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ABSTRACT 

From the studies of electron-transport reactions of spinach 

chloroplasts, we have been able to demonstrate that the quantum 

requirements are 1.0 :t. 0.05 at the wavelengths above 700 nm of 

actinic light and 1.5 - 2.5 for wavelengths .from 620 to 680 nm 

when the photoreduction of NADP by chloroplasts was measured 

either aerobically or anaerobically in a 3-(3,4-dichlorophenyl)-

1,1-dimethyl-urea (DCMU) poisoned system when ascorbate and 2,6-

dichlorophenolindophenol (DPIP) were present as electron donors. 

The quantum requirements are 1.0 :t. 0.05 in the wavelength range 

from 630 to 660 nm of actinic light when the photoreduction of 

DPIP by chloroplasts was measured with water as the electron 

donor. Those of the photoreduction of NA?P when H2o was used as the 

electron donor are 2.0 :t. 0.1 in the wavelength range from 620 to 

678 nm of actinic light. 

For each reaction, optimal amounts of reagents and cofactors 

were used, and quantum requirements were extrapolated to zero 

intensity. The rate. of the [ascorbate + DPIPHt NADP] reaction can 

-vi-

be increased more than four times ~1hen saturating amounts of 

plastocyanin and ferredoxin-NADP reductase were added. The rate 

of the DPIP Hill reaction was increased more than three times.by 

· added MgC1 2 and p 1 astocyani n, but not by ferredoxin or ferredoxin

NADP reductase. The rate of the [H2o .... NADP] reactionwith 

saturated ferredoxin can be further increased more than three 

times when both plastocyanin and ferredoxin-NADP reductase were 

added. 

The effect of antimycin A on the [ascorbate + DPIPH;- NADP] 

reaction was studied for mole ratios of antimycin A/chlorophyil 

from 0.02 to 2.0. It was found that the. photoreduction rate of 

NADP was always slowed down and therefore the quantum requirement 

of this system was increased, even at the lowest concentration of 

antimycin A studied. This concentration is much lower than the 

value of antimycin A/chlorophyll = 0.33, at which the cyclic 

photophosphorylation is reported to be completely inhibited but 

non-cyclic photophosphorylation is not affected. He interpret 

the effect on the efficiency of non-cyclic electron transport of 

photosystem I to result from a competition wi>th cyclic electron 

flow, which has become accelerated through an uncoupling action of 

antimycin .A. Ethanol, the most commonly used sol vent for inhi.bi

tors like antimycin A, at concentrations lower than 1% in the 

reaction mixture, itself decreases the rate of the photoreduction 

of NADP at high light intensities but does not change the primary 

quantum requirement of this sys tern. Etnano l is a 1 so found to have 

an inhibitory effect at concentrations above 1% in the reaction 

mixture. 

,. 
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The Emerson enhancement effect using red illumination supple

mented by far red light is a characteristic phenomenon of photo

synthetic oxygen evolution by plants and algae. It has been cited 

as an important evidence in support of the me~hanism of photosyn

thetic electron transport involving two light reactions operating 

in series. The present study confirms the occurrence of enhance

ment in isolated, broken spinach chloroplasts for the photoreduction 

+ of NADP by water: [H 2o-+- NADP] reaction. Far red light at 700 nm 

is supplemented optimally with wavelengths of 650 or 670 nm. Diva

lent cations such as magnesium or manganese are shown to be required 

for enhancement to occur. The optimum concentrations of added 

MgC1 2 or MnC1 2 are about 7.5 mM; at concentrations below 3 mM en

hancement is not obtained. The critical dependence on divalent ion 

concentration is felt to be the reason why the enhancement pheno

menon has not beenobserved in some previous studies using broken 

chloroplasts. A role for magnesium ion is proposed in which it 

alters the structure of the active chloroplast membranes in a 

manner which controls the transfer of electronic excitation between 

the two photosynthetic pigment systems. These findings favor the 

series two-1 ight reaction mechanism over the alternative parallel 

scheme. 
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I. GENERAL INTRODUCTION 

Literally, photosynthesis means "synthesis by means of light". 

This tenn is usually applied only to the synthesis of organic 

matter by plants in light. Photo-synthesis creates living matter 

out of lifeless inorganic materials, replenishes the oxygen in the 

atmosphere, and stores the energy of sunlight to s~Jt>port the life 

activities of organisms. Its discovery is the most important 

chapter in the history of science. 

Early in this century photosynthesis was usually descrtbed 

by a single overall reaction: 

light 
(I-1) 

(chloroplasts) 

In this reaction, co2 is absorbed and 02 is evolved by plants, 

(CH
2
0) represents a basic subunit of carbohydrate, the main pro-

duct of photosynthesis that is stored i.n plants. In plants this 

process occurs in organized subcellular bodies called "chloroplasts". 

The energy needed for this reaction is obtained from light absorbed 

by chlorophylls in chloroplasts. In the 1950's, through the 

efforts of M. Calvin et ~- (Bassham and Calvin, 1957), the 

chemistry of the photosynthetic C02 fixation in algae has been 

almost fully elucidated. Two things are needed for this chemistry: 

reducing power in the form of NADPH2, and energy in the form of ATP. 

2 

In 1939, Hill (Hill, 1939) demonstrated that illuminated 

chloroplasts can evolve 02 provided that a suitable electron 

acceptor is present. The reaction is a light-driven transfer of 

electrons from H20 to the electron acceptor, which replaces co2 as 

the ultimate recipient of photochemical reducing power. The main 

singificance of the Hfll reaction is that co2 reduction can be 

separated from the photochemical part of photosynthesis. · However, 

Engleman (1883) found that photosynthetic bacteria could reduce co2 

at the expense of the light energy, without the evQlution of o2, 

i.e. the evolution of 02 can be separated from photosynthesis. 

This means that there is a central photochemical event in photo

synthesis that can be separated frqln both end products: the' evolu

tion of 02 and the assimilation of C02. The discovery of photosyn

thetic ~cteria (Engleman, 1881) which do not evolve oxygen, but 

still use sunlight to assimilate co2, led Van Niel (1931) to formu

late photosynthesis as the splitting of H2o to yield (H) and (OH): 

(I-2) 

He suggested that 2 quanta are needed for a single photolytic act, 

or 8 quanta for 02 . 

In 1954, Arnon et ~~ (1954, 1957) found that illuminated 

chloroplasts can reduce NADP to NADPH 2 and phosphorylate ADP to ATP; 

both NADPH2 and ATP are needed for the carbon assimilation in the 

Calvin cycle. Since then the photoreduction of NADP and the phos

phorylation of ADP have been considered as the central photochemical 
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· events in photosynthesis. We ca 11 the phys i ca 1 part in ch 1 oro- · 

plasts, where this photochemical event occurs, the electron 

transportchain. The mechanism of this electron transport chain 

and its related reactions have become a major topic in photosyn

thesis research for the past decade. Ph.ysical and chemical 

approaches to this topic havebeen ·so extensively explored that it 

iS beyond One IS abi 1 i ty tO knOW al'l aspects Of photosynthesiS in 

detail today. But a scientist in the fi-eld should always be 

acquainted with .all the up-to-date developments in this field. 

After a survey of the literature in the past deca~e. I feel that 

the field of photosynthesis today sho.uld be classified into the 

following categories: (1). primary photochemistry and energy 

trans fer, (2) e 1 ectron transport rilechani sm, (3) structura 1 aspects, 

(4) photophosP,horylation arid ion transport, and (5) oxygen evohi

tion. The research of this thesis is primarily ctlnce~tned with the 

pri rna ry photochemistry, energy trans fer and e 1 ectron. transport 

mechanism. · A brief summary of the present knowledge of photosyn

thesis is given as follows . 

. (1) Primary photochemistry and energy transfer 

The purpose of research in this area is to understand the 

mechanism by _which photons are first absorbed by chlorophylls, 

transferred to different locations in the chloroplasts and then 

transformed to chemically stable forms of energy. Emerson and 

Arno 1 d ( 1932) measured the o2-evo 1 uti on in Ch lore ll a in response 

to brief (10"'5 sec). flashes of light. These experiments showed 

that maxinium yield per flash was about one 02 evolved for every 

4 

2500 Chl molecules present, or about 300 Chl molecules per quantum 

absorbed (suuposing 8 quanta per one molecule of o
2 

ev.olved, as 

di_scussed before). These experiments suggest that Chlorella con::: . 

tains photosyntheticunits. Each unit consists of a.chemical 

reaction center served by- 300 "antenna" light harvesting Chl .l!!Ole

cules. Quanta of energy abs_orbed anywhere in the ligllt;..harvesting 

Chl's are collected efficientlyby 'the reaction center, where they 

are converted into the first stable products of photosynthesis. In 

the last decade, evidence has accumulated which shows that an essen

tial part of the reaction center is a special form of Chl !_, or ~:·· 

Chl !. in a specialized environment associated with a s~ll nudler 

of molecules that _can be oxidized or reduced (Clayt~n, 196a; Kok, 

1961). In 1961 Kok. found a pi gme~t in higher p lan,t c~ lorop lasts · 

which exhibited reverSible li~ht~induced absorption changes at 

430 nm and 700 nm. This pigment, termed P700,-behaves as a one-
. . 

electron transferring agent in the dark,with E
0

' of +0.43 volt. 

The reduced form of the rilolecule is stable in the dark, is oxidized 

upon illumination with far-red light (PS I} and its reduction by 

light of .short wavelength is inhibited by DCMU. This is considered 

as reaction center I (RC 1). Kelly and Sauer (1968) demonstrated 

that there are two effective photosynthetic units of di.fferent. 

sizes in spinach chloroplasts; one is a PS I unit containing :445 

Chl molecules, the other is a PS II unit associated with 55 Chl 

IIIQlecules. (Please see the definition of PS I and PS II in the 

following section.) The trapping molecule for PS II has not been 

ful Ty characterized. 
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There have aJ.so been a number of hypotheses discussing the 

mechanism of the transfer of the absorbed energy from antenna Chl 

molecules to the reaction centers. It is generally accepted that 

the migration of electronic excitation energy is the mechanism by 

which the energy reaches the reaction center (Franck, 1962; 

Rabinowitch, -1967). The detailed mechanism of reaction centers 

and the migration of electronic excitation energy in the photosyn

thetic unit (PSU) are the subjects of much current research. 

(2) Electron transport mechanism 

The research in this area is to understand how an electron is 

derived from H20. transferred through the electron-transport chain 

and finally accepted by NADP. It was shown (Hoch and Martin, 1964; 

Sauer and Biggins, 1965) that the q:Jantum efficiency for photo

reduct; on of NADP with far-red n ght when H2o served as the e 1 ectron 

donor was much lower than with red-1 i ght. On the contrary, the 

quantum efficiency for the photoreduction of NADP with far-red 

1 ight approached one quantum per electron transferred when ascor

bate (+ DPIPH2) served as the-electron donor. Since far-red light 

has been shown to be absorbed almost exclusively by photosystem I, 

but red light absorbed by both PS I and PS II, these experiments 

suggest that the [H2o~ NADP] reaction requires the participation 

of both PS I and PS II, while the [ascorbate + DPIPH2 -+ NADP] 

reaction requires only photosystem I light. Govindjee et.e..!__.(1962,l964) 

demonstrated that the rate of NADP reduction by chloroplasts illu

minated simultaneously with red and far-red light was higher than 

the sum of the rate of the same chloroplasts illuminated separately 

by red and far-red light. Mathematically, enhancement values higher 

6 

RateR + FR > RateR + RateFR 

than one indicate a cooperation between the two photosystems, and 

therefore have been interpreted as indicating the participation 

of both photosystems. However, the absence of an enhancement 

effect for the [H20 + NADP] reaction has also been reported (Gibbs 

et .e..!__. , 1963; McSwain et .e..!__. , 1968). Together with the evidence 

that PS II.may comprise two rather than one short-wavelength light 

reactions (Knaff and Arnon, 1969), Knaff and Arnon proposed that 

there are three ltght reactions in c~loroplasts, two in PS II; i.e. 

PS lla and PS Ub and one tn PS I. - Whether PS I and PS U behave 

cooperatively and how many light reactions there 'arei.~-_;~hler:o

plasts have been among the most controversial topics in the past 

few years. 

(3) Structural aspects of chloroplasts 

The photosynthetic unit (Emerson and Arnold, 1932) is a physio

logical unit of function defined by experiments with intact plants. 

Thomas et .!!_. (1953) attempted to find the morphological expression 

of the physiological photosynthetic unit. They found that chloro

plast famellar fragments as small as 100 ~ in diameter were still 

active in the Hill reaction. The shadow-cast preparation of iso

lated chloroplasts {thylakoids) lamellae under the electron micro

scope revealed a repeating structure on the inner surface of this 

membrane. These repeating structures are called quantasomes (Park 

and Biggins, 1964). The quantasome particle is 180 A by 160 A and 

100 ~thick, with a molecular weight of 2.1 x 106, and contains 
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about 230 Chl molecules. It is considered the morphological unit 

correspondi.ng to the physiological photosynthetic unit. 

The light phase of ph.otosynthesis is performed in the internal 

. membranes (thylakoi.ds) oJ chloroplasts. This means that either 

PS I and PS II are an integral part of the membranes, or they are 

structures which are intimately associated with the membranes. 

Another. approach to the understanding of the molecular organization 

~f the photochemical systems is to fragment the membranes selec

tively so as to release specific co~onents or complexes of the 

photosynthetic electron transport chain, and to study the proper· 

ties of the tsolated complexes. Using digitonin and differential 

centrifugation, Boal)dman and Anderson (1964) fragmented chloro

plasts .and separated fragmeFlts of var~ing size and with different 

proportions of Chl .! and Chl Q: · The larger fragments which were 

sedimented by forces of 1000 g for 10 min {D-1) and 10,000 g for 

30 min (D-10) had lower Chl .!fChl Q. ratios (2.2 - 2.4) than the 

chloroplasts (Chl yCh·l Q. = 2.8):, whereas the smaller fragments 

sedimentable by 144,000 g for 60 min (0·144) had a"llltJth higher 

ratio of Chl .!fChl Q. = 6.0. D-1 and D-10 were active in the Hill 

reaction with either ferricyanide or trichlorophenolindophenol as 

oxidant, but rates of reduction of NADP were considerably below 

those obtained with ferricyanide or trichlorophenoli'ndophenol. 

