astoqutnone or a p]asto—
qu1none der1vat1ve as the source of S1gna1 IT. The similarities |
which we find’ between flav1n free rad1cals and S1gna1 II benav1or
| indicate that th]S spec1es is a]so an attract1ve cand1date. :The _
l. tonic_strength—jnduced'changes”in the EPRhspectrum ofESjgna1hIi_ .
~which we report however can be aCcommodated'byreither'moiecufer
‘At Tow. 1on1c strength the S1gna1 II spec1es, wh1ch a]most certa1n1y
is located 1n the thy]ako1d membrane 'may be the- protonated 19 G
neutra] sen1qu1none of e1ther a f]av1n or a p]astoqu1none der1vat1ve
- As the ionic strength is 1ncreased, conformat1ona1 changes in the
membrane may resu]t 1n loss -of a proton to form the 16 G anton or the
meta1 che]ate Results of k1net1c exper1ments wh1ch support th1s |

hypothes1s w1]1 be presented in the next Sect1on
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KINETIC STUDIES ON THE FORMATION OF EPR SIGNAL II

A Introduct1on

K1net1c measurements on S1gna] II have been great]y hampered by

L the Tong decay time. exh1b1ted by the sp1n s1gnaI (F1gs 14 and 32)

| Thus most of the 1nformatlon regard1ng the funct1ona1 ]ocat1on of '
vi_SLgnaT II has been der1ved from exper1ments 1nvo]v1ng measurements
bother than those des1gned to obta1n kinetic 1nformat1on The'
ratlonaTe and.conc]us1ons from these exper1ment5'have been.summarized
in the Introduct1on to Sect1on IV |

Use of the 1soTat1on procedure descr1bed in the preced1ng Sect1on,j

a however, has aT]owed us to- make k1net1c ana]yses of the 1ncrease in

‘Signal II magn1tude 1nduced by either .10 usec flashes or cont1nuous,
monochromat1c Tight in fresh, untreated chToropTasts;v We have found-
resu]tS'which suppOrt a model in whfch StgnaI‘II arises‘via electron'
transfer to ox1d1zed 1ntermed1ates between the Photosystem II react1on

' center ch]orophy]l and the s1te of water ox1dat1on

N

B.‘Materials and Methods

(I) ChToropIasts, Tlght sources and EPR measurements

Unwashed sucrose chToropTasts, prepared as descr1bed in Sect1on
Iv, were used in all experiments except those descr1bed in Table ..
For those'experiments washed sucrose chToropIasts were.used " The
ch]orophyll concentrat1on in all EPR exper1ments was between 2 and
_ i4 mg ChT/m]. EDTA (107 M) was added to e11m1nate the baseT1ne d1s--
tortion due to,Mn+2. Ch]orophy]]_concentrat1on'1n;mon]tor1ng oxygen

~evolution was 0.2 mg Chi/ml. R o
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Cont1nuous, monochromat1c 11ght was- obta1ned as descr1bed in
VSect1on Iv. Xenon f]ashes were obta1ned from a f]ash system s1m11ar '
;to that descr1bed by We1ss and Sauer (1970) and 1n Sect1on II, except '
that a capac1tor bank was used wh1ch gave f]ashes of 10 usec durat1onb
(measured at ha]f-helght) 1nstead of the 28 pSGC f]ashes whlch they
used. The 11ght was f11tered through a Corn1ng 1 69 heat f1]ter and |
a Corn1ng 3- 74 u]trav1o]et f11ter and: was focused on- the slotted
m1crowave cav1ty in EPR exper1ments or on the p]at1num e]ectrode in
| oxygen experlments us1ng appropr1ate 1ens systems ‘ |

EPR measurements were performed as descrlbed 1n Sect1on Iv. The‘“
microwave power in a]] exper1ments was 50 mw modu]at1on amp]1tude
J1n record1ng spectra was’ 5 0 gauss, th1s was 1ncreased to 6. 3 gauss
in k1net1c exper1ments to 1ncrease the s1gna1 -to- no1se rat1o Spectra '
were recorded by sweep1ng from 1ow f1e1d to hlgh f1e]d w1th the spec- )
trometer t1me constant and scan rate as noted 1n f1gure 1egends In “
k1net1c exper1ments in whlch 51gna1 averag1ng techn1ques were app]led
the output of the E- 3 spectrometer was fed 1nto a 1024 channe]
‘Enhancetron s1gna1 averager Timing c1rcu1ts provnded pu]ses wh1ch
'tr1ggered the averager and after a preset de]ay tlme, 1n1t1ated the
flash lamp pu]se Al] exper1ments were . carr1ed out at ‘room tempera—
ture. : |

(2) Oxygen measurements

Oxygen evo]ut1on from ch]orop]asts in response to 1nd1v1dua1
! f]ashes ‘was measured us1ng an arrangement similar to that descr1bed
. by Weiss and~Sauer}(1970 ) and in Section II. We have}mod1f1ed the "

teflon covered electrode described in their work so that it is possible

~N



‘:to perform exper1ments w1thout the tef]on membrane thus decreas1ng the:
'response tqme of the e1ectrode to-apprOX~ 10 msec. The Ag/AgC]

reference e]ectrode is 1ocated 4 cm downstream from the p]at1num. _
electrode 1n -a reservo1r of e]ectro]yte The current 1ncrease

resu]t1ng from ch1orop1ast oxygen evo]ut1on 1s represented as the '
vo]tage output from a current to voltage transduc1ng operat1ona] amp11— .
f  f1er. This vo]tage is subsequent]y amp11f1ed andirecorded USJHQ a
Sanborn recorder-(risetime =5 msec) - 1In the‘erperiments-described

~in this work f]ash Tamp. pu]ses were spaced 1 sec apart and were of
saturating 1ntens1ty AT exper1ments were carr1ed out at room tenﬂ

perature.

C. Resu]ts-

(1) Effect of single f]ashes on S1gna1 IT 1nduct10n in dark adapted

ch]orop]asts

,By,setting the,magnetic‘f1e1d of the spectronetertat the Tow
fie1d position labeled “II" in Fig. 1 we are'ablehto'monitor\the‘
kinetics of tight-induced changes-in Signal Ii "Thefeffect of a series
'Of 10 usec = flashes on rad1ca1 concentrat1on in dark adapted ch]oro—
plasts ts shown 1n_F1g, 17. ‘In this exper1ment S1gna1 II before illumi-
nation Was-about 50% of the signal found after-the_f]ashest 'As can be
" seen in Figt 17, a single flash is sufficient to induce about 80% of
the increase. Subsequent flashes increase the s1gna1 only s]1ght1y _.
' and s1gn1f1cant1y, there are no oscillations with these 1ater flashes
such as those observed in exper1ments mon1tor1ng oxygen_evo]ut1on as_a

function of flash number (Kok et al., 1970). The:characteristic sfow
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decay of S1gna1 II is apparent in th1s exper1ment

Dur1ng a s1ng]e 10 usec f]ash, at most a s1ng]e e]ectron can be
vtransferred.through each of the photosystems'(we1ss.and Sauer, 1970),
. yet under these conditions we'fihd that 80% of the ltght—induced
increase in S1gna1 II occurs This obsthatfon impl%es that the
spec1es wh1ch g1ves rise to- S1gna1 II is present 1n re]at1ve1y small
concentrations compared tqlthe total amqunt of ch]qrophy]1.1n the
chloroplast. We have éonfirmed this‘hypothes{s.by detéhmtning'the:
j, ratio of spins ih Siéna1 11 to- the humbeh dt;spjnsiin>Signa1 [ in
sgturating¢1tght. e used the method.of dohbTe integration as dut—r
1ined by Chahg'and Johnsen"(1967)'and’found'a Qalue.fohhthis,ratto
which is c]ose to un1ty 1n fresh ch]orop]asts | | |

(2 ) Quantum eff1c1ency for S1gna] 11 format1on 1n f]ash1ng ]1gnt

. We have determ1hed s1ng]e flash saturat1on cqrves:for]both S1gna1
I and Signal II. These results are plotted in Fig. 18 as the fraction
of Signal'I:or IT formed as a function of the 1ight_ihtensityhof a |
sing1e f]ash.f In these eXperiments darkfadapted eh]droplasts,'to
h»whieh_the acceptor system ferhedexin/NADP had been:added, hehe used.
The extent of Signal II formation resulting from a,single'f1ash of
intensity J:was divided by:the ektent.of'Signa1 IT*fohﬁation after
10 saturating flashes to 0bta1n the fraction of S1gna1 II formed at
1ntens1ty.g, .Then, by changlng the magnetlc field from pos1t1on Il
to the posit1on labeled "I" in F1g. ]1 without chang1ng either lamp
or sample p1acement, we determinedvthe‘saturation'behatjor of Signal I.
) Sthce Signa1'1_decays rapidly, the_average of 36 f]ashes was used in

these experiments. The extent of Signal I formation for a flash of
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Figure 17. Response of Signal II°in dark-adapted, untreated chioropiasts to Tight . XBL732—4654 o
flasne: (10 psec)° A single saturating flash was giver-at each of the arrows. Magnetic field set at peak
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labeiled "II" in Fig. 17. Instrument time constant was 0.3 sec.
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: Intensity ‘ was- d1v1ded by ‘the extent of S1gna1 I format1on for a
saturat1ng f]ash to obta1n the fract1on of S1gna1 I. formed at 1ntene
s1ty J N | _ l |
HaIf saturat1on for both S1gnaIs I and II occurs at the same I1gnt
1ntens1ty, wh1ch together w1th the resuIts descrIbed above 1nd1cates
vthat the quantum eff1c1ency for S1gna1 II format1on in dark adapted
chIoropIasts approaches that for Slgna] I format1on | These resu]ts
appear. to be at var1ance w1th data reported by Treharne and Vernon
(1962),wh1ch 1nd1cated that S1gna],IIgsaturated”at-anr1ntenslty at
Ieast'anborder‘of magnftude Iower~than'STgnaI>I'induhoIe'ChIOreIIa ‘
cells.- However, from the1r exper1menta1 descr1pt1on 1t appears that
their work was done under steady state conditions wh1ch because of
the Tong decay time for'S1gnaI 11, wouId yield a saturat1on ‘intensity
s1gn1f1cant]y Iower than 1n1t1aI rate or s1ng]e fIash saturatlon values.
In exper1ments wh1ch we have performed with ChIoreI]a we f1nd that a |
‘”s1ngIe f]ash 1s Iess effect1ve in generat1ng S1gna1 II than in sp1nach

chIorop]asts.