8 
I 
fragments had the photochemical properties of PS I, whereas the 

large fragments were enriched in PS II. 

To avoid unknown artificial effects introduced by detergent, 

Sane et il· {1970) used a French press to disrupt spinach chloro

plasts by shearing and subsequently fractionating the fragment . 

with fractional centrifugation. The ChLyChl Q_ ratio; absorpti~n 

and difference spectra, cytochrome and Mn distribution, P700 

content and photochemical activities of these fractions are 

remarkably similar. to digitonin fractions obtained by Anderson 

and Boardman (1966). Electron micrographs obtained· by· thin 

sectioning, freeze fracturing· and deep etching of the French press 

fractions showed that the PS I frac~ion originated from stroma 

lamellae and possibly end grana membranes, whereas the PS II 

fraction originated from the grana regions. This led them to 

suggest that there are two kinds of PS I: one present in. stroma 

lamellae and physically separated from PS· II, and a second PS I 

present in grana regions and probably in closer association with. 

PS II. The PS II fraction they obtained has both PS I and PS II 

activity and the enrichment in PS II activity is merely due to. loss 

of stroma lamella containing only PS I. 

The knowledge of the structure of· chloroplast lamellae enables 

us not only to understand the bi ochemi ca 1 and photochemical 
/ 

D-144 was completely inactive in the Hill reaction, .but it reduced functions of the chloroplast in relation to its structure, but 

NADP at a high rate if supplied with an electron donor "ascorbate t also to formulate a model explaining the interacti.on between PS I 

DCIPH
2
" and with an enzyme preparation contain:ing _ferredoxin, and and PS II. Anderson and Boardman (1966) suggested that their re- · 

some. ferredoxin-NADP reductase and plastocyanin. The small sults on the digitonin fractionated chloroplast_ lamellae were in 

·w .. 
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support of the Hill-Bendall 's series scheme of PS I and PS II. 

But Sane et !l· (1971), based on the results from the French-pressed 

and fractionated chloroplasts lamellae membrane, suggested that 

PS I in stroma is separate from and operates in parallel with PS II. 

and PS I in the grana region. The stroma PS I and the electron 

transport chain in grana will be coupled if there is an electron 

carrier existing between them (Park and Sane, 1971). How this 

coupling occurs and the property of the electron carrier are the 

subjects of future research. 

(4) Photophosphorylation and ion transport 

That 1 i ght energy absorbed by a photosynthetic system could 

lead to the esterification of inorganic phosphate into ATP was 

first demonstrated by Frenkel (1954) with bacterial chromatophore 

fragments. Arnon et ~· (1954) were able to carry out the same 

reaction with chloroplasts. Two types of photophosphorylation 

have been discovered in isolated chloroplasts, i.e. cyclic and 

non-cyclic photophosphorylation. In a cyclic photophosphorylation 

the absorption of radiant energy generates only ATP and neither a 

reductant nor an oxidant is produced (Tagawa et ~·, 1963}. It is 

insensitive to DCMU and proceeds more efficiently in far-red 1 ight 

than in red light. Thus it is generally considered that cyclic 

photophosphorylation is associated with PS I alone. In non-cyclic 

photophosphorylation an added electron acceptor is reduced, oxygen 

is evolved and ATP is formed simultaneously. The electron acceptor, 

which catalyzes the non-cyclic photophosphorylation, could either 

be NADP, ferricyanide, OCIP or cytochrome c (Avron, 1967). The 

10 

parti ci pa ti on of PS I and PS II in the photoreduction of NADP by 

isolated chloroplasts, but only PS II in the photoreduction of 

ferricyanide (Avron, 1967}, suggested that the site of non-cyclic 

photophosphorylation might be in between PSI and PS ll, as shown 

in Figure 15. 

It has been suggested (Chance, 1956; Slater, 1953, 1966) that 

phosphorylation in chloroplasts, mitochondria, and bacterial 

chromatophores is linked to the electron transport chain by a 

"high energy" chemical intermediate. Ion movements observed with 

electron. transport activity have been considered as secondary or 

competing events associated with the dissipation .of an as yet uni

dentified high energy chemical intermediate (~) link'ing eleCtron 

transport to phosphoryl at ion. Direct evidence for ·tlte existence 

of this chemica 1 intermediate is 1 ack.ing. Mitche 11 (1961, 1966) 

has proposed an alternative hypothesis involving ion movements 

directly in pltosphorylat'ion. Hi.s "cltemiosmotic" proposal suggests 

that electron transport and phosphoryl atioh are coupled 'ind'irectly 

through an electrochemical potential resulting from a gradient in 

the concentration of protons and other ions established across the 

membranes involved in the electron transport sequence of organelles 

such as chloroplasts. Electron transport creates this electro

chemical potential which, in turn, is partly consumed in the forma

tion of ATP. In 1963 Hind and Jagendorf (1963, 1965) discovered 
+~. . 

that H 1 nfl ux occurs in response to the 1 ight-induced e 1 ectron 

transport of chloroplasts and that a pH~gradient 'induced by acid

base washing of chloroplasts generates ATP in the dark.. Their 



11 

studies also showed that the kinetics of an indirectly measured 

intermediate of phosphorylation (XE),produced upon illumination 

of chlor9plasts, resembles qualitatively the kinetics of H+ trans

location .in chloroplasts. At the present stage, the ·,evidence 

shows that ion nnvements, and in particular H+movements, a;e 

. directly linked to phosphorylation i:~;~that the buildup of the 

electrochemical potential resulting from H+ movements across mem

branes of chloroplasts supply the energy required for the synthe

sis of ATP. 

The major concept of photosynthesis today is prtmarUy, gene

rated from the interpretation ·and hypothesis of the above experi

mental evidence. There are some other important approaches to 

the problem of photosynthesis, such as the flash-light studies on 

-the oxygen evolution (Allen and Fran~k, 1955; Joliot et a'l., 1969; 

Kok et &·, 1970), analysis of photosynthesis using mutant strains 

of algae and higher plants (~evine, 1969). isolation of bacterio

chlorophyll.,-protein (Olson et !!.·, 1969), etc. Because these. 

topics are not relevant to;:the study in this thesis, they arenot 

discussed here. 

II. QUANTUM REQUIREMENTS FOR THE TWO LIGHT REACTIONS IN 

SPINACH CHLOROPLASTS 

A. .. Introduction 

12 

The mechanism of th.e. e 1 ectron transport scheme in_ photosyn

thesis has been extensively investigated since the discoverY of 

the Hi 11 reaction ('Hill, 1939). I nearly experiments, Emerson 

and Lewis (1942, 1943) :found a sharp decrease in the ·efficiency 

of 'phot~s1nthesis ·with actinic light of wavelengths longer th.an 

685 nm for both. Ch.l ore 11 a and·· Ch roo coccus (the Red Drop . in effi

ciency). By adding a weak background of green light to the far;.red 
. . .... '. . 

light, Emerson et ll· found that the combined wavelengths produced 

higher photosynthetic rates than the sum of those for the two 

1 i ghts u~ed separately. The concept of enhancement and two 1 i ght_ 

reaction (or Z scheme) thus arose from these experiments Uti1F 

and Be~da 11, 1960). There are two coiltrasti ng pictures of the·. 

organization and function of the chlorophyll pigment systems, i.e. 

whether PS I and PS II are operating independently or cooperatively. 

This problem has been considered both at the le\lel of the electronic 

excitation energy transfer and at the level· of the electron trans-' 

port mechanism. 

The the first O·f these, Myers and Graham (1963). proposed the. 

"separate package" model, in which each light reaction is thought 
'<> 

to be associated with. its own array of light.,-absorbing ptgment-
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molecules, and no communication at the level of electronic exci-

tation transfer is permitted between the two arrays. It is as if 

the two light reactions, each with associated pigment systems, are 

physically separated from one another. However, Duysens and Amesz 

(1962) proposed the "spillover" model, in which the pigment arrays 

are still distinct, but electronic transfer is pennitted between 

them in order to make up for deficiencies in the activation of one 

or the other light reactions. The series two-light scheme of Hill 

and Bendall requires that both light reactions be driven at equal 

rates for optimum overall.photosynthetic efficiency. An extreme 

modification of the "spillover" hypothesis, ifl which a major por

tion of the chlorophyll pigments is common to both photosystems, 

has been proposed by Avron and Ben-Hayyim (1969•). In this common 

pool one finds an, or nearly all, of the bulk pigments absorbing 

in the red region; i.e. at wavelengths shorter than about 680 nm. 

A common feature of all of the models is the assignment of far-red 

(A > 700 nm) absorption almost exclusively toPS I. This is 

thought to be responstble for the "red-drop" in the quantum yield 

of photosynthesis at long wavelengths. 

At the level of the electron transport mechanism, the question 

is how many quanta are required to transfer one electron from H20 

to NADP, which is the basic photosynthetic electron transport 

reaction, .as discussed in the first chapter in the text. 

Recently Avron (1967) has reviewed that two quanta, one from 

each of the photosystems I and II, are required to transfer one elec

tron -f~ H20 t!J M_l)P' for operating b~th• pbotosy5tems i and I I in a 
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cooperative way, and one quantum is required when reduced DPIPH2 
(ascorbate + DPIPH2) is the electron donor for operating photo

system I alone. In an alternative hypothesis, Arnon (1967) pro

poses that only one quantum is required to transfer one electron 

in each of the above photo-induced electron transport reactions 

and that electron transfer from H20 to NADP or ferredoxin is driven 

by photosystem II alone. His latest hypothesis (Knaff and Arnon, 

1969) suggested that there are three light reactions i.nvolved in 

photosynthesis;. two are in photosystem II or short-wavelength 

light reactions. and one is in photosystem I or long-wavelength 

1 i ght reaction. The most direct way to test these hypotheses is 

to measure quantum requirements and.also the action spectra'of the 

various photosynthetic reactions. Unfortunately, the quantum re

quirement values reported previ~usly were always higher than the 

values predicted by either of the hypotheses (Schwartz, 1965; 

McSwain and Arnon. 1968; Sauer and Biggins, 1965; Sauer and Park, 

1965). No-conclusion could be reached, as it is always possible 

to argue that the chloroplasts under investigation were partially 

inactivated during preparation and thus resulted in artificially 

high quantum requirements. Therefore, we feel that quantum require

ment measurements need to be investigated again under improved ex

perimental conditions. 

The "separate package" and "spillover" models can also be 

tested experimentally in a similar way by which they predict dif

ferent results. One approach is to make careful measurements of 

quantum yields at different wavelengths for each light reaction 
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operating in the absence of each other. According to the "separate 

package" hypothesis, photons absorbed by the pigment system of the 

functioning light reaction. can be used photochemically, and those 

photons absor~ed by the pigments of the non-operative photosystem 

will necessarily be wasted. The latter will result in fluorescence 
. . . 

or heat, but never in any photochemistry. By contras.t, in the 

"spillover"hypothesis, photons absorbed in either p1gment system 

have, by virtue of the possibility of electronic excitation transfer, 

the potential ability to do photochemistry. As pointed out in a 

previous publication (Kelly and Sauer, 19&5) ~ the "separate package" 

hypothesis requires th.at at a given wa!elength. of act.jvatioil the 

sum of the quantum yields for the two light reactions measured 

separately. (!11 + -ll) can never exceed 1.0 equivalents•(einsteins 

absorbedr 1• According to the "spill over" .hypothesis, the su~ of 

quantum yields may exceed 1.0, and' may approach a limiting value 

of 2.0 in the case of .perfectly efficient electronic excitation 

transfer • 

. Until recently, such studies of quantum yield spectra have riot 

produced convincing evidence of sums exceeding 1.0. (Kelly and Sauer, 

1965; Hochand Martin, 1963; Sauer and Biggins, 1965). Unfortunately, 

this result was not conclusive, as it was again possible to argue 

that the chloroplasts under investigation were partially, and arti

ficially. inactivated. Now Avron and Ben-Hayyim (1969) have pre

sented experimental findings in which the quantum yield. at 640 nm 

for the ferricyan:ide Hill reaction, probably associated solely with 

photosystem2, is 1.0 and that for DCMU .. blocked photor-eduction of 
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NADP by ascorbate/DPIPH2, a photosystem I reaction, is about 0.5. 

W.ith diquat or FMN as the electron acceptor, even higher values 

were reported. Because these results appeared to be in conflict 

with findings previously reported from this laboratory, we under~ 
I 

took a new study of this question. 

. It has beeri reported thatferredoxin is ~asily oxidized in 

th.e air and that tne cyclic' but not the non...cycl i c' photophos-
. . . 

phorylation is inhibited at low concentrations of anti.I11Ycin A 

(Tagawa ~.&q 1963), desaspidi.n (Arnon et al., 1965}, and 2,4-

dinitrophenol (Tagawa et !]_., 1963). For example, 10. .IJ9 of anti

"'Yfin A pf;!r loo·l19 of chlorophYll (l::fi. !!_) in the reacti.on mixture, 
. . 

or antif11Ycin A/chlorophyll.(!.+£) = .. 0.165 inhibits 95%.of the 

cyclic photophosphorylation, but the efficiency of non .... cyclic 

photophosphorylation is not affecte<;l even at doubl~ this concen

tration of antimycin A (Arnon et !]_., 1964). Therefore, we used 

anaerobic conditions for the [asco~bate + DPIPH2 + NADP] reaction 

' to prevent the leak of electrons to oxygen via ferredoxin. We 

also expect that antif11Ytin A may increase the quantum efficiency 

of non-cyclic NADP reduction if it be~aves as an 'inhibitor to 

block the cyclic electron flow at low concentrations of'antiJIIYcin A. 

On the other hand, if antimy.cin.A serves as an uncoupler of cyclic 

photophosphorylation, it may function as does methylamine (Sauer 

and Park, .1965) in providing a bypass for electron flow that serves 

to speed up the rate-pmiting step in ttte cyclic pathway. If the 

cyclic and non-cyclic pathways compete for photosystem I photons, 

then the uncoupling action of antimycin A should- indirectly c_ause 
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a decrease in the rate of non-cyclic electron flow and an increase 

in quantum requirements should be observed in non-cyclic NADP 

reduction. 

In th1s chapter, we present the action spectrum of the quantum 

tequirements of the [ascorbate+ DPIPH2 -+ NADP], [H20-+ DPIP] 

and [H
2
o -+ NADP] reactions under our modified reaction conditions 

and the effect of antimycin A anl ethanol, which is the most 

commonly used solvent for inhibitors, on the electron transport 

chain. An alternative approach. to the above questions can be 

made by investigations of the Emerson enhancement effect on iso

lated chloroplasts. Results of such studies. which generally con

firm the conclu~ions referred to above, are the subject of the 

next chapter. 

:B• M;,terial and Methods 

{1) Spinach and preparation of chloroplasts 

Spinach (Spinacia oleracea var. early hybrid No. 7) grown in 

vermiculite in a growth chamber under controlled conditions similar 

tci those of Sauer and Park (1965): light intensity approximately 

3200 f-c in 10 hr light/14 hr dark cycles, temperature g. 18°C, 

leaves harvested six to eight weeks after germination. 

In order to obtain the maximum photochemical capability, the 

spinach leaves were picked two to six hours.after the start of the 

illumination cycle in the growth chamber and just before the isola

tion of chloroplasts. The leaves were rinsed with cold distilled 
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water and ribs were removed, then stored at -20°C for 10 min. 

Ten g of leaves were homogenized between 10 to 15 sec in 50 ml of 

0.5 M sucrose, 0.1 M tricine, pH 7.6 buffer in a Waring blendor. 

The resultant homogenate was strained through 8 layers of cheese

cloth and centrifuged at 200 g for 1 min. The supernatant was 

then centrifuged at 1000 g for 10 min and the precip1tate was re

suspended in 1 ml of 0.5 M sucrose, 0.05 M tricine, pH 7.6, and 

stored at 0°C. All the above procedures were carried out at 0°C. 

The best activity of the chloroplasts coul·d be obtained within 

6 hours after isolation. 

{2) Reagents 

NADP was obtained from P....t. Biochemical, Inc.,,Milwaukee, 

Wisconsin; DPIP and tri.cine from Sigma Chemical Co., St. Louis, 

Missouri; ethanol {200 proof} from Commercial Solvents Corp., 

Terre Haute, Indiana; antimycin A and sodium ascorbate from Cal-. 

biochem, Los Angeles, Calif.; sucrose from J. T. Baker Chemical 

Co., New Jersey; DCMU from duPont de Nemours, Wilmington, Delaware; 

nitrogen directly from the liquid nitrogen tank obtained from 

Pacific Oxygen Co., Oakland, Cal H. 

(3) Apparatus and light intensity measurements 

Experiments were carried out using a modified Cary Model 14 

spectrophotometer, as described by Sauer and Biggins (1965) for 

photoreduction of NADP, and by Sauer and Park ( 1965) for photo

reduction of DPIP. Measurements of light intensity were based on 

secondary standard lamps obtained from the National Bureau of 
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Standards, Washington~ _D.C.; in the same way as Sauer and Biggins 

(1965). The quantity of light absorbed by ch 1 orop lasts was 

measured using the same method 'as Sauer and Biggins (.1965). 

( 4) Preparation of ferredoxin. NADP _reductase and p 1 as tocyani n 

Ferredoxin was pr~pared from COillllerci a l• spinach -according to 

the procedures of Tagawa and Arnon (1962}. The ratio of absor

bances at ~'~:SJ!·of purified ferredoxin was 0.445. NADP reductase 

' and plastocyanin were isolated in the same preparation as was ferre-

doxin (Tagawa and Arnon, 1962), but NADP reductase was fractionated 

from the DEAE cellulose column at the concentration of (Cl-) = 0.12 

mole~t-l and plastocyanin at (CC) = 0.26 mole-t-1. Both NADP 

reductase and plastocyanin were"used without further purification. 

with ammonium sulfate. 

(5) Reaction mixture 

The reaction mixture,for the [ascorbate + OPIPH2 + NADP] 

reaction, contained ·the following iri 11moles/ml: tricine (pH= 7.5), 

45; MgC1 2, 7.5; DPIP, 0.053; OCMU, O:iOl; sodium ascorbate, 5.0; 
. 

NADP, 0.67; ferredoxin, 100 llg/3 ml; NADP reductase, saturating 

.amount or not added; plastocyanin, saturating amount or not added; 

antimycin A, varied; ethanol, varied; antimycin A was dissolved in 

ethanol; chloropeyll, 40 11g/3 ml. 

The reaction mixture for the [H20+ DPIP] reaction contained 

the followi_ng in J.lmoles/ml: tricine (pH= 7.5), 45; MgC1 2, 4.5; 

DPIP, 0.053; plastocyanin, saturating amount; chlorophyll, 40 Jlg/3 ml. 

The reaction mi~ture for the [H20 + NADP] reaction cqntained 

the following tn )JIIIOles/ml: tricine (pH= 7 .5), 45;. MgC1 2, 7 .5;. 
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ferredoxin, 200 J.g/3 ml; NAOP, 0.67; NADP reductase, saturating 

amount; plastocyanin, saturating amount; chloropeyll, 40 ).(J/3 ml. 

' . -

(6) PJ"®edures for obtaining anaerobic conditions 

Three ml of reac~ion mixture was prepared in a small test 

. tube (0.5 x 6 em). The chloroplasts. were added to the reaction 

mixtures in the dark. The test tube was covered with a tight 

rubber cap and shaken well. The reaction mixture. was fl.ushed with. 

nitrogen while shaking for 2 min. The nitrogen was passed through 

syringe-needles penetrating the rubber cap on the test tube. The 

reaction mixture was transferred quickly with a nitrygefl·flushed 

syringe into .two cuvettes, on which. rubber caps had been ti~d finnly 

with stri:ng and flush.ed-wfth. nitrogen through syringe-neecfles for 
. . 

2. min. These ·procedures w.ere carried out in the dark. 

(7} Measurement of chlorophyll concentrations 

. The measurements of total chlorophyll concentration (Tagawa and 

Arnon, 1962; Strain and Svec, 1966} and chlorophyll ~-and . .Q_ concen-

' trations are according to the following_ equations, where the chloro-

. phylls are in 80% acetone solutions: 

Chl (!_+b) llg/ml 29 x (~652_nm) '· (1) 

Chl E. (llg/ml) = 11.63 x (A665 nrit) - 2.39 (A649 nm) (2) 

Chl .Q_ (11g/ml) 20.11 (A649 nm) -:- 5.18 (A665 nm) (3) 

Tota 1 Ch 1 (llg/ml) = 6. 45 (A665 nm) + 17.72 (A649 nm) ( 4) 

. 
where A>.-~ the absorbance of the chlorophyll solution in 80% acetone 

at a particular wavelen§~h >.. 

..... 

. .,., 
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C. Results 

1. Photosystem I: [ascorbate+ DPIPH2 "f $DP] reaction with no 

plastocyanin or NADP reductase 

Typi ca 1 time course for the photoreduction of NAPP. The typi

cal time course for the photoreduction of NADP in high light inten

sity by isolated chloroplasts for the [ascorbate+ DPIPH 2 + NADP] 

' reaction is shown in Figure 1. The trace shows a rapid initial 

burst just after turning on the actinic light. This suggests that 

there is a reservoir of e lectro11s that can be rapidly transferred 

via photosystem I, and that the rate-limiting step is then there

plenishment of this reservoir by the ascorbate/DPIP couple. The 

second portion of the slope is a straight line, corresponding to 

the steady-state photoreduction of NADP in this system. There is 

a rapid small reversal at the time of turning off the exciting 

light. This may also indicate that the backward oxidation of NADPH 

in the dark to the reservoir i.s rapid. 

Primary quantum regutrement. The relationship between the 

quantum requirement for the photoreduction of NADP and incident 

intensities is plotted in Figure 2. The primary quantum require

ments are obtained by extrapolation to zero incident intensity. In 

most cases the quantum requirements obtained from the steady state 

of the photoreduction of NADP at different intensities lie fairly 

well on a straight line. The quantum requirements obtained from 

the rapid in iti a 1 slope were p 1 otted separately. They also 1 i e on 

··c-· ·a straight line, but ~<lith a smaller slope. The primary quantum 
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XBL 7012-5490 

Figure l. Typi ca 1 time course for the photoreduction of NADP by 

isolated chloroplasts in the [ascorbate + I'JPIPH2 + HADP] reaction . 

The reaction mixtures are given in the text, but plastocyanin.and 

NADP reductase were not added. Actinic light at 678 nm; incident 

intensity 3.0 nanoeinsteins-cm-2sec-1; chlorophyll concentration 

13 ~g-ml- 1 . The molar absorptivity for NADPH at 340 nm is 

6.2 x 103 t-mole- 1-cm-l. 
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ASCORBATE + DPIPH2~NADP 

INC I DENT INTENSITY (nanoeinsteins-cm-2 -sec-1
) at 678 nm 

XBL 7012-5500 

Figure 2. The relationship between the quantum requirement for 
. . ' 

NADP reduction and incident intensity in the. [ascorbate + DPIPH2~ 

NADP] reaction; no plastocyanin or NADP reductase added. Circles: 

obtained from the steady-state rate; triangles: obtained from the 

rapid initial phase. Illumination and chlorophyll concentration 

as in Figure 1. 
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requirements at zero intensity, obtained from either initial rates 

or steady-state rates, are identical. 

Action spectrum. The. action spectrum of the quantum require

ments for the photoreduction of NADP in the [ascorbate + DPIPH2 ~ 

NADP] reaction without the addition of any inhibitors or ethanol, 

is given as curveA in Figure 3. Curve A shows clearly that the 

quantum requirements at wavelengths above 700 nm are near 1.0. The 

presence or absence of air does not make any difference in the 

quantum requirements or in the rate of NADP photoreduction in" this 

system. 

Effect of ferredoxin. Ferredoxin is a non-heme protein and 

h·as one of the most negative redox .potentials in chloroplasts (Arnon, 

1966). It is known to be readily water-soluble and essential to the. 

~lectron transport chain. The rate of photoreduction of NADP was 

almost zero when no ferredoxin was added to the reaction mi.xture 

together with the isolated chloroplasts.· If other factors were not 

rate-limiting, such as light intensity, DPIP and NADP concentrations, 

etc., the rate of photoreduction of NADP increased from t.A340 nJmin = 

0 to 0.062 as a linear function of ferredoxin concentrations from 

zero to 40 J.lg/3 ml of reaction mixture; The photoreduction rate of 

NADP saturated at about t.A 340 nJmin = 0.084 when the ferredoxin 

concentration was 80 JJ9/3 ml of reaction mixture or higher. tn our 

reaction mixture 100 llg of ferredoxin in 3 ml of reaction mixture· · 

was used. 

Effect of ethano 1. In genera 1, ethanol at concentrati.ons less 

than 1% of the reaction mixture decreases the rate of photoreduction 

of NADP, i.e. higher quantum requirements at higher light intensities, 
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Figure 3. Action spectrum of the zero-intensity quantum requirement 

of photoreduction of NADP in the [ascorbate + DPIPH2 ~ NADP] reaction, 

with no plastocyanin or NADP reductqse adqed, with or without ethanol 

or anti~cin A. Curve A: normal sample without adding any inhibitors 

or ethanol; the limits of deviations and the ~urve are shown in the 

graph as -±-- . Curve B: samples with added ethanol at concentrations 

= 1%; the limits of deviation and the curve are shown as -t-· Curve C: 

samples with added antimycin A dissolved in ethanol. The concentration 

is antimycin A/chlorophyll = 0.02; the limits of deviations and the 

curve are shown as - {-- . 
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but it does not change the zero-intensity quantum requirement of 

the reaction. In Figure 4, for example, curve 1 is the normal 

sample without the addition of ethanol; curves 2 and 3 are the 

samples with the addition of 10 pl and 20 ~1 of ethanol to ~ ml 

of reaction mixture respectively. These curves exhibit almost the 

same zero-intensity quantum requirements (from 1.85 to 1.97) within 

the experimental errors, but the added ethanol increases the quantum 
I 

requirements at higher intensities and the slopes of the curves in

crease with the increase of ethanol concentration even when it is 

1% or less. For example, the slope of curve 1 is 3.3 but that of 

curve 3 is 4;8. When th.e concentration of ethanol is higher than 

1% of the reaction mixture, the rat~ of photoreduction of N!'DP be

comes irregular and thus no reliable data can be obtained. 

The action spectrum for the zero-intensity quantum requirements 

of the [ascorbate + DPIPH2~ NADP] reaction with 1% or less ethanol 

added is shown as curve B in Fi.gure 3. Compared with curve A, the 

quantum requirements at different wavelengths, with or without 

ethanol, have almost the same values except that there are somewhat 

larger deviations when ethanol is added to the sample. 

Effect of antimYcin A. The effects of antimycin A, from the 

concentration of antimycin A/chlorophyll = 0.02 to 0.62, on the 

quantum requirements at different intensities are shown in Figure 5. 

We found that anti.~cin A always inhlbits this reaction, i.e. an· 

increase in quantum requirement at all concentrationslof antimycin A 

and all intensities of actinic light studied. Even at the concen

tration of antimycin A/chlorophyll = 0.02 vte found antimycin A 
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Figure_4. The effect of ethanol on the ·quantum requirement of the 

photoreduction of NADP in the [ascorbate + DPIPH2 + NADP] reaction, 

where plastocyanin and NADP reductase were not added. Incident 

light was at 640 nm. Circles: no ethanol added; X's: 10 >- ethanol/3 ml 

of reaction mixture; triangles: 20 h ethanol/3 ml reaction mixture. 
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Figure 5. Effect of antimycin A on quantum requirements of the 

[ascorbate + DPIPH2 + NADP] reaction, where no plastocyanin qr NADP 

reductase.were added. Actinic light was at 700 nm. Open circles: · 

no antimycin A was added; closed circles: antimycin A/chlorophyll = 

0.02; open squares: antimycin A/chlorophyll = 0.2; open triangles: 

antimycin A/chlorophyli = 0.62. 
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showed a clear inhibition of this reaction. But it has been re

ported (Arnon et .!!_., 1964) that non-cyclic photophosphorylation 

accompanying the [H20 + ferredoxin/NADP] reaction is not inhibited 

even at a concentration of antimycin A/chlorophyll = 0.33, which 

is 16-fold more concentrated than the concentration of antimycin A/ 

chlorophyll = 0.02. 