(3) Effect of DCMU on SignaI'II'formation,in darkfadapted

: chIoropIasts

Loz1er and Butler (1973) and Weaver and Weaver (I963) have
reported that DCMU does not 1nh1b1t the I1ght response of S1gna1 II
We repeated these exper1ments us1ng dark-adapted chIorop]asts and, as
shown in FIg I9, conf1rmed the finding that DCMU does not 1nh1b1t the
' format1on of S1gna] II 1n continuous light. The DCMU~concentratJon in

this experiment was-2 X IO -4 M w1thra molar ratio of DCMU7t6 ¢hl of .~

0.1, which is sufficient to inhibit oxygen evojutionfin chloroplasts
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‘ 1gure 19 EPR spectra of dark adapted DCMU treated ch]orop]asts '
fbefore (a) and 1mmed1ate1y after (b) 111um1nat1on w1th broad band wh1te -
L 11ght Ch] concentrat1on, 2. 2mg/m] DCMU concentrat on, 2 X 10 -4 - M.
. The 1nstrument t1me constant and scan rate were as descr1bed 1n d
.F1g 12 : The narrow s1gna1 in the center of the spectra is due to ?h

‘ascorbate free rad1ca1 wh1ch is present in var1ab1e concentrat1ons

©in sp1nach 1eaves (Walker, ]971).



ébmp1ete1y.;_HoweVer,ﬁwhen theéé-dark-adapted,vDCMU;tréatéd ch]bro—
_plasts aré subjeéted_to‘a:éefiés of 10'pséc satﬁfatingffTashes we find
‘that the fiksf flash évokeé oniy_ohe—thifq of theﬁmagimé] 1jght«inddced
response, and approximately 10~f1ashes'are needed fo_fnduce Signal II
fully. This is to be contrasted with untreated chloroplasts (Fig. 17)
in which éAsingle f]ash produces more than 80% othhéﬁ]ight-ihdUced _

' '_jéignal,ahd_nbbfurther increase is observed fo110wfhg;§he.third flash.
Thﬁs'tﬁe_éffett of DCMUst to lower the'duahtum gffiﬁféhcy of Signal 11
fOﬁgation Without inhibi;ing the maXfma] éxtent’of ifsiresponse.

(4) Effect of red vs. far réd 111umination_oh STgﬁa]>II formation

" The insensitivity of the exﬁenﬁ of Signal 11 formation to DCMU_
indicates two'possible.sites for its: location. Onefpiace$ Signa]_1I
on the PSI side of the DCMU block, in which case far red light should
be more effecfiye than'fed Tight in stimu]qting‘itsjfokmatibn; the
other possibility would locate Signa]AII on the PSII side of theiblock
with red light more stimu]étory than far red. Ih,brdervto test these
twonpossibilities wé have done sfudies of the ratérof¥Signa1 II'forma~
tion inIGSOan aﬁd 700 nm continuous light. .The'eXbekiments'Were done
at low incident light intensities, since rates 6fvfofmation‘yie1d more
 precise ihformatibn'than steady-statevSignal‘II'1évé]s, for reaséns
\vmentioned above. At thé high optical densities uéedfih(this study

=.4;v0.D.

(0.D. = 0.8) essentially all of the Tight is

650 nm 700 nm
absorbed at either wave]ength,’so that no correctidns involving the
extinction coefficients at 650 and 700 nm are applied. The results
- of the experiments are shown in Fig. 20. They indicaté that for

approximateiy equal incident photon fluxes, the initial rate of
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Figure 20. Time courSe_of'Signal»TI_gehératidn 1ﬁ'dark}adaptéd,

Qntreated chiorop]asté in‘6501hm'(a)»ahd 70b_nmlkp)ifight. Lighf
on and off as indicated. ‘ThesinStrqment time.cbhgtaﬁt wa$'0;3 sec,
Tight 1ntensityiat the 5ahp1e Qas 65 pwéfts/cmZ:erﬂihe-ESO nﬁ']fght,'

70‘pwatt5/cm? for the 700 nm light.’
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SignaIIIIafermatioh in 650 nm Tight is morevthah.tWIceIthe.initia]a :
rate in 700’nm IIght; “This is in agreement.with the heeuIts-of'AIIen
| et al. (1962) wh1ch indicate that S1gnaI IT is preferent1a11y exc1ted
- by shorter waveIengths of I1ght wh1Ie the S1gnaI I act1on spectrum

pers1sts to longer wavelengths. It is aIso con51stent with the ev1dence'

~ .cited in the Introduct1on assoc1at1ng S1gnaI II. w1th Photosystem II.

(5) 0xygen evqut1on in f]ash1ng,11ght in dark- adapted and

p;e1]1um1nated chIoropIasts

_ The resuIts descr1bed above suggest that S1gnaI II ar1ses from av

| .spec1es Iocated on the- PSII side of" the DCMU bIock DCMU 1s known to
act very c]ose to the pr1mary PSII photochem1stry:byﬁbIock1hg electron
“transfer from the:prIMary aecebtdr to secondary aeeebtohs in the chain .
'betWeen PSIIhand'PSI’ However,'fIhohescehcethductfoh studies of Joliot
and JoIiot (1971) 1nd1cate that the pr1mary acceptor poo] may be inhomo-
geneous Therefore, there ex1sts the poss1b111ty that S1gnal II arises
from e1ther the ox1d1z1ng side or reduc1ng side of’ PSII .SIhce we have
: shown in F1g 17 that Signal 11 arises v1a-an eIectron transfeh step
that occurs Iargely on the first fIash we have carrled out a series

,Of exper1ments in wh1ch we mon1tored oxygen evqut1on in response to
1nd1v1dua1;f]ashes in order to_1nvest1gate these_poss1b111t1es in more
~detail. Briefly. (see Discuseiqn), we egpect dafkaadapted (Tow SIgnaI
II)vchIoropIasts to  show equal or hIgher erIds_of;exygen on the third
flash compared’to preiIIaminated (high'éignal I1) ehIeFOpIasts if the
spec1es g1v1ng rise to Signal II were a potent1aI eIectron acceptor

suppIement1ng the primary acceptor on . the reduc1ng s1de of PSIT. The

‘opposite effect would be expected if S1gnaI II arosegas a result of
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e]ectron dontat1on to spec1es on the water 51de of PSII The heso1tsf
of the exper1ments are shown in Flg 21 In the. thorough]y dark- adapted
ch]orop]asts the level of S1gna1 II was 557 of the-s1gna1 after the
.train of pulses Pre1]1um1nated ch]oroplasts were obta1ned by expos1ng
~a portion of the same ch]oroplast samp]e to room 11ght for 2 m1”’,
wh1ch served to 1nduce S1gna] I1 fu]]y pr1or to 1n3ect1on into the
e]ectrode, Each-samp]evwas a]]owed ]O min dark tlme.on the oxygen
eTectrode befoheathe flash sequenee'was'1nitiated’h-A.tomparison of
‘the two curves 1nd1cates that in fu]ly dark adapted chlorop]asts the
oxygen y1e]d resu1t1ng from the th1rd f]ash 15 ]ower and the y1e]d of
the fourth f]ash h1gher than in pre111um1nated ch]oroplasts D1v1d1ngv'
the oxygen y1e1d of the third f1ash Y3, by that for the fourth f]ash
'Y4, we f1nd values for the Y3/Y ratio of 1. 2 for the dark- adapted
ch]orop]asts and 1. 9 for the pre1]1um1nated samp1e Accord1ng to the
ana]ys1s descrlbed above and 1n the D1scuss1on, these reSults favor a
model in wh1ch S1gna1 IT. or1g1nates as a consequence of e1ectron dona-
-tion on the water s1de of Photosystem II. |

':(6) R1set1me of S1g;a1 1T in response to a 51ngJe f]ash '

In construct1ng mode]s 1ocat1ng S1gna1 IT on the water s1de of
 PSIT we have found two wh1ch adequate1y exp]a1n the data thus far The
first of these places S1gna1 Il as an 1ntermed1ate between the s1te of
water ox1dat1on and the react1on center ch]orophyl] P680 Th1s.mode1
associates Signal II d1rect1y with the-ox1d1zed 1ntermed1ates,>whiCh

the experiments of Joliot et al. (1969), Kok et al. (1970), and Weiss

and Sauer (1970) have demonstrated in the water oxidation'process.

These oxidized intermediates oorrespond to the S-states in the Kok
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: Figure 21 nygen evqut1on in response to a serIes of safu dtIng

10 psec’ fIashes from dark adapted and preIIIum1nated chIorooIasts
Ind1v1duaI fIashes in each series were space 1 sec apart Oxygen

erId in response to ‘each fIash was normaI1zed w1th respect to-a

- steady state vaIue of I,_wh1ch Is reached after 25-fIashesf
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': (I970)_mode1 for oxygen evoTut1on The second'model p]aces'the'
spec1es glv1ng rlse to S1gnaT II off th1s electron transport pathway,
but its format1on would" occur through~1nteract1on w1th~1ntermed1ates_
in the cha1n between water and PSII jv.. |

The exper1ment descrlbed above (Flg 17) in wh1ch we mon]tored f
the response of S1gna1 II to s1ng]e fTashes argues agalnst the ass1gn4
v_ment of S1gna] II to one of the S states in the eIectron transport
cha1n between P680 and the water spI1tt1ng s1te ThIS exper1ment _
.shows that the concentratlon of the rad1caT does not vary w1th fTash
'number whereas there shouId be marked osc11]at1ons 1n the concentra—
t1ons of the ox1d1zed 1ntermed1ates 1nvoIved 1n water spI1tt1ng (Kok

et

al.

1970). ; We have obta1ned further ev1dence aga1nst the identifi-
.cat1on of S1gnaI 11 w1th an S state d1rectTy on the pathway from the
water ox1dat1on s1te to P680 by determ1n1ng the r1set1me of 51gna1 1
1n response to a s1ng]e f]ash The resuIts of thlS experlment, shown

in Fig. 22, 1nd1cate that S1gna1 II 1s formed rather sIowa after a

___fTash The haIft1me for 1ts rise is approx1mate]y 1 “sec, wh1ch is

'three orders of magn1tude greater than the vaTues found for the r1se-v
times of the 1ntenned1ates 1nvolved 1n the water spI1tt1ng process in
experIments measur1ng oxygen evolution in Sectlon II ' Therefore botht

| its response to a ser1es of f]ashes and its r1set1me 1n response to a_'
_ s1ngTe flash argue aga1nst the d1rect ass1gnment of S1gna1 IT to one
of the S states involved in water ox1dat10n - |

(7) MuIt1pIe fTash studies of SlgnaT I format1on:

If SlgnaT II arises’ 1nd1rect1y via 1nteract1on w1th ox1d1zed

7

intermediates on the pathway from the water ox1dat10n site to P680,
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- Figure 22. Time course of the response of Signai Il .in dark-adapted, untreated
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chloroplasts to a single saturating fiasn. Lamp discharged at arrow, time constant was 0.3 sec.
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‘f we expect 1ts extent of format1on to be re]ated to the concentrat1ons

of one or more of these ox1d1zed spec1es formed on a fIash or in a

series ofvfIashes - As ment1oned above a number of workers (Kok t~ 1.,

1970*.J01iot'et aI al., 1969 Sect1on II) have shown that foI]ow1ng a

fIash the r1set1me for concentrat1on changes 1n these ox1d1zed spec1es

s Iess than IO msec. On the other hand, F1g 22 1nd1cates that - the
rate of format1on of S1gna1 II 1s much sIower fo]]ow1ng a fIash We |
:have taken advantage of this’ d1spar1ty in. rate constants to test the
_second model»ment1oned 1n the prev1ous sect1on In a ser1es of closely
sspaced f]ashes, w1th the dark t1me between fIashes short compared to
the r1set1me for S1gna1 II the spec1es wh1ch generates the rad1ca]
should be sens1t1ve to the concentrat1on of ox1d1zed lntermedlates
present at the concIus1on of the fIash ser1es The pattern of oxygen
.ev01ut1on shown in Flg 21 has: been most successfuIIy epra1ned by
' postu]atlng a build- up of ox1d1zed 1ntermed1ates on the f1rst and
' second_f]ashes which are subsequent]yvdrscharged 1n-the water spI1t;'
ting process on’the thfrd'and'fourthffIashesf' Thus, after two fIasnes

we expect a Iarge concentrat1on of hlgth ox1d1zed 1ntermed1ates, and

'-'after four fIashes a much Iower concentrat1on

~The effects of these two flash patterns on. the extent of S1gnaI I1

format1on are shown in Fig. 23. .The spectra of. dark adapted ch]oro—

pIasts obtained (Curves'l) Then, e1ther two-(F1g 23a) or four (F1g

(23b) saturat1ng flashes were given and the second spectra (Curves 2)7_'

were taken. At the conc]us1on of this scan ten saturat1ng_f1ashes
were given and the third spectra (Curves 3) were recorded D1fferent

: samp]es from the same chIoropIast preparation were used for the two

B
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Figure 23;:.Respon$e of Signd]'fi3?5:dark—dddpted;;uﬁ{heatéd'chTorQ}_’
plasts to’Tb psec satufating f]ashés: (é)_fwo fféghes'sepayﬁteu.by
16 msec, (b) four flashes sebarated,byIIOImSec. nEé€h expér1medt>
was pérforméd w1th'a fresh sample of dark—adapté&lthbrop1$§£3 ds
 descriBed in the text. Instrument time constant.éﬁd scah_rdte‘as
'Vdescfibed fn.FiQ- ]2.v Tota1't1Me Between 1nitiatieﬁlbf Curve 1 |

and completion of Curve 3 was 10 min.
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~ Figure 23; ”Continued.
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._exper1ments because of the 1ong decay of S1gna1 II | In each-ekpertment
the dark s1gna] (Curve 1) ‘was about 58% of the fu]]y 1nduced s1gna]
,.' ' “(Curve 3). However, two f1ashes, 10 msec apart, generated 90 ~of the
T o 1lght 1nduced signal whereas four. f]ashes 10 msec apart produced on]y
40% of the max1mum light- 1nduc1b1e signal. Ten msec was chosen as the
dark t1me between f]ashes because four f]ashes spaced 10 msec apart
yield max1ma1 amounts of oxygen per flash; i e s the 1ntermed1ates in
the water sp11tt1ng process are fully advanced w1th1n 10 msec after a
f]ash Three f1ashes, 10 msec apart behave in a manner s1n11ar to
:four f]ashes, whereas a s1ng]e f]ash has effects s1m11ar to. two f]ashes}'
These resu]ts.are_shown in Fig. 24a, 1ntwh1ch we summar1ze the data
from the four experiments;> The results are presented;fnfhistogram.
form tohemphasize'that each-experiment was performed with a:different
-sample'and that the effects we see are not osci]]ations;'for»examp1e,
two flashes. ro]]owed by a 1 sec dark per1od and then two f]ashes 10
msec apart>does not decrease the ]evel of S1gnaT~LI -~ In a]] experi-
mental approaches we have explored we" have found noimethod'1nvolying
~ light which decreases the concehtratiOn off51gna1.ii spins. |
After fOurbflashes the oxygen evo]Ving systen*has been'1arge]y.
d1scharged and, to a first approx1mat1on, is s1m11ar w1th respect
- - to the concentrat1on of ox1d1zed intermediates, to the s1tuat1on
" before the f]rst f]asn The fifth and s1xth f]asheS'yleld 11tt]e
Co _ ; oxygen but serve to restore a poo] of ox1d1zed spec1es which are’ d1s-
charged on the seventh and eighth flashes. Therefore S1gna] II shou]d .
‘react to five f1ashes 10 msec apart as it did to a:Sing]e flash and

to six flashes as it did to two flashes. Becausefofblimitationsvin




Figure'24; Response of S1gna] II in- dark- adapted, untreated
.ch]oroplasts to various numbers of 10 psec saturat1ng fIashes-h.
v-spaced (a) IQ msec or:(b) 370,msec apart. ‘Each:oar:corresponds-toa,
.an'experiment-on a‘fresh sampIe of dathadapted‘chIoropIasts in
'wh1ch the- samp]e was g1ven the des1gnated number of f]ashes foIIowed
by s1ngIe fIashes to compIete the 1nduct1on of S1gna1 I1. ,The |
rat1o of - the increase. in Signal 11 st1mu]ated by th1s set of
,fIashes to the totaI I1ght 1nduced 1ncrease in. S1gnaI II is pIotted
as a funct1on of the number of fIashes 1n each set Response to the
" f]ashes was measured at the Iow f1e1d peak of S1gnaI II w1th an’