The action spectrum of the zero-intensity quantum requirements 

for the [ascorbate + DPIPH2 + NADP] reaction is shown as curve C in 

Figure 3. In most cases the samples with added ethanol have the 

same primary quantum requirements as the normal samples at the 

wavelengths from 630 nm to 720 nm. However, antimycin A (plus 

ethanol) always increases the zero-intensity quantum requirements 

for the photoreduction of NADP, even at the lowest concentration 

studied. 

Htghi.concentrations of antimycin A, antimycin A/chlorophyll ~ 

2.0, completely inhibits the photoreduction, of NADP of' the 

[ascorbate + DPIPH2 + NADP] reaction. No measurable rate of photo

reduction of NADP could be obtained at these concentrations. 

The effect of oxygen. It was thought that part of the elec

trons transported by photosystem I in the [ascorbate+ DPIPH2 + NADP] 

reaction would 1 eak to oxygen vi a ferredoxin. For this reason, the 

reaction was studied under anaerobic conditions. Experiments 

showed, on the other hand, that the presence of air had no effect 

on the rates of reaction or quantum requirements. Apparently the 

leak of electrons to oxygen in this system 'ls negligible under 

the experimental conditions. 
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2. Photosystem I: [ascorbate+ DPIPH 2 + NADP] reaction using 

saturating amounts of plastocyanin and NADP reductase 

Plastocyanin. Plastocyanin is a copper-containing protein in 

chloroplasts, and is water soluble. It may serve as the electron 

carrier between PS I and PS II (Park and Sane, 1971 ) . Adding back 

plastocyanin to the spinach chloroplasts preparation may restore 

part of what was lost during the isolation process. If other 

factors, such as light intensity, ferredoxin concentration, etc., 

are not rate-limiting, the rate of photoreduction of NADP in the 

[ascorbate + DPIPH2 + NADP] system can be increased more than two

fold when optimal amounts of plastocyanin are added. The relaUon

shi p between the rate of ' photoreduction of NADP by this system 

and plastocyanin concentrations is shown in Figure 6. 

Ferredoxin-NADP reductase. Ferredoxin-NADP reductase is 

another , .. , ' water soluble protein in chloroplasts and is essen

tial to the electron transport chain in ptiotosystem I (Avron, 1967; 

Arnon, 1966). With optimal concentrations of ferredoxin and 

plastocyanin, the rate of photoreduction of NADP can be increased 

further. The relationship between the rate and the NADP reductase 

concentrations is shown in Figure 7. The rate of NADP photoreduction 

(AA at 340 nm/min) was 0.16 when no plastocyanin or NADP reductase 

was added, increased to 0.12 when optimal plastocyanin was added, 

and to 0.22 when both optimal plastocyanin and NADP reductase were 

present. The final rate with optimal ~lastocyanin and NADP reduc

tase is almost four times greater than the rate without these 

additions. 
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The influence of plastocyanin concentrations on the 

rate of photoreduction of NADP in the [ascorbate + DPIPH2 + NADP] 

reaction.· The reaction mixture is given in the text. Plastocyanin 

was isolated from.spinach following the method given in the text. 

The absolute concentration of plastocyanin is unknown. Actinic 

light was at 678 nm. 
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Figure .7. The influence of plastocyanin and NADP reductase concentrations 
on the rate of photoreduction of NADP in the [ascorbate + DPIPH2- NADP] 
reaction. Curve 1 shows that the rate of photoreduction of NADP can be 
increased by adding NADP-reductase alone. Curve 2 shows that the rate can 
be increased further when both plastocyanin an~ NADP reductase are added. 
Plastocyanin and NADP reductase were isolated from spinach following the 
method given in the text. Both absolute concentrations were unknown. The 
reaction mixture is given in the text. The actinic light was at 678 nm. 
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The rate of the photoreduction and primary quantum requirements. 

If we compare the results in Figure 1 and Figure 7, the rate of 

photoreduction of NADP in the [ascorbate + DPIPH2 + NADP] reaction 

is approximately AA 340 nm = 0.09 min-l at the highest intensity 

of the actinic light. Under comparable conditions the rate can be 

increased to 0.42 if saturating plastocyanin and ferredoxin-NADP 

reductase are both added. However, the increased rate does not 

give a lower primary quantum requirement at zero i.ntensity of 

actinic light. Comparing the results shown in figure 2 and Figure 8, 

the quantum requirement at the highest incident intensity, ~ 3.0 

nanoeinsteins cm~2 sec-1 is 9.5 if no plastocyanin or NADP reductase 

is added to the reaction mixture, but it is 4. 2· when the system is 

saturated wi.th NADP reductase and plastocyanin. Extrapolated to 

zero intensity of the inci~ent light, ·they both have the same value 

of the primary quantum requirements, 2.4 ~ 0.1. 

Action spectrum. The primary quantum requirements at zero 

intensities at the wavelengths from 620 nm to 720 nm for this 

reaction are almost the same as those without the addition of 

plastocyanin and NADP reductase, shown as curve A in Figure 3. 

Therefore, they are not presented here again. The quantum require

ment of 1.0, namely, one equivalent of NADP reduced Qy one photon 

absorbed, can also be obtained when the actinic light is at 700 nm 

or longer. 
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3. Photosystem II: [H2o-+ DPIP] reaction 

pH ~pendence. In order to obtain the optimum rate, the photo

reduction of DPIP was studied from pH 6.0 to 9.0, using 45 mM "' 

tricine a~ the buffer.~· The.·depeliltfence.of the photoreduction:rate 

of.··DP-IFHontthe pH~is'-·ShOWil'"'inr•Ftgur-e' 9~.:. These resti1ts· were ob·'· ; .. 
. -~ ·.-,..\;i;l ;'i'.!£·' ·~: . ...: ·-~~: .. ·.,/·' ·~~ ... i,~~: ... ··. -~-::!·.:. '"! . . ·--····~;_·_ 

ta i ned: fromr> fi'vl\t· to' se9en -: i l\cilependettt·.·eltper11118nU 'tii t;:eatt'r·~H.. . . - .c 

Becaus·e the absorbance of DPIP changes with pi-t (Armstrong, 1964), 

we compare only the measured rate of change of absorbance at 580 nm. 

As shown in Figure 9, the optimum rate of photoreduction of DPIP is 

· at pH 7.5. 

DPIP Concentration. Since DPIP has an absorption maximum at 

. 600 nm with a broad spectrum in the visible region, i't will diminish 

the effective absorption of chloroplasts. Therefore we tried to 

find the optimum DPIP concentration. which will .not screen the ab-

. sorption of ch 1 orop-as ts too much, but will approach saturation as 

a substrate. The concentration-dependent rate of photoreduction of 

. DPIP is shown in Figure 10. The corrections for the screening by 

DPIP at different concentrations on the actual absorption of chloro

plasts were not made at this.- point; the measured changes of absor;. 

bance at 580 nm were taken directly as the rate of photoreduction 

of DPIP. As shown in Figure 10, the rate increased almost linearly 

from t.A at 580 nm/m~n = 0 to 0.4 with _increase of DPIP concentration 

from zero to 1..6 x 10-5 mole·R.-1• ·The rate reached a ma:xi~um at t.A 

at580 nm/min = 0.5 when DPlP concentration was 2.67 x l0-5 mole·R,-l. 

A similar observation was. found previously in this laboratory (Kelly 

and Sauer, 1968), that the rate of photoreduction of. DPlP i.n flash 
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Figure 9. The dependence of photoreduction rate of DPIP on pH. 

The results were obtained from fi_ve to seven independent experi

ments under comparable conditions. The reaction mixture is given 

-in the text, but no plastocyanin was added. Incident light was at 

678 nm with intensity 3.0 narl0einsteins-cm-2-sec'"1• 

. 
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Figure 10. The photoreduction rate of DPIP by chloroplasts as a 

function of DPIP concentration. The reaction mixture is given in 

the text but no plastocyanin was added. Incident light was at 678 nm. 
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light experiments was dependent on the DPIP concentration. The 

maximum flash rate was obtained when the DPIP concentration was 

2.7 x 10-5 mole·i-l which was almost the same as we found in this 

experiment. At higher DPIP concentrations, e~g., 6.0 x 10-5 mole·i-1, 

the maximum rate remained constant in flashirig-ltght•experiments".but 

decreased about forty percent in this experiment. This phenomenon 

might be due to screening of DPIP on the effective absorption of 

chloroplasts, which was not predominant in flash light experiments, 

because the light intensity was saturated and not the rate~limiting 

factor. But under the continuous illumination condition, the photo

reduction rate of DPIP, 6A 580 nm/min = 0.51, which was more than a 

hundredfold higher than that in flas~ light experiments, was very 

much light-intensity dependent. When the DPIP concentration was 

increased from 3 x 10-5 to 6 x 10-6 mole·t-l, the screening effect 

of DPIP was a 1 so lllOre than doubled. Thus, bt>th. the ·effective ·ab!orp

ttoo Gf:ch1oroplasts .and the rate decreased considerably. 

Magnesium chloride. Both magnesium and chloride ions are essen

tial for photosynthesis. As in other reactions involvi.ng the transfer 

of a phosphate group (McElroy and Nason, 1954), Mg++ is required for 

, phosphorylation by chloroplasts (Arnon, 1958). The chlori~e ion, 

replaceable by bromide but not by other anions, was found to be 

essential for oxygen evolution by isolated chloroplasts (Warburg, 

1949; Arnon and Whatley, 1949). We found that the rate of the 

[H2o+ DPIP] reaction·could be greatly enhanced by adding appro

priate amounts of magnesium chloride. The results are shown in 

Figure 11. The maximum photoreduction rate of DPIP, in the presence 
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of 6 pmole·ml-l of magnesiumchloride, was about sixty percent 

greater than the rate in the absence of added magnesium chloride •.. 

Plastocyanin. Since plastocyanin has been impli~ated, in .non

cyclic electron transport froin water to NADP (Katoh et !!_., 1965; · 

Katoh et !!_., 1966; Gorman et !!_., 1966),,and aho is partly water 

soluble, we investigated its effect on the rate ofphotor!'!duction 

of DPIP in the [H2o_~ NADP]· reaction. Figure 12 shows that the 

rate of photoreduction of DPIP is increased more than forty percent 

when saturated plastocyanin is ·added. After optimizing all the 

above conditions, the rate of photor~duttion of DPIP was i ncreaseci .-. 

mre than threefolckfr6m 11A at s·oo nfll/lliin = ot2s to 0.78. 

Ferredoxin and NADP reductase. Both ferr~doxin and NADP reduc

tase were investigated as to thei~effects on the,photoreduction of 

DPIP by the chloroplasts. Each of these components was added, 

separately or together, at diffe~nt concentrations to the reaction 

mixture. No sign.tficant improvement of the photoreduction rate of 

DPIP was found when lower concentrations of either or. both ferre• 

doxin and NADP reductase were added., A small decrease in the rate 

o~curred when higher. concentrations of either or both of them were_ 

added. Apparently they are not involved in this part of the elec

tron transport chain. 

Action spectrum of the quantum ·requirement. When the ra~ of. · 

photoreduction of DPIP was optimized, the quantum requirements of 

this reaction were measured in the same way as those in the [ascor

bate.+ DPIPH2 ~ NADP] reaction. The action spectrum of the zero

intensity quantum requirements is shown in Figure 13. These are 

average values from the best five to seven independent experiments 

..... ·- ' 



c 

~ 
E 
c 

0 co 
l{) 

0 

<t .g 
CL 

CL 
0 
!J._ 

41 

0.8 

0 

0 0 

0.6 

0 0.4 
w 
~ 
0:: 

z 
0 
1-
g 0.2 
0 
w 
0:: 
0 
1-
0 
I 
CL 

QL-------~~------~------~~--~--
0.1 0.2 0.3 

PLASTOCYANIN CONCENTRATION 
( relot ive; mls of plostocyonin sol uti on added ) 

XBL 7012-5498 

Figure 12. The relationship between the photoreduction rate of 

DPIP and plastocyanin concentration. The reaction mixture is· 

given in the text. Plastocyanin was isolated from spinach and 

its absolute concentration is unknown. Actinic light was at 

678 nm. 
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of a total of more than fifteen. Quantum requirements of .1.0 ~ 0.05 

were obtained from 630 to 660 nm of actinic light. Higher values 

were obtai ned when- the actinic 1 i ght was at 670 nm or 1 onger wave

lengths. 

4. Photosystem (I + II):. [H2o -.NADP] reaCtion 

Optimum rate of photoreduction of NADP. The rate of photo

reduction of NADP in this system, as. in the other reactions, is 

very much dependent on pH, the concentration of magnesium chloride, · 

plastocyanin, ferredoxin, a.nd NADP reductase, method of preparation 

of chloroplasts and the age of ·the spinach. Similar experiments· 

have been carried.out as those in the [H2o-+ pPlP] reaction to 

optimize the reaction rate Of the system, The optimum conditions 

have been obtained and. us~d as the standard reaction mixture given 

- in the Materials and Methods section. Addition of magnesium 
. . . 

chloride, ferredoxin, plastocyanin, and NADP reductase are all re-

quired for rapid rates in this reaction. The optimum rate of photo- . 

reduction of NADP by water was obtained from pH 7.0 to 8.0, with a 

maximum at pH 7.5, which was used in our experiment. The rate of 

the reaction when saturating ferredoxin was added was 20-fold more 

than the rate when no ferredoxin was added. With the optimum con

centration of MgCl 2, 7.5 llmoles·ml-l, the rate could be increased· 

about 30 percent from llA. at 340 nm/min = ·0.065 to 0.090, over the 

rate when no MgCl 2 was added. 