1nstrument t1me constant of I O sec
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- the- f]ash apparatus, 1t was necessary to 1ncrease the t1me between.
:,f]ashes to 370 msec to g1ve f1ve or s1x f]ashes 1n a sequence rThe_
results of these exper1ments are shown 1n Flg 24b | hga1n, one or two
.flashes y1e1d greater than 80% of the 11ght 1nduced 1ncrease in 51gna1
II.. For th1s 1onger dark time between f]ashes,_the d1st1nct1on between ;
the effects of one or two f]ashes and- three or four f]ashes s somewhatd
less pronbunced - With five f]ashes the fract1on of 51gna] II formed is -
1ncreased ~and w1th Six spaced 370 msec apart th1s 1ncrease 1s even -
more substantlal, in accord with the mode] 'w o
Three or four flashes spaced 100 ‘usec apart y1e1d on]y sma]]

quant1t1es of oxygen compared to the case. 1n wh1ch the spac1ng is 10
msec (Sect1on,II) Th1s observat1on has been taken as evidence that
.thetreiakationhtime for concentrattonvchangesa1n therwater SP11tt1n9_
process islsomewhat_ionger than 100 usec buttShorterrthanf10_msecL‘

We have performed experfments_of this*nature;‘simfiarito thosev
described fn“Fig':4 for 0xygen euo]ution; for7SiQnadtii fOrmatiOn in
response to- two three and four f]ashes in wh1ch we var1ed tne t1me
between flashes from 100 usec to 10 sec. The resu]ts of these exper1—
ments are shown 1n Fig. 25 Agawn, each po1nt represents an exper1ment
with a fresh sample;- In order. to 1ncrease s1gna1 to no1se we performed
| 'the experiments kinet1ca11y by mon1torfng the s1gna].}eye1 aSvshown in

| Fid.'l7, except'that the instrument time constant\washdncreased to'

_1a0.sec;* In;these experiments the dark signalvwanSS,to 60% of the
__fu]]y induced Signai IT. Fig. 26 shows typica]'data; thfs experiment
- was done with.four f]ashes spaced 3.7 msec»apart fb}fbwed by'sjng]e :

'flashes to complete the induction of Signal II. Theffraction of
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) iguré'zsf‘ Response of S1gna1 II 1n dark adapted untreated ch]oro- .
;plasts to set of 2 (-—o——o——) 3 (——x——x—-); or 4 (—-0——0——) 10 psecﬂ
saturat1ng f]ashes in wh1ch the t1me dark (td) between f]ashes 1n |
the set. was var1ed Each point corresponds to an exper1ment on a 't_z
’fresh samp]e of dark adapted ch]orop]asts Norma11zat1on of the r

_ ;vresponse;ofi$1gna] I; was‘carryed OUt aS'deSCP1bed'Tn:Flgﬂ 24;a R
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Figure 26. Response bfvSignéf fI to 4 saturatiﬁéiidaﬁséc_f?ashes'
épaced 3;7 m$ec apart, fo]]oWed 5y sinQ}é f]éshe#i#6 ¢ohp]¢te-the'
'phot0cohver§10n; At tHevfffét érrdw the foﬁr~fi§sﬁé§iweké_giveﬁﬁ

at the subsequent»akrows 0hjy:axsing]e,satdrating}ff&sh wés-givén._

The instrument time constant was 1.0 sec.
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S1gna] II formed is then calcu]ated by d1v1d1ng the extent of S1gna1

II formation resu]t1ng from the 1n1t1a1 set of f]ashes by the fu]]y

Vgeherated'11ghte1nduced s1gna] Referrlng to F1g LS,,two f]ashes,

regard1ess”0f therdark time between thejtwo, a]ways_éenerate greater

'than 80% of the 11ght s1gna] Between 100 usec‘and 1“mseC'there s

a s11ght 1ncrease 1n the effect1veness of the two f]ashes, wn1ch

' probab]y 1nd1cates that at the shorter t1me the ch]orop]asts are ab]e
vto process on]y the f1rst f]ash whereas at the 1onger t1me both

,f1ashes are effect1ve in produc1ng ox1d1zed 1ntermed1ates The

effect of three or four f]ashes is. remarkab]y d1fferent Between

100 usec and 10 msec the fract1on of S1gna1 II generated by the - f]ashes '

-decreases reflect1ng the 1ncreas1ng effect1veness of the set of three '

or four f]asnes 1n d1scharg1ng the poo]s of ox1d1zed 1ntermed1ates

‘formed dur1ng the f]ashes Between 10 and 100 msec 1s a plateau -

reg1on for both three and four flashes fo]]owed by a reg1on from
100 msec to_aboutv4=sec in wh1ch_theﬂfract1onlofbS1gna} Il increases.

This_rising\Section'Of the curve ref1ects the_observedvrisetof_Sig—:

nal 1I, wh1ch ‘we ‘'showed (Ffo 22) to have a'halftimehon the order of =

1 sec. As the t1me dark between f]ashes approaches th1s ha]ft1me,

_proport1onate]y more of the S1gna1 IT precursor reacts w1th ‘the
'1ntermed1ate( ) formed-after each’ flash ‘and not as w1th the . shorter

_51nterva]s, on]y w1th the 1ntermed1ates present fo]]ow1ng the f1na1 -

flash. At t1mes greater than 4 sec, S1gna1 I 1s fu]]y generated
after the second f]ash and add1t1ona1 flashes have no further effect.
At all times Tess than 4 sec three flashes are sllghtly more effect1ve

in geherating'SignaT-II-than four, indicating that‘four f]ashes_more
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3comp1ete1y d1scharge the poo] of ox1d1zed 1ntermed1ates formed dur1ng

the. sequence

(8) F]ash1ng 11ght studies on S1gna] II(19) format1on '

Allvof the exper]mentsithus far reportedbin.th1s25ectjon were
performed‘on.unwashedeUCrose ch]oroplasts which exhtbit Signa]
II(16) However, in, the preced1ng Sect1on we, showed that in washed
sucrose ch]orop]asts, S1gna1 11 ex1sts in an a1ternat1ve state,

'i51gna1 II(19), w1th EPR propert1es d1st1nct from S1gna1 II(16)
- There-the hypothes1s was made that the state of the S1gna1 II pre-
| cursor, ]ead1ng e1ther to S1gna1 II(16) or S1gna1 II(19) has 1itt1e :
effect on the k1net1cs of S1gnal II 1nduct10n | We. have exp]ored
this hypothes1s in more detail by study1ng the ]1ght 1nduced increase
in Signal II(]9) in f]ash1ng 11ght The exper1ments.are ana]ogous
~ to those performed for Signal II(16) shown in F1g 24, and the
_results are Shown in Table iV | One or two f]ashes spaced ]O msec
apart are qu1te effect1ve in 1ncreas1ng S1gna] II(19) Three or _vf
four flashes 10 msec apart are much less effectives;. however, if the
Spac1ng between four flashes is decreased to ]OO,usec,:more than 80%
of the maximun~lightFindUCed increase’occurs 'These resu1ts'are the
same as we report above for the flash 1nduced 1ncrease in Signal
(16) in unwashed sp1nach ch]orop]asts We performed ana]ogous
f]ash1ng 1lght expertments in washed sucrose ch]orop]asts in which
._Signa1_II(TQ) has been converted to Signal II(16)hhy'10nic strength |
increase and‘find parallel resu]ts In both sets of exper1ments we.
B observed a 1 sec halftime for the rise of S1gna1 II fo]]ow1ng a |

| '_flash, wh1ch is the same as reported above.. These data strengthen
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Tab]e IV o o
- FLASH- INDUCED INCREASE IN SIGNAL II(19) 'tyf

A fresh samp]e of dark adapted washed suchose ehiprppjasts-was ueed
for each exper1ment The f]ash 1nduced 1ncrease in. b1gna1 II(]Q)YWaS‘N
mon1tored at the low field peak B in F1g 15vw1th*an_1hstrumeht_time f
constant of 1 sec and mlcrowave power of 5 HN'-”The:aahk;adapted.__
samp]e was given the des1gnated number of f]ashes w1th a. spac1ng,'

d’ between flashes Fo110w1ng th1s 1n1t1a1 set of f]asnes,_s1ng]e
f]ashes were g1ven to. comp]ete the 1nduct1on of S1gna1 II(19)N' The'
‘increase in SJgna] II(]S) resu1t1ng from the 1n1t1a1 set of f]ashes

dihided by the total Stgna];II(l.) 1nerease 1s:tapu1ated:1h the r1gnt

column.
Number of = o : c Flash—ithCed'SighaTiII(19).increaée
f]ashes = ' ‘Total Signal II(IQ);increaSe
1 | ]O:msec. - S 20077
2 - . l0omsec - S OLBSNN"“
3 . 10 msec . o '_0;.5':1-"
4. 10 msec 00

the hypothesis,proposed in the preceding Sectiph»that-both states of

“the Signal II precursor exhibit the same light-induced kinetic behavior.
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D._Dfscussionm' o o
The resu]ts from- the experwments descr1bed in th1s Sect1on can
be exp]a1ned 1n terms of the model shown in F1g 27 6550 represents
the pr1mary acceptor as descr1bed by Er]xon and But]er (1971) P680
- is the react1on center ch]orophyl] (F]oyd et al. 1971), and S0
;.through S4 represent success1ve]y more oxtd1zed 1ntermed1ates involved
in the water sp11tt1ng process These states have been desCr1bed in
- deta11 by Ko ~t__l;_(]970) Br1ef]y, So-and'81 are;stab]e“states
ripers1st1ng=1n_the;dark. “34;15 a strongvenough oxidant_tovoxidize '
water.ands Qnee formed, doeshso‘in']ess'than T'nseca(JoitOth; tal.,
”1966) "Szﬂand-S3 are ox1d1zed states formed rap1d1y after a flash
and are stab1e for 10-20 sec in the dark after format1on S]gnal I1
ar1ses from a ‘radical which 1s‘formed via e]ectronwtransfer'to the
:intermedi_a__tes-,-s2 and:S3;H The rate- constants, k2 or k3, for th1s
reaction are‘approximate]y ] sec,], wh1ch is low compared to tne
‘rates of adrance of the S'states'fol1ow1ng a flash. o
~ The evidencehfron our experiments supportingithfs_modelvhas been
- brief]y discussed in the Resu]ts section.'-Thus, the7modeT explains
the greater‘stim01at10n,of Siéna] 11 by'red‘than.byufar red 1i§ht'h
observed both by us and by A]]en et al. (]962), and the fa11ure of
'.DCMU to 1nhibit‘the formation of the rad1ca] The fact that 1n DLMU-
treated ch1orop1asts more than a s1ng]e flash is requ1red to saturate
. the s1gna] probab]y ref]ects a compet1ng back react1on between the
sreduced prjmary acceptor and_an ox1d1zed 1ntermedlate,on the water
side of PSII which is stimu]ated by DCMU. The Stimd]ation of this

_back reaction has been postulated to account for.the:increased
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'"delayed f]uorescence observed in chloroplasts treated:uitthCMU
”h(Jurs1n1c and Gov1nd3ee, 1972) Bennoun (1970) has carr1ed out a
'_deta11ed study of the k1net1cs of the back react1on 1n DCMU treated h
‘hchloroplasts and found that the t1me constant for th1s process is
comparab]e to the 1 sec ha]ft1me we, have observed for ngna] II forf
mat1on S1nce 52 and 53 have 11fet1mes on the order of 10 20 sec 1n
untreated ch]orop]asts, 1t appears . that DCMU- decreases the effect1ve-
d ~ ness. of a s1ng]e f]ash in oenerat1ng S1gna1 11 by decreas1ng the. 11fe-
t1mes of the. 1nterned1ates wh1ch g1ve r1se to the rad1ca1 however,,
'because the react1on center is regenerated by the back reactlon and B
is therefore able to be reexc1ted, subsequent f]ashes eventua]]y fully
_1nduce_S1gna1.II. Bennoun (1970) has shown that hydroxy]am1ne Jnh1b1ts‘
' thenback'reaction in DCMU-treated ch1orop1asts by}a rapid_rereduction
of the oxidized'intermediates on’the water side ot PSII and Lozier and
Butler (1973) have shown that under these cond1t1ons the 11ght response
'v‘of Signal I1I 1s comp]ete]y 1nh1b1ted S1m11ar]y CCCP wh1ch st1mu1ates
_ the rereduct1on of 52 and 53, has been shown to 1nh1b1t the 1lght |
‘response of S1gna1 Il in DCMU- treated ch1orop1asts (Loz1er and But1er,
1973) Therefore the format1on of Signal II is qu1te sens1t1ve to '
the 11fet1mes of oxidized 1ntermed1ates, and treatments ‘which destab1-
' 11ze the_S states serve to reduce the eff1c1ency of §rgna1 lI,genera—'
‘tion (Sect1on VI) | | SR
The h1gh quantum eff1c1ency for Signal Il format1on fo110w1ng a

sihg]e.flash (F1g. 18) is a‘consequence of the re]atnve stab111ty‘of
- the S states'in:untreated.chloroplasts. The experfnents-of-KOKtet

‘ al. (1970) and Joliot et al. (1969) have shownbthatvthe S states are
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" advanced w1th h1gh quantum eff1c1ency by .a s1ng]e f]ash and that fo]-__
1ow1ng the f]ash the1r decay time- is on the order of 10 20 sec This™
't1me is long compared to ‘the 1. sec onset tlme for S1gna1 II generatlon,
' and it a]]ows for eff1c1ent format1on of the rad1ca1 A corol]ary to
th1s argument is - that w1th four f]ashes spaced 10 msec apart the .
quantum eff1c1ency for S1gna1 II-formatnon 1s decreased s1nce-the'
- 11fet1me for the 54 state is on]y on the- order of a m1lllsecond
This analys1s a]so exp1a1ns the 1owered quantum eff1c1ency we observe |
for S1gna1 II format1on 1n Ch1ore11a s1nce Jo]1ot (1971) have
shown that the 11fet1mes for 52 and S3 are about t1ve t1mes shorter
.1n th1s a]garthan 1n sp1nach ch]orop1asts S1m11ar1y we have found
with CCCP treated ch]orop]asts that the quantum eff1c1ency for S1gna1
I1 format1on is decreased-(Sect1on VI), wh1chv1s a consequence of-the
act1on of CCCP in decrea51ng the ]1fet1me of the ox1d1zed 1nter-
med1ates fo]]ow1ng a f]ash | | | ' |
In the mode] proposed in F1g 27 S1gna] II ar1ses by an 1nter—

action w1th 52 or: 33, in. whlch the spec1es g1v1ng r1se to S1gna1 IT is

ox1d1zed by an”S state. This 1nteract1on may be represented as

e — » b S '
e T F TR ot @

where Snfis an S state with n=1 or 2, Sh+]'is one:equiva]entbmore oxi-
dized than Sh and F represents the species which;iWhen oxidized to ‘the
radical Ff,'gives'rjse to Signal II. The.behavforﬁof;the state Sn_in

this scheme is such that at the conclusion of the process its final
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ox1dat1on state 1s the same as its 1n1t1a1 state even though a photon.v
__has been absorbed by Photosystem II Th1s s1tuat1on~1n wh1ch an S
.state is 1eft unchanged by a f]ash has been termed a “m1ss“ in the Kok
al (1970 mode] for oxygen evolut1on in’ f]ash]ng 1lght (Forbush

f&
_E.él,_ 197]) . Thus, the process of S1gna] II formatlon v1ewed v1a
oxygen evo]ut1on resu]ts 1n an 1ncreased number of m1sses on the f1rst
;'three or four'f1ashes Th1s 1ncreased number of m1sses ‘accounts for
‘h the 1owered y1e]d of oxygen on the th1rd f]ash and 1ncreased oxygen
yield on the fourth f]ash shown in F1g 21 ‘ Computer programs to fit
y oxygen evo]ut1on curves such as those generated by the pre11lum1nated
| 'ch1orop]asts in- FIg 21 usua]]y conta1n a 'miss parameter to account
nfor S states wh1ch are not advanced by a flash Our results 1nd1catef
that th1s parameter may be 1arger for the f1rst few flashes than 1t is
for later f]ashes_(Ley and Babcock, unpub]1shed resu]ts)
We postuiaterthat the S1gna1 II precursor, F, can*be oxidized'by

:either the-state 52 or 53 on the bas1s of the resu]ts presented in
. Fig 24. Fo]]ow1ng a s1ng1e f]ash rough]y 75% of the System II centers
yare in the: state 52 and 25% 1n the state S]J Under these cond1t1ons B
we observe 80%'of thellight-induoed inerease 1n'S1gna1_II.‘ ‘Following
two f]ashes’ld msec apart 75%~of.the eenters are inhthe_83.state and
25% 1n_the state'Sz. With this flash pattern we obseryegreater than
95% photoproduotion of Signa1 II.'»Theretore‘the:conoentration of
{52 + 33] fo11owing a flash sequence para]1e1s'the”egtent ot the
'1ight—indueed‘generat10n of'Signat 11. e
The results of Fig. 25 present_the.strongest_evidence in support'

of ourbproposed model. The concentration of [52 f"$3] is always ‘high
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‘after two flashes regardless of the t1me dark between the two and
correspond1ngly the fractlon of Slgnal II formed under these cond1~
t1ons is h1gh' After three or four flashes [52 +. 53] are formed to 7"
‘-an apprec1able extent only if the flashes are spaced less than about
5 msec apart (Sect1on II) At t1mes longer than th1s the oxygen Sys-
tem is able to process each of the flashes 1nd1v1dually and the hlgh
concentrat1ons of 52 and S3 produced by the f1rst two flashes are
dlscharged on the th1rd and fourth S1m1larly5vthe’fract10n of Signal -
‘ II formed 1n response to three or four flashes 1s h1gh at very short |
flash 1ntervals and decl1nes as the tlme between flashes is 1ncreased R
until. a plateau at about.074 1n the fract1on of S1gnal-II formed is
‘reached fromtlo to 100 msec#for'four,flaShesvandfat”abbut'O;S throuéh
this time:rahge;for‘three'flashes.;‘lhis plateau reglon is‘nonféero”"'
due to theifact that-not all Of the é'states have{been'completely -
- cycled dur1ng ‘the four flashes, the concentratlons of 52 and 83 fol-
low1ng the fourth flash are non- zero as indicated by the f1n1te oxygen
y1elds of the f1fth and s1xth flashes |

The s1m1lar1t1es in the flash 1nduced changes exh1b1ted by S1gnal
11(16) and S1gnal II(l9) shown in F1g 24 and Table IV, and ‘in the -
| continuous'light changes reported in F1g 16 of the preced1ng Sect1on,
preclude the poss1b1l1ty of gross. structural changes occurrlng in the '
| spec1es g1v1ng r1se to Signal II in convertlng between ‘the two o
states. Rather, they 1nd1cate that both states of F ex1st in s1m1lar
environments and react with similar rates with the;same react1on part—

ners, the states S, and S, on the water side of System II. Only a-
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'sl1ght structura] perturbatton is 1nd1cated in the convers1on between
the two S1gna1 I1 states 2 _ o _”‘ ‘:_‘