With the optimum concentration of MgC1 2 ferredoxin and pH, the 

photoreduction rate of NADP of the reaction was more than doubled 
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by adding saturating NADP reductase, and more than tripled by. 

adding both saturating NADP reductase and plastocyanin. 

Action spectrum of guantum requirements. The action spectrum 

of zero-intensity quantum requirements for the [H20-+ NADP] · 

reaction is shown in Figure 14. · Only the optimized conditions for 
. I . 

the reatti on have been used for obtaining these quantum require-

ments. the results shown in.Figure 14 were the average values of 

the best five to seven independent experiments of a total of more 

than fifteen. Many times when chloroplasts were not very active 

we Were not able to obtain these low quantum requirements. The 

quantum requirementS from 620 to 660 nm and at 678 nm are very 

close to 2.0 ~ 0.1, and they are slightly higher at 670 and 690 nm. 

The photoreducti.on of NADP by this reaction becomes very i neffi

cient when the actinic light is at 700 nm or longer wavelengths. 

D •. Discussion 

The normal course of photosynthetic electron transport in 

higher plant.chloroplasts leads to the reduction of NADP to NADPH 

and the oxidation of water to molecular oxygen. A current version 

of the mechanism of this process, based on the series two-light 

reaction scheme originally proposed by Hill and Bendall (1960) and 

.·elaborated for the [H2o+ NADP] reaction by Losada et ~· (19ol), 

·is shown in Figure 15. DCMU is a potent inhibitor of the reduction 

of NADP (Bishop, 1958) and this inhibi.ti.on can be relieved, in 

part, by the addi.tion of tile couple DPIPH2 plus ascorbate (Vernon 
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and Zangg, 1960). Based on the action spectrum of quantum require

ments, Hoch and Martin (1963) and Sauer and Biggins (1965) sug

gested that the photoreduction of NADP+ in the [ascorbate + DPIPH2 ,... . 

NADP] reaction is associated solely with ligtit reaction I. In the 
. . 

absence of DCMU, the oxidized form of DPIP serv.es as an electron 

acceptor for the chloroplast Hill reaction,.leading to the ptiOto

oxidation of water to molecular oxygen. This reaction has been 

assigned to light reaction II alone, on the bas·; s of action spectra 

and the absence of enhance~nt in the presence of long wavelengths 

of 1 i ght, but it has not been possib 1 e to rule out tft.e possibility 

that light reaction I participates as well. A detailed discussion 

of this question was given by Sauer and Park .(1965). Therefore, 

we used the [HzO ,... NADP] reaction for the stud,y of photosystem 

(I + II), the [ascorbate t DPIPH2 ,... NADP] react1 on f~ photosystem 

I, and the [H20,... DPIP] reaction for photosystem II. However, 

based on the study of cytochrome b559 and c550 at l0W temperaure 

and the absence of enhancement effec_t, Knaff and Arnon (1~69) 

suggested that there are two light reactions in photosystem II, 

which is the onl,y energy source needed for the [H20,... NADP] reaction, 

and one light reaction in photosystem I, which only carries out 

cyclic photophosphorylation. These two discrepant hypotheses' need 

careful measurements on quantum requirement and on enhancement. 

effect of the above three reactions. · They will be discussed in 

the next section. 

As shown in Figure 3, a quantum requirement value of 1.0 for 

the transfer of one electron from ascorbate/DP1PH2 to NADP is ob-
. . 

tained at the wavelengths above 700 nm of actinic light. We take 

48 . 

this to mean that non-cyclic electron transport from ascorbate to 

NADP is the only reaction occurring under these conditions, if 

the hypothesis is correct--namely, one photon is required to trans-
. . . 

port one electron 'in photosystem I. This suggests that photosystem 

l requires on l,y one photon to carry out the photoreaction. Si nee 

chl oroph,yll ~ probabl,y has negligible absorption above 670 nm, 
. . ·-... 

the light absorbed above 700 nm is· due to chlorophyll !_only.· 

This indicates that photosystem. I is strongly associ.ated with.· 

chlorophyll ! and also suggests that above 700 nm ph9tosystem II 

has little absorption. Other studies have found that values for 

the Chl yChl~ ratio of the photosystem II particles obtained, 

using digitonin or triton .treatments, range from 2.0 tiil2.4, and 

for the photosystem I fraction from 4.5 to 7.0 (Black and San Pietro, 

1963; Anderson and Boardlnan, 1966; Anderson, Fork and ArOOi, 1966; 

Schwartz, 1967). Thornber et ~- (1967) found that photosystem I 

particles had a Chl !fCh} ~ratio as high as 17. Boardman and 

Highkin (lg66} noted that a barley mutant lacking Ch.l .Q.. had unim

paired ability to reduceNADP: The evidence supports tne idea 

that photosystem I particles ·tlontain·pMmarH.y(Ch.l :'!: 

It is known that NADP/ferredoxin is a physiological electron 

acceptor and consequently its reaction mechanism must be very 

specific.' It has been demonstrated (Nelson and Neumann, 1969) 

·that NADP, NADPH and ferredoxin can competitively form a complex 

with NADP reductase, whi.ch. mediates the electron transfer from 

reduced ferredoxin to NADP. This specific mechanism permits NADP 

to receive electrons only from the end of the el.ectron transport 
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chain that is closely associated with NADP reductase, and thus 

prevents NADP from receiving electrons directly from photosystem 

·II, of which the electron source is cut completely by DCMU under 

our experimental conditions. Therefore, the photons absorbed by 

photosystem II at waveJengths from 620 to 690 nm cannot be utili zed 

and the energy absorbed will be wasted unless there is an electronic 

excitation transfer from photosystem II to photosystem I. The quan

tum requirement values between 1.5 and 2.5 of this reaction at 

wavelengths from 620 690 nm strongly suggest that this electronic 

excitation transfer from photosystern II to photosystem I is very 

inefficient. 

Arnon et ~· (1964) found antimycin A to behave as an inhibitor 

to the electron transport chain of photosystem I, even at concen

trations as low as antt-Jl1Ycin A/chlorophyll = 0.02. Cyclic, but not 

non-cycli.c, photophosphorylation is reported to be blocked at this 

concentration. We interpret the effect on the efficiency of the non

cyclic electron transport of PS I to result from a competition with 

cyclic electron flow, which has become accelerated through an un

coupling action of antimycin A. Ethanol, a commonly used solvent for 

reagents like antilllYcin A, is also found to have an inhibitory 

effect at concentrations above 1% in the reaction mixture at' higher 

light intensities, but it does not change the zero-intensity quantum 

requirement for the [ascorbate + DPIPH2 ~ NADP] reaction. The con

centration of ethanol, which was used as the solvent for antimycin 

A on the zero light intensity quantum requirement, should be solely 

due to antimycin A ttself, not due to ethanol. 
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The quantum requirement of photosystem II, or the [H 2o~ DPIP] 

reaction, is close to 1.0 at the wavelengths from 630 to 660 nm of 

actinic 1 i ght. If the hypothesis, i.e. one quantum required to . 

carry out the photosystem II reaction, is correct, these quantum 

requirement values strongly suggest that photons absorbed by chloro

plasts from 630 to 660 nm can be used by photosystem II very effi

ciently. The photons originally absorbed by photosystem I in this 

region should also be transferred to photosystem II, probably by an 

electronic excitation transfer process. When the actinic wave

lengths are 670 or 678 nm, quantum requirement values of 1.7 to 2.3 

are obtained. This means that photons absorbed by photosystem I in 

this region cannot be transferred to photosystem II completely. 

Therefore part of the photons absorbed by photosystem I is wasted 

and quantum reijuirements for the [H2o~ DPIP] reaction higher than 

1.0 are obtained. The quantum requirement of photosystem II becomes 

much higher when the actinic light is beyond 690 nm, apparently 

because the photons absorbed in this region have insufficient 

energy to activate light reaction II. On the basis of the results 

of the present study, where quantum yields of 1.0 equivalent

(einstein absorbed)-l are observed for the [H2o~ DPIP] reaction 

using actinic wavelengths from 630 to 660 nm, we can now unam

biguously assign this reaction to light reaction II alone. If 

both light reactions were involved, then at least two absorbed 

photons would be required for each electron transferred and the 

quantum yield would never exceed 0.5 at any actinic wavelength. 

From the analogous results of Avron and Ben-Hayyim (1969), the 
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ferricyanide Hill reaction can also be assigned to light reaction 

II alone. In our studies of the. DPIP Hill reaction, the absence 

of any effect resulting from the addition of ferredoxin and/or 

ferredoxin-NADP reductase supports the assignment to light 

reaction II. 

Quantumrequirement values ciose. to 2.0 for photQsystem.(l + . 

II), the [H20 + NADP] reaction, are obtained when the actinic light 

is between 620 and.678 nm. Bec!luse we have optimized the experi

mental conditions of th.is reaction tn a similar way to those of 

the other two reactions, and also the chlorop;lasts act_ivity in this 
. ~ ., 

reaction should be as active as in other reactions. Thus the dif

ference in quantum requirement values of these three reactions . 

should be due to the difference in electron donors of the [ascorbate 

+ DPIPH2 + NADP] and the [H2o+ NADP] re~ction, and also due to the 

difference in electron acceptors of the [H20 + NAOP] and the [H2o-+ · 
DtiP] reaction .. Thus the q'ua~tum requirement values here do sug

gest that two quanta are required to transfer one electron from : 

water to NADP (or PS (I +II) reaction), but only one quantum is 

required to carry out the [ascorbate + DPIPH2 + NADP] or PS r 

reaction .and the [H2o+ DPIP] or PS II reaction respectively. 

The effect of added plastocyanin in increasing the rate of 

electron transport in the [H20 ~ DPIP] reaction at modera_te light 

intensities suggests that the DPIP accepts· e.lectrons close to 

photosystem I··:ill broken chloroplasts. Presumably added plasto- · 

cyanin is relieving a rate-limiting step in this reaction' under 

conditions where light is not limiting. This observation is r ··-. 
·-~ , :' ·:...,. 
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consistent with the finding that methylamine, an uncoupler of non

cyclic photophosphorylation, also serves to accelerate electron 

flow in the [H2o+ DPIP] reaction {Saue~ and Park, 1965; Kelly and 
> ' 

Sauer, 1968). The site of non-cyclic photophosphorylation is 

thought to occur between photosystem II and plastocyanin. We'_ 

believe that the influence of added plastocyanin on this system II 

reaction indicates that DPIP accepts electrons either directly 

from plastocyanin or else from an adjacent electron transport 

component whose oxidation state is controlled by plastocyanin. 

Associated with each of the two photosynthetic reaction c~n":' 
ters ~s ari array of 1 ight absorbing or antenna ptgment molecules· 

(chlorophylls.! and E. and carotenoids in the case of higher· 

plants). Many model$ have been proposed to describe the arrange-. 

ment of these molecules: (Duysens and Amesz, 1962; Myers and 

Graham, 1963; Avron and Ben-Hayyim, 1969). In one model, the 

"separate package" hypothesis, each pigment molecule is asso- . 

· ci ated with one or the other of the 1 i ght reactions and no coninuni

cation, by way of electronic excitation transfer, is permitted 

between them. As a consequellce of this model, photons absorbed 

b,y a particular pigment molecule can be transferred only to. the 

reaction center of its own pigment system. If that reaction 

center happens not to be functioning, then the excitation will, be 

·wasted and will appear only as fluorescence or heat. If we measure -

the quantum yields at low light intensities. ,where the arrival of 

photons i,s rate limiting, for each of the light reactions operating. 

separately, then according to the "separate package• hypothesis the 
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sum of the quantum yields at each wavelength should not exceed 

1.0 (Kelly and Sauer, 1965). In Table I we present the zero 

intensity quantum yields at several wavelengths between 620 and 

720 nm for the [ascorbate + DPIPH2 .... NADP] reaction attributed to 

photosystem I and for the [H20 .... DPIP] reaction attributed to 

photosystem II. The sums of the two quantum yields at each wave

length are given in column 4. Although the sums are reasonably 

close to unity at long wavelen[~hs (670 to 710:nm) they exceed 

unity by 45 to 60% in the shorter wavelength range ( 630 to 660 nm) 

of activ-ating light. Light reaction II itself has a quantum yield 

near unity in this wavelength range, and the quantum yield of 

light reaction I is around .0.5. These results, together wi.th 

those reported previously by Avron and Ben-Hayyim (1969), are 

clearly inconsistent with the useparate package" hn>othesis ~nd 

suggest that it is no longer tenable. 

An alternative model, the "spillover" hypothesis, includes 

the possibility that excitation present in one of the pigment 

systems may, if it is not needed there, be transferred to the 

other reaction center and used there. The efficiency of transfer 

may depend on the wavelength of activation, on the conditions of 

the reaction and on the rates of competing excitation-loss pro

cesses. In an extreme version of the "spillover" hypothesis, 

proposed by Avron and Ben-Hayyim (1969), the distinction between 

the two pigment systems disappears (at least at all but the longest 

wavelengths) and photons absorbed anywhere in the antenna may 

ultimately reach either type of reaction center. · It should be 
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TABLE I 

Quantum yields extrapolated to zero intensity for NADP reduction by 

[ascorbate + DPIPH2] and by water and for the DPIP Hill reaction 

of spinach chloroplasts at various wavelengths. 