Th1s conclus1on 1s supported by the 1nh1b1t1on stud1es that we
‘report in Sett1on VI The data 1nd1cate that the k1net1c behav10r |
of the S1gna] II precursor 1s qu1te 1ab1]e, s1nce the reasonab1y
mild treatments wh1ch we have used part1cu1ar1y ag1ng at room teme_
perature for 1 hr, drast1ca11y alter the 1nductlon of S1gnal II 1n
bh'flash1ng 11ght Thus, 1f major structura] changes were 1nv01ved in
the convers1on between S1gna1 II(]6) and II(]9),»wehw1ght expect this -
to .be reflected in the induction_kinetics._ | '_' -

: The.kinetic behavior of Signa]-II'identifies it:as»theffirst-
endogenous species besides water (or reduced pr1mary acceptor, in a
'back react1on) that js ‘able to 1nteract d1rect1y:w1th-the oxygen
evolving complex in photosynthesis_at_physio1ogicai]temperatUres,
The work.of.Knaff and Arnon (1969), Eriwon and'Butler:(]971a,b),
and others has shown that at_1ow temperatures Cyt-bsééris’able_to
donate’etectrons to an,intermediate on the oxidizfng‘side of . PSIT,
Aprobably P680 »but the effect is lost upon increasingpthe temperature
above —]00 C (But]er et al., 1973). _weﬁhave a1sorshown.that the Sig-
nal II precursor is able to interaet with the specifte.intermediates

S

and S., but not w1th SO and S] Bennoun and Jo11ot (1969) havo

2 3
shown that hydroxy]am1ne is able to overr1de oxygen evo]utlon, but
this most 11ke1y occurs by a d1rect interaction w1th the react1on
center ch]orophy]]‘or its primary donor. S1m11ar]y we have studled
the”oxidation of phenylenediamine and hydroquinonevinﬁtris—washed :

chloroplasts in flashing 1ight (Section III) and hauevfound»neither
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:'_’the osc111at1ons nor the two fIash 1nduct1on per1od found 1n.oxyge
evo]ut1on, 1nd1cat1ng that 1n th1s system these reductants 1nteract py o
;a mechan1sm s1m11ar to that exh1b1ted by hydroxyIam1ne _

In th1s study we. have focused on the k1net1cs and Iocat1on of the
*S1gna1 II spec1es Consequent]y our experlments y1e1d no new 1nforma- _tt
_ t1on as to the moIecuIar 1dent1ty of the rad1ca1 Koh] and coworkers:

(KohI and WOod "1969' KohI I _ 1969) have presented ev1dence 1mp11—
bcat1ng a der1vat1ve of pIastoqu1none as the source for the Slgna] IT o
.spin, ma1n1y on the bas1s of extract1on, deuterat1on and readd1t10n

f exper1ments w1th chIoropIasts and modeI compound stud1es in. v1tro I
th1s assignment proves correct the exper1ments reported here prov1de |
the f1rst ev1dence for a known spec1es other than chIorophyII Iocated
on the ox1d1z1ng side of Photosystem II Our modeI postu]ates that S1g—
_naI II character1zes an 0x1d1zed rad1ca1 however, 1n exper1nents where
we have treated ch]orop]asts w1th hydroqu1none and ascorbate we note .
~only a sI1ght 1ncrease in 1ts rate of decay, treatment w1th an ox1dant,
ferr1cyan1de has the same effect Recent]y Loz1er-and ButIer (1973)
.reported that 1n tris- washed chIoropIasts the decay of S1gna] Il is
'great]y enhanced by ascorbate and we have found s1m11ar effects for
ascorbate on the decay of the-rad1ca1 1n System II part1cIes prepared.I
as'descrfbed.by MaIkin (197]) S1gnaI 11 appears to share w1th the
oxygen evoIv1ng system the character1st1c of be1ng normaIIy unava11ab]eb
to exogenous redox coupIes, and only under fa1r]y extreme cond1t1ons do
they become access1b1e S1nce Photosystem Il generates very strong
oxidants it operates much more eff1c1ent1y when the access of potentlal

reductants other than water is limited.
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_ _ SECTION VI o
THE EFFECT OF INHIBITORY TREATMENTS ON THE KINETICS OF SIGNAL 11
IN FLASHING LIGHT



A Introduct1on

Loz1er and But]er (1973) showed that a number of reagents,

’ v:1nc1ud1ng CCCP and hydroxy]am1ne decrease the decay t1me of S1gna1 II

ilfron hours 1n untreated ch]orop]asts to seconds at hlgh concentrat1ons .
:r of these compounds The effects of these reagents on a- number of other
react1ons 1nvo1ved 1n photosynthes1s have been studled 1n deta11
Vredenberg (]969) showed that CCCP and n1ger1c1n 1ncrease tne rate of t'
decay of var1able f]uorescence fo]]ow1ng 11]um1nat1on whlle K1m1nura _
Vlv et al. (1971) showed that the 1eve] of var1ab1e f1uorescence dur1ng

v11lum1nat1on decreased w1th 1ncrea51ng CCCP concentratlon These same

authors also showed that the 1nh1b1t1on of the H111 react1on wh1cn tney"~»

' observe wnth CCCP is caused byra decreased quantum,efflcnenc/ for the
light react%on and not by3an'inhib1tion of’a‘darkfstep' Renger . (1969
1972a) stud1ed the act1on of CCCP and re]ated compounds on 1ntermcd1ates

- on the water s1de of PSII (the S states in the Kok t _l__(1970) mode]

for oxygen evo1ut1on) and found a decrease in the 11fet1me of these
»1ntermed1ates w1th 1ncreas1ng CCCP concentrat1on ' wn1]e one effect of
hydroxy]am1ne is. 11kew1se to- decrease the 11fet1mes of these 1nter—
mediates, 1t appears that the modes of act1on of hydroxy]an1ne and
CCCP in ach1ev1ng th1s are d1fferent Bennoun and Jol1ot (1969)
showed that hydroxy]am1ne reduces the S states chem1ca1]y, wn11e

' Renger (1972b) ru]ed out this poss1b111ty for CCCP on the bas1s of
stoichiometrxc arguments Instead' Renge» et a___(1973) proposed a
model for: the act1on of CCCP and s1m11ar reagents 1nvo1v1ng a morev'

"eff1c1ent_re—reduct1on of the S states by reduced_components of the

electron transport chain on the acceptor'side.of PSIIﬁ' This model is
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..h.cons1stent not on]y w1th the1r resu]ts on 11fet1mes of ox1d1zed equ1va—.
deents in the water sp11tt1ng process but a]so w1th the f]uorescence and
-H111 react1on 1nh1b1t1on data | v | flﬂ

| In the preced1ng Sect1on we presented a k1net1c mode] for the

_11ght 1nduced generat1on of S1gnal II 1n wh1ch the S1gna1 II precursor,

Fs is one e]ectron ox1d1zed to the free rad1ca1 by e1ther of .the states
"SZ or S3 on the water s1de of PSII S1nce the r1set1me of S1gna1 II
'_1s about 1.sec (F1g- 22) the model wou]d pred1ct that any treatment
‘hwhlch decreases the 11fet1mes of 32 and S3 to 1ess than a second wou]d

,:.decrease the extent of S1gna1 II format1on fo110w1ng a flash In the

.:;'experlments descr1bed in th1s Sect1on we stud1ed the effect on: the _

: 'k1net1cs of S1gna1 1 caused by CCCP and s1m11ar reagents wh1ch
v 1ncrease the decay of these ox1d1zed 1ntermed1ates we a]so 1nvest1-
”gated the effect on the decay and f]ash-1nduced generation of Signa]

Il caused by aglng, heat1ng, and s1m1]ar treatmentswh1ch are known to

'd1srupt the water sp11tt1ng process (Chen1ae, 1970)

B. Materials and Methods

(1) Ch]oroplast preparat1on and reagents

Unwashed sucrose ch1orop]asts were prepared as descr1bed in Sec—
t1on IV Ch]orophy]] concentrat1on in all experlments was between ”
2 and 4 mg Ch]/m] EDTA (]0»4 M) was added to a]] samp]es to e]1m1nate

*e baseline d1stortion o

the Mn
CCCP va11nomyc1n, and sod1um ascorbate were obta1ned from o
| .-Ca]b1ochem, tris and.tricine from S1gma ANT was prepared accord1ng

to methods outlined by Btichel and Shdfer (1970) . Stock so]ut1ons of



l}-_CCCP ANT and vaT1nomyc1n were prepared 1n 957 ethanoT The finall.
-ethano] concentrat1on in. a]T chlorop]ast samp]es was Tess than ]% :
Ag1ng and heat1ng were carr1ed out as descr1bed 1n the text |

(2) L1ght sources and EPR measurements :

Ten usec wh1te ]1ght fTashes and cont1nuous wh1te 11ght uere
obta]ned from sources as descr1bed in the preced1ng Sect1on EPR"
.exper1ments were carr1ed out under cond1t1ons descr1bed prev1ousTy
or in the text | » | i‘ v.'

S1gna1 averag1ng was performed u51ng a 1024 channel Enhancetron o

: s1gna1 averager The output of the Var1an E-3 spectrometer w1th a’
"_t1me constant as noted in the text was fed 1nto the averager
Approprlate t1me c1rcu1ts synchron1zed the 1n1t1at1on of the averager
sweep and the.lamp d1scharge Exper1ments 1nvoTv1ng a f]ow1ng samp]e
‘suspens1on were carr1ed out us1ng an EPR flat cell- connected in a
closed loop via tygon tublng to a per1sta1t1c pump The flow rateb

was adJusted so that a.new samp]e_was pumpedu1nto_the_f1at cell in
the intervaT between scans. ‘Totalvvolume‘of chToropTasts necessary
to fill -the system was 7 mT, each 7 ml samp]e was used for 20 min and

d1scarded

C. ResuTts 1
(1) Effects of CCCP on S1gna] 11 decay and 1nduct10n

" Lozier and Butler (1973) have shown that CCCP dramat1ca1]y 1ncreases
T_the rate of decay of Signal II. Fig. 28 presents the concentrat1on' |
curve for the effect of CCCP on both the decay t1me and ]1ght induced

- response of_SjgnaT II, The_decay of S1gna] II in untreated chloroplasts
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h1n the EPR cav1ty at room temperature 1s on the order of an hour Fio,'

28a shows that w1th 1ncreas1ng concentrat1ons of CCCP th1s decay tlme
'“decreases to seconds ~In contrast however, the magnltude of s1gna1 I1

o formed 1n-satqrat1ng 1jght (F1g ‘28b) is on]y s]1ght1y decreased even

-4 M CCCP-the-magn14_

| at highiCCCP;concentration For examp]e, at 3 x 10
'tdde of ngnai'il ‘measured at f1e1d po1nt B in F1g 15, s only 20%

less than:fn dntreated ch}oroplasts. The ch]orophy]l:concentrat1ons
used,in‘theseyEPR experfmentsharetmdch higher than-thbSe'used in experie
ments monitortngszygen eVo1utton or‘fluorescencevchanges. Calculating -
the ratio of CCCP.to ch]orophy]] for these systems,hhoWever we find
that CCCP exh1b1ts 1ts effects on Signal II in the same [CCCP]/[Cn]]
range as observed in exper1ments on oxygen evo]ut1on or fluorescence
:changes y _ , _ :. |

We have taken advantage of the rap1d decay of S1gna1 II in CCCP—
treated ch]orop]asts to s tudy the f1ash 1nduced 1ncrease in radical
concentrat1on. Prev1ous]y we showed that in r1gorous]y,dark*adapted
chloroplasts Signal IT is presentyat about 50%'ofiitsffulty.induced
magni tude. ;using CCCP, however, it is bossib]e to”obtain chloroplasts
with no S1gna] II spins in the dark | | o

A typ1ca1 exper1ment show1ng the rise of S1gna1 II in CCCP treated
ch]orop]asts stimulated by 10 usec f]ashes is shown in F1g 29. Thev
CCCP concentrat1on is 3 x 10, "M and the 1nterva1 between successive
f1ashes is. 2 sec. ‘The f]ash—induced,increase in Stgnal II‘ishmeasured
with the magnetic field set at therlow field maximdﬁdB in Fig..is,
Signal averagfng techniques’were used in this exberjnent;'the’data_

shown are the average of 90 scans. At this CCCP concentration the
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Figure 28. EPR.Signal IT decay time (a) and signa1 .::'- XBLT29-4771
magnitude (b) as a function of CCCP_concentratioh; bt];Z wés measured .
as fhe time between cessation of illumination and the'ha1f decay fb‘r
Signal II. SignaT magnitudé measuréd at peak B ih Ejg..]5 in saturating

light. Microwave power was 20 mW, time constant was;1.0 sec.
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first f]ash 1nduces only about 25% - of the total. 11ght 1nduced 1ncrease
in S1gna1 II v Increas1ng the 1ntens1ty of this fIash does not ]ead to
Ethe generat1on of more’ spins. Th1s resu]t 1s marked]y d1fferent from
h that of our prev1ous exper1ments (Sect1on V) w1th untreated dark adapted
chIoropIasts, where a S1ngIe saturat1ng f]ash generated about 8 % of
" the I1ght-1nduced 1ncrease_1n_S1gnal‘II. Thus, 1t_appears that CCCP
'-10wers the eftectivenessiof a sing]e.flash in 1ncreastng the Signal 11
'sp1n concentrat1on 'A‘second feature'ot-thts expertment ts the much
faster. r1se of S1gna1 11 foIIow1ng the flash compared to the 1-sec
ha]ft1me un untreated ch]oroplasts (Flg 22). | e |
' F1g 30 shows. a concentrat1on study for the CCCP‘lnduced decrease

in the effect1veness of a s1ng]e f]ash 1n generat1ng S1gnal I1. "The
exper1ments~were carr1ed out in a manner s1m11ar to those shown in

Fig 29. The 1ncrease in S1gna1 II resu1t1ng from the f1rst flash in -
a ser1es d1v1ded by the total 1ncrease generated by 20 flashes is |
:plotted as a funct1on of CCCP concentrat1on W1th 1ncreas1ng CCCP.
'the first f]ash becomes progress1ve1y less effect1ve, 1nd1cat1ng that
~CCccp decreases the fract1on of Photosystem 11 react1on centers capable
of generat1ng S1gna1 IT on a s1ng]e f]ash
Renger (1972b) has. performed exten51ve exper1ments on a c1ass of
. compounds 1nc1ud1ng ccep and ANT which’ decrease the 11fet1mes of the
S states ]n.the Kok gt_gl;_(1970) mode] for oxygen evqut1on RecentIy |
Renger g__a_ﬁ_(1973) have shown that these compounds exert-the1r.effectl
by 1ncreas1ng the reaction rate between these ox1d1zed 1ntermed1ates and

-an un1dent1f1ed reduced component of the photosynthetlc eIectron trans-

- port chain on the acceptor side of PSII. His mode]nprov1des an
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Figure 29. Response-bf‘Signa1 Ii-in chlorop1a§f§’treated with

3 X ]O_S;M CCCP to flashes. A single saturatihglflgsh.was given at
each arrow. Signa]III increase measured as in Fig.HZSJ Microwave

power was 20 mW, time constant was 0.3 sec.
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Figure 30. Response of Signal II to flashes __i”riich]or‘0§%’5?c§2f4648

as é'function of CCCP concentration. The extént of Signal II for-

: matidn*stimuldted by the first flash'divided‘by the toté] increase

in Signal II evoked by 20 f]ashes spaced 2 sec apart is plotted on

the ord1nate Cond1t1ons as in Fig. 29
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exp]anatton'fornthe'effectlof'CCCP on Signa1'II generatton,vsjnce such
a back flow.of e}ectrons‘would'decrease the effecttveness ofva'sing]e
flash in any reaction dependent.upon Iongeltved_oxtdtzed'intermediates. _
We have proposed that SignaT IIvarises via an oxidation-reduction' B
" reaction between the ftateshsz and Sj on.the water side»of PSII'and Fo
(Section v5 _ Furthermore we have shown that fo1low1ng a flash th1s
oxidation proceeds fa1r1y s]ow]y, the ha]ftlme for 1ts rise 1s abou'

1 sec. Therefore, any factor wh1ch apprec1ab]y decreases the 11fet1nc
of the ox1d1zed 1ntermed1ates S and S3 would- be expected to decrease .
the extent of . S1gna1 I format1on evoked by a. 51ng1e flash. We have
a]ready shown that. th1s is the case 1n DCMU treated ch]oroplasts (Sec-
tion V). o | | |

| In dntreated chToroplasts.the ]ifettmes,of theﬂstates S5 and 53
are on the order of 10-20 sec (Joliot e gl_, ]97T;dFig. 4, Section II)f
Since thése_]itetimes are 1ong'compared with the'jfsec}halftime for the
rise of Signai:II, this 1-sec time constant ref]éctslthe intrinsic'rate
of reaction between the SignaT-II.precurSOr and theistates Sznahd 53.
Qur mode]’predicts;'however that the CCCP-induCed decrease in the
lifetimes of the S states to 1ess than ] sec. wou]d resu]t in a decrease
in the t1me constant For S1gna1 I1 formation. Th1s decrease in tlme.
‘constant would accompany the CCCP 1nduced dec11ne 1n the extent of -
S1gna1 I1 generated in response to a flash. The exper1ment-shown in
Fig. 29 implies that this is the case. There we noted that the time
‘constant for Signal II formation had decreased s1gn1f1cant1y compared

to its 1-sec halftime in untreated chloroplasts. We present further

evidence to support this conclusion in Fig. 31. Inhthis experiment we
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have.monifoféd the rise 6f Signal II fol]owing.a:sing]ello.uééc flash

4"M CCCP. -Siéna] averaging tech-

in qh]érép]aéts.t(eéted wifh:]h* 107

_niques and'fhelf]Ow_syétem were_uséd in this experiment. A single
. saturating f]ash.wés giVeh:ohée‘per'second; fhevtface in Fig. 31 is
the aye}age of 6000 écans.' C]eér]y fhé exteht‘of.51gna1 Il furmatién
is $1ghifjcant1y 10wered‘c0mpared to ch]oropTASté'in the absence of
,CCCP.‘gHowevef,-thé flash-induced increase in spih concentration in
Fig. 31voccurs in a time‘1imjted by the 5 mseC'instrumeht time con-
stant;-fndicating-thatgthé fiéé of Signal II;undér these conditions is
much‘mokefrapfd_thah in untreated chloroplasts. Thisrexperiment also
vdemonstrateé-thét, with 5 msec‘time reso]tuion,'wé observe no fast
Zdecdyfng transients in Signal II induction in CCCP—treated éh]ofoplasts.