04antum yields (equivalents/einstein ab~orbed) 

A. [ascorbate + 
(nm) DPIPH2 -+- NADP] [H20 .... DPIP] [H20 + NADPl 

~I <Pu +I + <Pu ~{I f"II) 

620 0.67.:!:. 0.04- ; . >t..: .;. ' {).50 + .{)~:Q2 ·- -

630 d:GJ + o:o4 i ~ oo .:t::~o~co, 1.61 .:!:. O_.tl& _;{).50.+. 0002 

640 0.53 .:!:. 0.04 0.95.:!:. 0.05 1.48 + 0.09 0.49 + 0.02 -
650 0.51 .:!:. 0.03 1.00 .:!:. 0.04 1. 51 .t 0.08 0.50 + 0.02 

660 0.50 + 0.03 0.96.:!:. 0.05 1.46 + 0.08 0;48 + 0.03 

670 0.43 + 0.03 0.63 .:!:. 0.05 1.06 + 0.08 0.45 + 0.05 

678 0.38 + 0.11 0.56.:!:. 0.06 0.94 + 0.17 0.50 .:!:. 0.03 

690 0.61 .t 0.04 0.44 .:!:. 0.03 1.05 + 0.07 0.43 + 0.04 

700 1~oo.:!:. o.o5 0.25 .:!:. 0.03 1.25 .:!:. 0.08 0.19 + 0.03 

710 0.96 + 0.05 0.18 ~ 0.03 1.14 + 0.08 0.16 .t 0.01 

720 0.96 + 0.05 
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recognized that proximity of a given ci[ltenna pigment molecule to 

a reaction center may be important in detennining the probability 

of transfer-of its excitation, particularly where the time re

quired for a 11 of the necessary trans fer steps to occur is com

parable with the chlorophyll fluoreseente lifetime. These 

spillover models, in common. with most others, assume that the· 
_·· . - - . 

1 onges t wavelengths of activating 1 i ght i nvo 1 ve photons with . 

insufficient energy to activate the reacti oil center of 1i gh t 

reaction II. 

If there iS a single pigment system absorbing in. the red 

region (630 to 660 nm) and if both types of r~action ce~ter can 
. . 

receive excitati~n from this pigment system, then we might expect 

the quantum. yields for both light reaction I and for· light reaction 
' . 

II to be the same for these actinic wavelengths. Our measurements 

show, however, that the quantum yreld.of light reaction Il is 

about twice as large as that for light.reaction·I in the red. 

region. This suggests that the two types of reaction centers are 

not s,ynmetri.cally disposed w.ith respect to the antenna pigments. 

When reaction center I is not operating becaus.e of the absence of 

suitable electron acceptors (NAOP and/or ferredoxin) all excitation 

i.n the red region is able to be trapped and uti.l tzed for lfght 

reaction II photochemistry. On the other hand, when light . 

reaction II is blocked by DCMU, onl,y half th.e red photons absorbed 

are capable of producing eleCtron transfer in light reaction L 

. We know that this i.s not due to i nacti vati on of sys tern I reaction 

centers, because ttiey are fully effective for long wavelength 

photons (700 to 720 nm}. Also, in order to account for a quantum 
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. yield of 0.5 at short wavelengths for the [H 20- NADP] reaction, 

where both light reactions operate in series, it is necessary . 

to assume that the photons absorbed are partitioned equally, be- .·· 

tween the two light reactions and that each light reaction. is 

able to use essentially all of the·excitation that it receives. 

One measure pfthe fate of' excitation not utili zed by Jight 

reaction I is the fluorescence associated with photosystem II. 

This fluorescence, which has an emission spectrum that is consis

tent with its origin in photos_ystem II pigments, has been in.ter-

. preted as containing a· "1 ive" portion and a "dead" portion 
. . 

(Clayton, 1969). Theulive" portion is seen to compete wi.th 

photochem'lstry carried out by light reaction ·II arid attains· a 

maximum efficiency when .photochemistry ;ls .saturated at high ~igM 

intensities. Th~ "d~ad" p9rtion, on the other hand, c~ntrib~tes 

a constant yield pf fluorescence that is independent of· the state 

of photosysteni Il. If this indeed is tl'te case, then it is unlikely 

that the "dead" fJuo~scence comes from the same site as is. respon

sible for the 11live;• fluorescence and for photochemistry. The 

"dead" fluorescence may come from a non-functional.trap.orfrom · 

the antenna pigment molecules themselves. In either case, it 

represents a constant leak of excitation energy from_the chloro,. 

plast membranes. The addition of DCMU, which blocks photosystem 

· II 1 i ght reactions;. causes the· "1 i ve" fluorescence to rise to its 

maximum value. ·This suggests that DCMlJ does not close the traps 

\ of light reacti-on II as energy sinks. In fact they appear to 

operate just as .efficiently, in this respect in the presence. or in 

··-· 

... '!o: 

~-
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the absence of DCMU. This observation is difficult to reconcile 

with our quantum yield measurements, for virtually all of the 

short wavelength photons are trapped by light reaction II in the 

[H 2o~ DPIP] reaction in the absen~e of DCMU, whereas in the. 

presence of DCMU in the [ascorbate + DPIPH2 ~ NADP] reaction at 

1 east ha 1 f of these short wave 1 ength photons must reach 1 i ght 

reaction I-. Yet the maximum yield of "live" fluorescence from 

photosystem li is the same in bOth cases. 

Perhaps the simplest way Jround this apparent inconsistency 

is in the alternative model of Avron and Ben .. Hayyim (1969) in 

which a control mechanism determines the fraction of excitation 

that reaches each reaction center. This control mechanism i.s 

under the influence of factors which differ from one set of 

reaction conditions to another. The most likely candidates for 

this factor are the redox potential of the system and the concen

trations of added cofa.ctors. Experiments by Murata (1969) suggest 

that Mg++ concentration plays a role in excitation transfer among 

the antenna pigments; however, the effects observed here could 

reslillt from a complex interaction among several such components. 

Additional results reported .by Avron and Ben-Hayyim (1969), where 

flavin mononucleotide (FMN} or diquat are the electron acceptors 

for the photosystem l reaction, show that in these cases 640 nm 

photons are fully effective in producing electron transfer. This 

contrasts sharply with the [ascorbate + DPIPH2 ~ NADP] reaction 

and is further evidence that some control mechanism is determining 

the fraction of red light excitation that ·is available to photo

system I. 
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In summary, the results of quantum yield measurements for 

the separate photosystem I and photosystem II reactions show 

that s simple separate package model for the antenna pigment 

molecules is inconsistent with the experimental findings. The 

variability of the fraction of photons in the red region of the 

spectrum that is available to each of the reaction centers suggests 

the presence of a control mechanism that regulates electronic ex

citation transfer among major portions of the antenna pigment 

molecules. The investigation and identification of the mechanism 

of this "controlled spillover" hypothesis will be an important 

field for future research. 
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I I I. EffERSON ENHANCEMENT IN. BROKEN SPINACH CHLOROPLASTS 

A. · Introduction 

In Chapter II, we addressed the q~estion of the number of 

photons required to carry out PS I, PS II or PS (I + II) reacti.ons. 

In this chapter we report experiments designed to answer the 

· question whether PS I and ps· II are both requi:red to tran,sfer 

electrons in a series fasllion in the [H2o-.. NADP] reaction (Avron, 

1967; Sun and Sauer, 1971; Hoch and Martin, 1963; Sailer-and Biggins,· 

1965). An alternative mechanism !las been proposed by Knaff and 

. Arnon in ~hich both of :the photosyst~ms operate in ttdependent 

pathways and only _PS II (PS Ila + PS lib} is ~nvolved in the 

[H20 + NADP] reaction (1969). In·;b<>th''rl!acttons electrons are· 
. + 

transferred from water to NADP , leading to oxygen evolution and 

the reducti.on of NADP+ to NAOPH. The phosphorylation _of ADP to 

ATP can be coupled to the [H20+NADP] reaction. 

In Chapter II we reported that the [ascorbate + OPIPH2 -~- NADP] 

reaction, characteristic of PS I, requires only one quantum of· 

light at .700 nm or longer wavelengths in order to transfer one 

electron frOin DPIPH2 to NADP+ i~ the presence of DCMU (Sun and 

Sauer, 1971). The [H2o+ DPIP] Hill reaction is characteristic of 

PS II and requires only one q~antum of 630 to .660 nm light to 

_trans.fer one electron from water to DPIP, provided that the 

reaction conditions are adjusted to give efficient spillover of 
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excitation from P I to- P I I. The [H20 + NADP] reaction requires 

two quanta from 620 to 678 nm to transfer one electron from H2o 
toNADP under the same conditions favoring spillover -(Sun and 

Sauer, 1971). However, it is impossible on the basis of action _ 

spectra and quantum requirement measurements alone to answer the 

question of whether the [H20 + NADP] reaction is driven by PS (I + 

II) or PS (IIa + lib}._· On.e way of provi.ding conclusive evidence 

that the [H2o+ _NADP] reaction involves PS (I + II) is to demon~ 

strate the occurrence of the Emerson enhancement effect for this 

reaction in chloroplasts. 

Using whole cells of Chlorella and of ·Chroococcus, Emerson 

and Lewis (1942, 1943) found a sharp decrease tn the efficiency 

of photosynthesis with actin_ic light of wavelengths longer than 

685 nm (red drop in efficiency). By adding a weak background _of 

green light to the far-red light, Emerson et .!!_. (1957, 1958) 

found that the combined wavelengths produced higher photosynthetic 

rates than the sum of the rates for the two 1 i ghts used separat~ly. 

The series fonnulation involving two light reactions gained support 

from these experiments (Hill-and Bendall, 1960). ihe basic idea 

was that far-red l_ight, absorbed predominantly by PS I, could be 

~upplemented or "enhanced" by adding light that was preferentially 

absorbed by PS I I. This enhancement has been demonstrated to 

occur iri whole :cells or intact leaves· in a wide variety of o.xygen·- .. 

evolving org-anisms (Emerson, 1957, Emers~n et ~·; 1950, 1957; 

Govindjee and Rabinowitch, 1960; Myers and French; 1960; Gibbs 

et ~·, 1963; Mayne and Brown, 1963). Nevertheless, it was. argued 

... 
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that the origin of enhancement in whole cells is not in the pri-

mary light-driven electron transport reactions, but is a conse

quence of feedback loops in the dark reaction involving the 

requi r.ements of C02 fixation for NADPH and ATP. NADPH is produced 

via non-cyclic electron transport and ATP is produced, at least in 

part, via cyclic electron flow involving only PS I. In order to 

resolve the origin of enhancement, it is necessary to find out 

whether enhancement occurs in isolated broken chloroplasts, where 

C02 fixation is not coupled and only a primary light reaction 

effect would be observed. 

The occurrence of significant enhancement in the [H2() + NADP] 

reaction by isolated broken chloroplasts has been reported by 

Govindjee et !!· (1962, 1964}, Gordon (1963), Jol iot et ~· (1968), 

and Avron and Ben~Hayyim (1969). On "the other hand. Gibbs et ll· 

(1963) and McSwain and Arnon (1968} studied the reduction of NADP+ 

(and of ferricyanide) by H20 in isolated chloroplasts and found 

no measurab 1 e enhancement. The 1 ack_ of enhancement was interpreted 

as indicating no cooperation between PS I and PS U. Arnon (1967) 

proposed that either the [ascorbate + DPIPH2 + NADP] or tne 

[H2o + NADP] reaction is driven by a single light reaction, PS I 

for the former and PS U for the latter. The hypothesis was that 

only one photon per e 1 ectron transferred was required in each of 

these reactions. It was subsequently modified in the 1 ight of the 

behavior of a new photoreactive chloroplast component C550 (1969). 

The latest version of this hypothesis (Knaff and Arnon, 1969) sug

gests that three ltght reactions are involved in photosynthesis; 
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two are in PS II and are short-wavelength light reactions, and 

one is in PS I and is a long-wavelength reaction. The hypothesis 

also states that there is no direct cooperation between PS I and 

PS II, and only PS II (a+ b) is involved in activating the basic 

reaction of photosynthesis~ i.e., the [H2o+ NADP] reaction. 

In the present study we present further evidence that Emerson 

enhancement does occur in broken spinach chloroplasts for the 

[H2o + NADP] reaction. We have also found what we believe to be 

the reason why some laboratories have been unable to observe en

hancement in isolated chloroplasts despite apparently extensive 

and painstaking efforts. · The discovery of the cause of this 

variability in turn uncovers an important new phenomenon relevant 

to photosynthetic control mechanisms. 

B. Materials and Methods 

(1) Spinach and preparati.on of chloroplasts: same as described 

in Chapter II . 

(2) Reagents. 

In addition to those chemicals described in Chapter II, man

ganous chloride was obtained from J. T. Baker Chemi.cal Co., 

Phillipsburg, N.J., and trizma base from Sigma Chemical Co., 

St. Louis, Missouri. 

(3) Apparatus and light intensity measurement 

The apparatus for monitoring NADP+ reduction,. based on a Cary 

14 $pectrophotometer, was similar to that used in Chapter U. 
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Actinic lights from two identical monochromators (Bausch and Lomb, 

500 ~· red-blaze grating) were brought to approximate focus on 

the same side of the cuvette in :the sample beam. Apart from the 

converging lenses and an i_ntermediate mirror in one beam, each 

monochromatic beam was supplemented with appropriate ~hart-wavelength. 
cut-off filters (Sauer and Biggins, 1965). The intensities of the 

actinic lights were measured as in Chapterii. 

(4) Reaction mixture arid preparation of ferredoxin,· NADP reductase 

and p 1 as tocyani.n 

The reaction mixture of the [ascorbate + DPIPH2 + NADP] 

reaction, of the [H20 + DPIP] reaction and of the [H2o+ NADP] · 

reaeti on were the same as d~scri bed in Chapter II except for those 

stated specifically in_the text under special conditions. Saturating 

amounts _of plastocyanin were added t~ each of the three reaction 

mixtures and saturating ferredoxin and. ferredoxin'-NADP reductase 

were added to the [H2o + NADP] and the [ascorbate + DPIPH2 + NADP] 

reactions, except for those cases stated specifically in the text. 

Ferredoxin; plastocyanin and NADP reductase were prepared from 

corrmercial spinach as described "in Chapter II. 

.c.· Results 

~20 + NADP] reaction and enhancement studies 

The rate of photoreduction of NADP as a function of incident 

intensit.y~ As described in Chapter II. th.e quantum requirements 

for the [tt20 -+ NADP] reaction inci"eased gradually as a linear 
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function of the incident l_ight intensity within the range studied. 

The quantum requirements at 650 nm and the rates of photoreduction . 

ofNADP+ at 650 nmand 700 nm within this intensity range are 

shown in Figure 16. Incident light intensities from zero.to 

ap~roximately 3.0 na~oeJnsteins·cm2-sec- 1 were used in the study 
. . - - .· 

of enhancement effect. Only veY'y active chloroplasts, as in. 

Figure 16, were :used. 

Patterns of sequential presentation of two act1nic·lights; In 

order to obviate possible biases, we examined four different 

sequences of presentation of the actinic lights. (A) First illumi

nation with a red light (650 nin) to obtain th.e rate of the react'ion, 

RR. at intensity IR; dark. interval (ca ~ 3 min} unti 1 th.e rate of 

the back reaction became constant; i_llumination ~th 700 nm light . 

of intensity IfR to Ob~ainc a rate RFR; illuminati.on with red ligh~ 

of intensity IR added to the far-red light, giving the rate Rfl't:R' 

This pattern is designated [RR; RFR' RFR+R]. A typical time cours~ 
of these .rates is shown in Figure 17. (B) Using the notation' 

.· . ' . . 
adopted above, we then modified the actinic illumination to provide 

the sequence [RFR; RFR+R; RR]. (C) A third pattern used was.· 

[RFR; RR' RR+FR]. (D) A fourth pattern used was [RR' RR+FR; RFR]. 

The objective of using these different patterns was to demonstrate 

th<}t enhancement can be observed regardless of the order in which 

the actinic wavelengths are presented. 

Several different measures of enhancement are used in. the 

1 i terature on this subject (Delrieu and Kouchkovsky, 1971). In 

order to facilitate c~arisons with other results, -we h.ave 
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Figure 17. Typical time course for the photoreduction of NADP+ by broken 

chloroplasts (CP-suc) in the [H2o~ NADP] reaction using two actinic 

wavelengths. The reaction mixture (Solution A) is described in the 

text. The illumination pattern [RR: RFR' RFR+R] is illustrated in 

this experiment; incident intensity of far-red light at 700 nm, 2.3 

nanoeinsteins-cm-2-sec-1; incident intensity of red light at 650 nm, 

1.4 nanoeinsteins-cm-2-sec-1. Chlorophyll conconetration 27 pg/ml. 
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calculated enhancement ratios based·on a portion of our results 

in three different ways, according to the following equations: 

where 

RR = the rate of the reaction 

with red actinic light alone.· 

RFR =the rate of the·reaction 

with far-red light alone. 

RFR+R =the rate of the,reactton 

when both red and far-red 1 i ghts 

were incident ·stmultaneously. 

The rates of the reaction obtained with a single sample are used. to 

·calculate the enhancement values, E1, E2, and E
3

• The enhancement 

values shown in Table II were obtained using an incident light inten

sity, IR' aboutL4 nanoeinsteins-cm~2-sec-l at 650 nm and Ij:R about 

2.3 nanoeinsteiris-cm-2-sec-l at 700 .rim. At th.ese intensities, ·RR · 

is nearly four times greater than RFR' and the value of E
1 

is signi'-
. . 

ficantly larger than E2 or E3• At lower relative light intensities 

at 650 nm, when th.e demoninators become smaller, values of E
2 

or. 

E3. At lower relative light intensities at 650 nm. when the clenomi

nators become smaller, values of E2 and E3 close to 2,0 are obtained. 

Because values of E1, E2 and E3 are essentially describing the: same 

enhancement phenomenon, we have ch.osen E1 as the preferred para-. 

meter to characterize the enhancement effect for the remainder of 

this study. 

In Table III tne values of E1 are snown for the four different·. 

sequences of illumtnati.on described above. Tile E1 values obtatned 
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TABLE II 

ENHANCEMENT CALCULATED AS E1 , E2 or E3 FOR THE [H 20 --. NADP J REACTION 

BY CHLOROPLASTS 

Spinach chloroplasts (CP-suc) in tricine, 45 mM, pH 7.5; MgC1 2• 7.5 mM; 
. + . 

p 1 as tocyan; n, ferredoxin and ferredoxi n-NADP reductase, added in 

.. 

saturating amounts. Experfnental conditions as in Fig. l]. Illumination '· 

pattern:. [RR; RFR' RFR+R]. Incident fntensities: 1.4 and 2.3 nanoein-

steins-tm2-sec-l at 650 and)OO nm, respectively. Definitions of E1• 

E2 and E3 given in tile text.· 

>. . +: . 
Rate of NADP Reduction . 

Sample .\A-min-1 at 340 n~ E1 E2 E3 . 

R650 R700 R700+650· . 

1 0.117 0.0306 0.191 2.43 1.3~ 1.30 

2 0.107 0.0305 0.182 2.46 1.42 1.32 

3 0.099 0.0240 0.162 2.66 1.41 1.33 

·,.~ 
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ENHANCEMENT OBTAINED USING DIFFERENT PATTERNS OF ILLUMINATION 

FOR THE [H20 -+ NADP] REACTION BY CHLOROPLASTS 
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.Reaction conditions as in Table II, but with different illumina-

tion patterns, as indicated. 

~A-min- 1 at 340 nm. 

. + 
R, rate of NADP reduction, 

I llumination.:P.attern. 

(A) (B) 
Sample [RR; RFR' RFR+R] [RFR' RfR+R; RR] 

R650 R700 R700+650 El R700. R700+650 ~50 

1 o.no 0.0288 0.186 2.64 0.0288 0.186 0.105 

2 0.105 0.0276 0.179 2.71 0.0284 0.189 0.109 

3 0.100 0.0282 0.172 2.58 0.0284 0.182 0.105 

Illumination Pattern 

(C) (D) 
Sample [RFR; RR' RR+FR] [RR' RR+FR; RFR] 

R700 R650 R650+700 El R650 R650+700 R700 

1 0.0284 0.092 0.181 3.13 0.092 o:1a1 0.0294 

2 0.0278 0.090 0.181 3.27 o. 101 0.181 0.0284 

3 0.0279 0.095 0.186 3.28 0.109 0.187 0.0280 

El 

2.84 

2.82 

2.74 

, El 

3.02 

2.83 

2.81 
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in the illumination sequences (A) and (B) are very similar, but 

£1 of (A) is always slightly smaller than that of (B). The E1 
values obtained in the illumination sequences (C) or (D) are al

ways larger than those obtained in (A) or (B). Therefore, the 

illumination order (A) is the most conservative way to measure 

the .:enhancement effect among the four. We use this as the stan

dard illumination sequence in our subsequent experiments. 

·Absence of enhancement with two actinic lights at 650 nm. In 

order to confirm the absence of unsuspected contributing effects 

in the enhancement study, we carried out the following control 

experiment: We fjrst illuminated the s~le with actinic light I 

at 700 nm and actinic light II at 650 nm, to obtain the E1 value, 

as described in Table II. Then we changed the wav.elength of the 

actinic light I oxmochromator from 700 to 650 nm and carefully 

adjusted its intensity to about 0.3 nanoeinsteins-cm-2-sec-1, 

which gave the same rate of NADP+ reduction as when the actinic 

light I at 700 nm was 2.3 nanoeinsteins cm-2-sec-1. We then re

peated the experiment and obtained E1 in the same way as described 

before. The onJy difference is that actinic light I in the first 

case is at 700 nm and in the second case is at 650 nm. The 

results are shown in Table IV. The enhancement value E1 obtained 

__ with actinic light I at 700 nm and II at 650 nm is 2.4 to 2.6. 

But E1 is less than 1.0 when both actinic lights I and II are at 

650 nm. Apparently there is an enhancement effect in the former 

but no such effect in the latter experiment. Because the rate of 

the reaction is not quite a linear function of the incident light 
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TABLE IV 

ENHANCEMENT E1 WITH TWO ACTINIC .LIGHTS AT DIFFERENT OR AT THE SAME. 

WAVELENGTH FOR THE .(H20 ~- NADP] REACTION BY CHLOROPLASTS 

Reaction conditio~s as in Table. II. Wavelengths of illumination are 

indicated in the table~· Three chloroplast samples were. measured and 

twelve measurerrents on each were made successively. in the order.of 

presentation. R, rate of NADP+ reduction, tJ\~min-1 at 340 nm. 

Sample R650 R700 R7oo+65o 
. E . 

l R650 R'6so R650+650 . E1 

1 0.095 0.0307 0.174 2.59 0.099 0.0321 0.130 0.90 

2 - - - - Q.099 0.0314 0.128 0.91 

3 0.095 ·o.o288 0.168. 2.53 o;o91 0.0302 0.117 .-0.~. 

' 

1 0.092 0.0287 0.165 2.54 0.090 0.0311 0.118 ·0.88 

2 0.093 0;0286 0.162 2.42 0.090 0.0301 0.115 0;84 

3 0.089 0.0274 9.157 2.46 0.090 0.0296 Q.ll3 0.78 
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intensity, as shown in Figure 16, the "enhancement" ratio is 

found to be somewhat less than l.Q when the two actinic lights 

are both at 650 nm. 

Repea tabi 1 ity of the enhancement effect 'in the [H20 +NADP] . 

reaction. The. rate of the reaction and the· red/far-red enhancement 
• • • • ·. • • ·.r'., 

effect are closely correlated with the activity of the chloroplast~·

When the rate of the reaction is within 20% of the rate shown in 

Figure 16underiden1:fcal experimental conditions, the enhancement 

values, Ep are very reproducible, 2_.4 ±. 0.3. The r:-ate of the 

reaction decreases steadi:ly, but slowly, when the same siunple 3s 

illuminated repeatedly.: For Sample 1 in Table IV the.rate_ofthe 

reaction is AA340 nJmin "' 0.095 at the first illum~nation; i.t de

creased to 0.090 at the lOth illumination. High -light intensities 
. . I 

. and long i:lluminations tend to decrease the rate of the reaction 

100re rapidly than do low light intensities and short ill.uminations. 

Chloroplasts st~died i~diately following isolation tend .to re.-

. tain their activity better than do those that have been standing 
' 

in the dark at 0°C for 6 hr. In our experience when the chloro

plasts are fresh and their activity is high, the rate of the 

reacti.on does not decrease JOO.re than 20% of the rate at the first 

illumination during _the course of an experiment lasting 30 min. A 
. . 

typi ca 1 examp 1 e is shown in Tab 1 e V. The rate of the reac1;i on was 

AA340 nJmin = 0.117 at the first illumination; it decreased to 

0.095 at the lOth illumination. Nevertheless, E1 at the first 

. illumination is 2.43, and it is 2.33 at the 13th. When .the rate of 

tile reaction decreased to 6A340 nJmin = 0.086 at tile l6th 

• 
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TABLE V 

REPEATABILITY OF THE ENHANCEMENT EFFECT FOR THE (H20 -- NADP] REACTION 

BY CHLOROPLASTS 

Reaction conditions as in Table II. The order of the 18 measurements on 

a single chloroplast sample was top to bottom in each column, then left 

to right. R, rate of reduction of NADP+, bA'min-l at 340 nm. Illumina-

tion patterns as described in the text. 

Measurement Index Number 
IlliJ!li nation 1-3 4-6 7-9 10-12 13-15 16-18 Pattern 

R650 0.117 0.111 0.107 0.095 0.088 0.086 

R700 0.0305 0 .03{)5 0.0237 0.0253 0.0230 0.0247 

R700+650 0.191 0.188 0.159 0.154 0.137 0.128 

(A} El 2.43 l~S3 l~;t2 ) ·2~33 2 3!.13 ~ ·1.70 

(B) El - 2.63 2.4S ·. 2.73 . 2.60 2.20 

illumination, E1 decreased to 1.70. We disregard the result 

when the rate of the reaction decreases bel ow .AA340 nJmi n = 

0.095; ~·· 20% below the rate at the first illumination. 
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Comparison of the enhancement effect with different chl oro

plasts and reaction mixtures. There are two major differences 

between our experiments and those in which the enhancement effect 

fails to occur (Gibbs et ~·, 1963; McSwain and Arnon, 1968). 

Chloroplasts isolated in NaCl (CP-NaCl) were used in those studies, 

whereas we used chloroplasts isolated in sucrose (CP-suc) in our 

initial studies (Sun and Sauer, 1971). The second difference is 

in the reaction mixtures. Therefore, we investigated the enhance

ment effect with different reaction mixtures and using both CP-suc 

and CP-NaCl. We call our standard reaction mixture Sol uti on A. 

The second reaction mixture, Solution B, is after McSwain and 

Arnon (1968). The three major differences between Solutions A 

and B are: 

Solution A: Tricinebuffer, 45 JJttl, pH 7.5; MgC1 2, 7.5 mM; 

(ADP+Pi) not added 

Solution B; Tricine buffer, 33 mM, pH 8.2; MgC1 2, 1.7 mM; 

(ADP+Pi), 3.3 mM 

We examined the effect on the enhancement for each chloroplast 

preparation and for each reaction mixture in turn. The results are 

shown in Table VI. We find that CP-suc and CP-NaCl were equally 

active in Solution A with saturating plastocyanin (PCy) and 
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TABLE VI 

ENHAHCEIOT. FOR THE [H20-+NADP) REACTION BY CHLOROPLASTS IN DIFFERENT REACTION 

MIXTURES 

Chloroplasts in Solution A [Tricfne buffer, 45 ntt, pH 7·.5; MgC1 2, 7.5 mM; NADP+, 

0.67 ntt] or Solution 8 [Tricine buffer, 33 Dt.t, pH 8.2; MgC1 2, 1.7 ntt; AD~+ Pi, 
+ . . . 

3.3 mM; NADP , 3.3 mM], an~ for both solutions, ferredoxin, saturating; plasto'- .. · 

cyanin (PCy), saturating or not .added; ferredoxin-NADP+ reductase (Fp); s~turating 
or not added. Enhancement values detennined for reactions in. "nonnal" solutions 

A and Bare given in columns (1) and (5), respectively. Alterations of the 

"nonaal• solutions, as indicated in collinms (2), (3), (4), an~ (6), en. (~) 

were done singly, not conrpounded •. Enhancement values E1 are tabulated; illumi

nation pattern (A). 

T S()lution A ' ff Solution B 

Chloroplast l' :Y 
Preparation Fp 

! . 