Wéiﬁave cérried out experiménts with a number of ofner compounds ,

including NH4C1, va]fnohycin, énd_ANT;vto gtudy'their_effects on
Signaivil. Nefther NH461 nor va]inonwcin‘inffuenced the decay ofy
Signal II; the radical behaved as it does in untreated chloroplasts.
The effects of ANT are similar to those reported for cccP in that it
“increased the rate of decay of Signa] IT and deCregsed the effective-
'ness.of a single flash in increasing Signal II,épih concentration.
Renger (1972b) has shown that ANT is similar to CCCP in that both
accelerate the deactivatidn of intermediates'on fhe‘water side df
PSII, Whereas NH4C1 and yé]inbmycin have been'shown‘noﬁ to have such
“an effect. | |

(2) Aging effects on Signal II

The oXygen—evo]Ving system in chloroplasts is fragi1e; i 1d

~heating or aging for short periods at room temperature leads to an
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Figure 31. Time course of the.response of Signal II to a single

4 M ceep. The

saturating flash in chloroplasts treated with 1.X 107
arrow designates the time at which the ]amp‘waé.discharged. The
flash-induced increase measured at peak B in Fig. 15 with an instru-
menf time constant of 5 hsec. The flow system Was used in the ex-

periment, the data are the average of 6000 scans. The microwave

power was 50 mW.
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' 1nact1vation of the system (Cheniae, 1970). We inyestigated the
effects of theSe treatments inthe decay of’Signa1 Il andvits.genera-q
tionvtn response to f]aéhest |

'.fPrevious1y‘(Fig 14, Seetton V) we demonstrated that the decay of

Signal II'in vivo . in spinach p]ants is very s]ow, reacn1n) a leve] of

'aboutaSO% of theafu11y generated s1gna1 on]yvafter 12 hr in complete
,darkness Recent experiments by LOzier and But]er (1973) in wnich.
they monltored the decay of Signal Il in isolated ch]orop]asts at room
temperature 1nd1cateddthat under these circumstances the spin-concen-
tratton.decays_mUCn mdretrapid1y.' Their data'énbw that Signal I[I |
decays;te_a'level half that of the fully generated signal after only
1 hr in the dank;f | :

We have extended this experiment by applying saturating flashes
td stimu]ate the regeneration of Signal II folTeWing the dark decay.
The resujts of this experfment are shown in th. 32.' A sample of
~ chloroplasts in the f1at ce]i was illuminated fbhv] min with continuous
white light, at time zero thie light was extinguished. Tne magnitude
of Sighai II, measured as the peak to trough»amp1itdde between B and
D in Fig. 15, ié plotted as a functien.of_the tihebdark. ‘As shown in
Fig 32, Signal 11 declines to about 50% of ité 1ight—1nduced Tevel
after 1 hr, which agrees quite well with the data of Loz1er and But1er
(]973) Hav1ng a]]owed the signal to decay to th1s lthl, we then
applied a single saturating f]ash and recorded the spectrum immediately
fo]]ow1ng As shown in Fig. 32, this single f]ash generated on]y 25%
of the maximum light-inducible s1gna] in these aged ch]orop]asts Sub-=

sequent]y, sets of flashes with the number of f]ashes and time between
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Figure 32. The effect of aging in tﬁe.dark at room temperature on
fhe decay and flash-induced response of Signal II. A sample of
fresh, untreated chloroplasts was illuminated for 30 sec with broad
band light and at zero time the lamp was switched off. Spectra
were recorded in the dark and the magnitude of Signal II, measured
as the difference between the low field peak at B and the high fiéld
trough at D in Fig. 15, is plotted as a function of dark time. When
Signal Il had decayed to about 50%, saturatihg f]ashes were givén.
. Each arrowfcorresponds to the f]ésh régime described‘in the legend,
td denotes the dark time between flashes in a given set. The
filled squareé indicate the peak to trough magnitude of Signal II
recorded immédiate]y following a flash séquence. Microwave power
was 50 mW, instrument time constant was 1 sec, and scan rate was

25G/min.’
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flashes indicated in the plot were given and Signal II recorded after
each set. It is apparent from the.figure that the behavfor of Signal
IT has been a]tered‘by the foom temperature aging} In untreated
| chloroplasts, freshly prepared from dark-adapted leaves, a singievflash
genefates greater than 80% of the light-induced increase in Signal II,
whefeas with these éged chloroplasts only 25% is regenerdted by one
Flash. in addition, the fully induced signal after 20 fiashes 1 sec
Iabart is about 20% less than the magnitude of Signal Il at the initia-
tion of ‘the aging pfocess. |

 Ne have performed similar experiments with heated (5]5C for 2 min)
and tris-washeu ch]or6p1asts and with PSII particles prepared as
“described by Malkin (1971). Under these treatments the behavior of
Signal II is simf]ar to that observed with the aged chloroplasts. The
decay of Signal II is much more rapid even than with aged chloroplasts,
and a single flash is 1ess‘effective in generating Signal II than is
the case for untreated chiproplasts. These systems all share with aged -
chloroplasts the characteristics of having an impaired oxygen-evolving

system.

D. Discussion
The action of CCCP in chloroplasts is complex (Vredenberg, 1969;

“Kimimura et al., 1971; Cramer et al., 1971; Shavit et al., 1970). It

" increases the proton permeability of the chloroplast membrane and, at

moderate concentrations (10 uM), uncouples phosphorylation Karlish et
al., 1969). However, the effects of CCCP which we report are not due

simp1y to its uncoupling action since we have shown that neither NH4+

nor valinomycin affect Signal II.
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Renger (1972b) shown that CCCP belongs to a class of reagents
- which accelerate the decay of the S states. This acceleration is

‘mediated by a reaction between these oxidized intermediates on the
- water side and reduced components on the acceptor side of PS II. In
- the model that we have pfbposed, Signal II is generated via a reactipn
involving the oxidized interﬁediateé, spécifica]ly the two intermediate -
states, 52 and 53. -Our model predicts that any fkeatment‘which.decfeases
the Tifetime of these S states to a time comparable fo or less than the
time constant for Signal II generation would decrease the extent of
formation of Signal II following a singTe f]ash. Fig. 30 shows that
_ this is indeed the case. With increasing CCCP concentration the
effectfveness of a single flash in generating Signal II decreases.
A second prediction which our model makes is that, as the lifetimes -
of 52 and 33.are decreaseéd, the time constant for Signal II genera-
tion should decrease; i.e., as ‘the lifetimes for S, and S, decrease,
on1y‘those-Signa1 IT precursors that react during this shortened time.
will produce'spins; The data of Figs. 29 and 31 show that prediction
is also consistent with expekiments.\

Lozier and Butler (1973) reporfed that neither DCMU nor CCCP
a]one-inhibited the light-induced formation of Signa]‘II. They showed,
however, that if chloroplasts were treated simultaneously with these
two reagénts, the Tight-induced Signal II response'was abolished.
Homann (1971) has shown that in chloroplasts treated with DCMU, CCCP
strongly inhibits the reoxidation of Q  following illumination.

Renger et al. (1973) have interpreted this result as indicating that

CCCP prevents the back reaction between Q and oxidized intermediates
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on the water side of PSII by'inducing reduction of the oxidized inter-

" mediates. Thus Q , 52 amd S3 remain reduced and further electron flow

thrbugh PSiI'is inhibited. Since our model postulates an oxidation of
the Signal II pretursor by S2 or'S3, we predict the result obserVed
under these conditions, i.e., an inhibition of the 1ight response of
Signal 1I. - |

The other treatments that we have used—-aging; heating, tris-
washing, and preparation of System II particles--are less well charac-
terized than the action of CCCP, but all are known to inactivate the
oxygen-evolving system. These effects are of at least three types:
a loss of oxygen-evolving capacity, a shift toward lower values of the

midpoint potential of cytochrome b559 (Nada and Arnon, 1971; Erixon

g;_ 1., 1972), and an alteration of the kinetics of Signal II. We

have proposed that the oxygen-evolving system and the species giving

rise to Signal II are located in a hydrophobic environment (Section V).

‘Under normal circumstances of membrane integrity, aqueous reagents are

quite efficiently excluded from this site. The treatments which we

have described may denature this hydrophobic region allowing access by

~normally excluded reagents, including exogenous reductants and reduced

intermediates on the acceptor side of PSII. The experiments of Lozier
and Butler (1973) in which they showed that added ascorbate greatly
5J£féégggjthe decay of Signal II in tris-washed chloroplasts support
this idea. The function of the CCCP-like compounds may be to
accelerate this denaturation reaction. |

The inhibition experiments which we have reported here support

the model, proposed both by us (Section V) and by Butler and co-workers
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(Lozier and Butler, 1973; Okayama et al., 1971), in which Signal II

is generated by reactions occurring on the water side of'Photosystem II.
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