'. ' . . !· . l .· •: '! ! . ' 
Normal!pH 8.2,'+(AD.P+Pi>; MgC12 ~Normal' pH 7.5 ~-(ADP+Pi), MgC12 

I 
. . . .· .. 1.67.iiiM . : 7.5 m.'f 

. (1) .·. (2) '1· (3) . ~ (4) ! : (5) ! (6) : (7) : (8) . 

CP-sui: 

+ 

2.32 

2.14 ·. 

2.26 

1.49 

1.54 

l.36 

1.62 l 
1.39 I 
1.59 l 

-0.431 
.:.0.20 ! 

0.14 ! _· 

::: i ::: ',::::.' 1:::: I 
1.62 ! 0.74 . : 0.36 0.32 ! 

! 
1.37 ,0.34 

1.20 

1.14 

0.36 

0.68 

1
·: 0.31 i (j.24 

I ' ~ f 

:.~.21 l 0.63 

;. 0.32 ~0:16 

0.34 

0.27 

0.36 

0.42 

0.53 

0.96 

: I ! : 
! 1.08 
i 

2.43 1.84 i 1.80 i,· 0~98 1 0.98 1 o.a6 

I + 2.13 L75 I 1.26 i 0:84 i 0.7410.68 
i 
i 0.84 
I 

j 2:o9 

: 2.23 

:2.14 

:L63 

'1.37 

. 2~03 -
' 

L98 

CP-SaC1 j 2.36 .1.78 i 1.54 !•1.02 f! 0.63 i 0.62 '1.86 
lr, ~~r-~r---~~~ .. ,~~~~~-

2.12 1.57 1~~8 i. 0.93 \i 0.55 0.74 1.10 2.26' 

O.S6 

i 
t - 2.59 1.72 1.52 1.06 li o.64 o:62 0.84 r.ss 

-:. ! 

__ .. 2.-34 1.81 . 1 . 1.57. 0 •. 86 t! 0. 76 0.64 0.53 1.94 
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ferredoxin-NADP reductase (Fp}. The enhancement values E1 are all 

in the range 2.3 ~ 0.2, as shown in column (1) of Table VI. When 

Solution A is not supplemented with PCy or Fp, the CP-suc are not·. 
. . 

so active as in the former condition (Sun and Sauer, 1971}', and 

El was ca. 1.5. However, CP-NaCl are as active in both conditions •.. 

· and E
1 

values are 2.4 :t_ 0.3. It is possible that·:the Na~l isola

tion process produces better retention of endogenous PCy and/or Fp: 

Because the enhancement effect·could be demonstrated with both 

CP-suc and CP-NaCl; ttie discrepancY' .in the enhancement results 

cannot be due solely to the difference in the chloroplast prepara-

tions. 

Next, we exailri.ned the enhancement effect ·using CP-suc or CP- · 

NaCl i.n either Solution A or B. The results are shown .iri columns 

(1) and (5) of Table VI. W~ find that both types of chloroplasts 

·exhibit enhancement in Solution A with or without PCy and Fp, but 

no enhaneement is obtained when the same CP-suc or CP-NaCl prepara

tions are used tn Sol uti on B either with or without PCy and Fp. 

These results clearly slow that the critical factors controlling 

enhancement reside in the three differences between Sol.utions A 

•\ 

and B. When we change the pH from 7.5 to 8.2 or add {ADP+Pi) in 

Solution A [colUIIIls (2) and (3)], the values of E1 decrease to. 

1.4 - 1.9 but enhancetnen.t is still. evident. When we change the · 

pH from 8.2 to 7.5 or do not add the (AOP+Pi) in Solution B 

[columns (6) and (7)], the E1 values were below 1.0, and no en

hancement could be observed. When we changed the MgC1 2 concen

tration from 7.5 nit to ].67 mM in Solu.tion A [column (4)], we fthd 
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that all E1 values decrease to 1.0 or below. On the other hand, 

when we change the MgC1 2 concentration from 1.67 mM to 7.5 mM in 

Solution B [columri (8)], the E1 values increased from below 1.0 to 

about 2.0. These results clearly show that a higher concentration 

of MgC1 2, 7.5 mM. is necessary for the enhancement effect in the 

[H2o+ NADP] reaction using broken spinach chloroplasts. 

Dependence of enhancement on the MgC1 2 concentration. We re

ported in Chapter II that th~ rate of photoreduction of NADP+ in 

the [H20 + NADP] reaction is devendent upon the .MgC1 2 concentration. 

Further studies now indicate a complex relationship between the 

optimal MgC1 2 concentration and the wavelength and intensity of the. 

actinic light. The results in Figure 18 (upper curves) show that 

the rate of the [H2o+ NADP] reaction reaches its maximum at 1.5 mM 

MgC1 2 when the incident actinic light at 650 nm is 1.40 nanoeinsteins

cm-2-sec-1, but the maximum rate of the reaction occurs at 7.5 mM 

HgC1 2 when the actinic light at 678 nm is 2.4 nanoeinsteins-cm-2-sec-1. 

The enhancement effect of far-r~d (700 nm) -1 i ght on red ( 650 nm) 

light for the [H20 + NADP] reaction of broken chloroplasts is also 

a function of the MgCla concentration (Figure 18, lower curve). No 

significant enhancement is observed when MgC1 2 is below 3.0 mM. 

Enhancement reaches a maximum at 7.5 mM MgC1 2 (E
1 

= 2.4 :t. 0.3), 

which is the same concentration of MgC1 2 that gives a maximum rate, 

~78 , using 678 nm light alone. At higher MgCl 2 ~oncentrations 

(up to 15 mM) both th_~ rate of the [H20 + NADP] reaction at 678 nm 

and the enhancement va 1 ue decrease. The similar dependence on 

MgC1 2 concentration of both the rate Bnd the enhaneeliMmt effect 

I 
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0.20 
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E 0.15 

0.05 L------f----+------+-----1 

3.0 B 

R700+ 650 - R650 

R7oo 
2.0 

1.0 
• 

0 L----------L----------~---------L-------~ 
0 5 10 15 20 

MgCI2 CONCENTRATION ( mM) 

XBL 716-5254 

Figure 18. Effect of the MgCl2 concentration on the rate (A, upper curves) 

and on the enhancement E1 (B, lower curve) of the [H2o + NADP] reaction by 

broken chloroplasts (CP-suc). Experimental conditions as described in 

Ftgure 17. except MgC1 2 concentrati()ll varied; incident intensity of 678 nm 

·light, 2.4 nanoeinsteins-cm-2-sec~l. Vertical bars show standard devia-

tions of replicate measurements. 
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suggest that these two features arise from a common origin 

affecting the state of the broken chloroplasts. 
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Dependence of enhancement on MnC1 2, NaCl and sucrose. Because 

of the well known ability of Mn2+ to replace Mg2+ Jn enzymatic 

reactions (Dixon and Webb, ·]964), we investigated the effect of 

MgC1 2 (as a replacement for MgC1 2) on the rate and the enhancement. 

effect for the [H2o+ NADP] reaction. As shown in Figure 19, we 

find that MnC1 2 duplicates the behavior of MgC1 2 (Figure 18) in 

both respects. 

The effect of NaC1 on _the rate and enhancenent of the (H
2
o + 

NADP] reaction is shown in Figure 20. The f~te increases from 

M 340 nJmin = 0.14 at zero concentration to the maximurn • 

AA340 nJmin = 0.25 at 75 mM NaC1, then ~ecreases at higher con-. 

centrations. The enhancement_ratio E1 also increases from 0.5 + 

0.1 at zero concentration to. 1.1·:!:. 0.1 at 75 Jlto1 NaCl and decreases 

at higher concentrations. Although both the rate and the enh~nce

ment are affected by NaC1 concentration, no enhancement signifi-
' ' . 

cantly greater than Lini ty could be observed throughout the range 

0 to 350 mM. 

We also studied the effect of sucrose, in lieu of MgC1
2

, on 

the rate and. the enhancement of the [H2o+ NADP] reaction. The 

rate of the reaction. is abo~t AA340 'nm/min = 0.17:!:. o.o2, under 

the experimental conditions described i·n Figure .20, at sucrose 

concentrations up to 125 mM~ No enhancement effect (E1 ~ 1.0) 

can be observed in this sucrose concentration range. At sucrose 

80 
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Figure 19. Effect of the MnC1 2 concentration on the rate (A, upper curve) 
and on the enhance'"nt E1 (B, lower curve) of the [H2o-+ NADP] reaction 
by broken ch 1 orop 1 as ts. Experi menta 1 conditions as in Figure 18 except 
MnC1 2 in place of MgC1 2. 

... 



• 

... 

lc 0.25 

E 
I 
E 
c 
0 
;:J; 0.20 

<! 
<J 

0.15 

81 

A 

0.1 0 '---~-+-'--..,.........,--'---+----+--------' 

........ 
w 

2.0 

1.0 

R700 +650- R650 

·R700 

B 

0 ~------~----~~------~------~ 
0 100 200 300 400 

NaCI CONCENTRATION' ( mM) 

XBL 716-5256 

Fi9ure 20. Effect Qf the NaCl concentration on the rate (A, .upper 

curve) and on the enn~ncement E1 (B, lower curve) of the [H2o-+ NADP] 

reaction by br.;.oken chloroplasts. Experimental conditions as in 

Figure 18~ except ~l in place of·MgC1 2, 
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concentrations higher than 250 mM the rate as well as the enhance

ment ratio decrease markedly. 

Dependence of enhancement on light intensity. The effect of 

the intensity of red light (630, 650, or 670 nm) added to.a fixed 

intensity of far-red (700 nm) light in producing enhancement is 

shown in Figure 21. With reference to the intensity dependence of 

the rate of reaction at 650 nm shown in Figure 16, the.enhancement. 

value increases as long as the rate of the reaction is in the rela

tively linear region of intensity dependence. The enhancement 

va 1 ue starts· to decrease as the rate of the reaction approaches 

light saturation at higher intensities. The enhancement effect 

reaches its maximum• E 1 = 2. 4 :!:: 0. 3, when the red 1 i ght incident 

at 650 nm is 1.4 - 1.8 nanoeinsteins-cm-2-sec-J .. When the red 

light at 670 nm is 1.2- 1.4 nano~insteins-cm-2-sec-l, the maximum 

is E1 = 1.8:!:. 0.2. When the red light is at 630 nm, the maximum 

enhancement effect cannot be reached, as shown in Figure 21. It 

presumably occurs at higher incident light intensities than those 

we studied. 

Figure 22 shows the alternative enhancement ratio, E2 as a 

function of the incident light intensity, IR, at 650 and 670 nm. 

. At high intensities both RFR+R and RR ·are very large compared with 

RFR• and the enhancement ratio E2 is close to 1.0. As the attinic 

light intensity, ~· is lowered, the denominator decreases faster 

than the numerator and the enhancement E2 increases. We observe 

limiting values for E2 of 2.0 and 1.6 at low li9ht intensities 

when the red acUnic light is at 650 nm and 670 nm, aespectively. 
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Figure 21. Dependence of ·the enhancement E1 on actinic light intensity 

of red light for the [H2o ~NADP] reaction by broken chloroplasts. 

El = (R700+R - RR)/R700 •. Experimental conditions as in Figure 17, 

except the incident red 1 ight intensities IR are varied from zero to 

3.2 nanoeinsteins-cm-2-sec::.1. The three curves are for red light at 

630, 65(). and 670 nm, respectively, as indicated. · 
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Figure 22 · Dependence of the enhancement E2 on actinic 1 i ght i nten

sity of red light for the [H2o_,. NADP] reaction by b.roken chloro

plasts. E2 = (R700+R - R700)/RR. Experimental conditions as in 

Figure 21. 

.. 
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Action spectrum of enhancement. We find positive enhancement 

when red light at any wavelength from 620 to 678 nm is coupled 

with far-:-red light at 700 nm, but the intensity dependence is dif-

• ferent at each wavelength. Figure 23 is a plot of E1 values 

measured under conditions of approximately equal absorbed intensi-

ties at several wavelengths from 620 to 690 nm. We find optimal 

enhancement at 650 and 670 nm, where the values are E1 = 2.4 :!:_ 0.3 

and 1.8 :!:_ 0.25, respectively. A minimum occurs near 660 nm (E 1 = 

86 

2.0 

1.4:!:. 0.2). Ei 

.. 

Enhancement viewed as an effect on the quantum regui reinent for 

red light. In the traditional scheme for interpreting the two 

1 i ght requirement of e 1 ectron transport in chl orop 1 as ts as a PS (I + 

II) reaction, enhancement can be viewed as resulting from a defi

ciency of photons entering PS I when only a single wavelength of 

actinic light in the region 620 to 678 nm is used. Throughout this 

wavelength range we observed zero-intensity quantum requirements 

for the [H20 ~ NADP] reaction close to 2.0 photons absorbed per 

electron transferred (Sun and Sauer, 1971), When far-red light, 

which activates primarily PS I, is added at sufficient intensity 

that PS I is no longer strongly rate limiting, we expect to observe 

a corresponding decrease in the quantum requirement for the utili

zati on of red 1 i ght~ The quantum requirement under enhanced con

ditions can be expressed by the ratio IR(absorbed)/(RFR+R - RFR). 

A comparison of the quantum requirements under normal condi

tions (650 nm light alone) with those under enhanced conditions 

(650 + 700 nm light), as defined above, is shown in Figure 24 over 

1.0 

620 640 660 

A (nm) 

680 700 

XBL 716-5249 

Figure 23. Activation spectrum of the enhancement E1 for the [H 2o~ 
NADP] reaction by broken chloroplasts. E1 = (R700+R - RR)/R700 . 
Measurements made at approximately equal absorbed intensities (1.15 

0 15) . . -3 -1 d . :!:_ • nanoe1nste1ns-cm -sec of re l1ght at wavelengths from 
620 to 690 nm. Absorbed intensity 0.37 nanoeinsteins cm- 3-sec-1 

at 700 nm for all measurements. Other reaction conditions as in 
Figure 17. 
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I 
(enhanced) 
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0 I .0 2:0 3.0 
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XBL 716-5253 

Figure 24. Quantum requirements under normal (o) and under enhanced 

c~l) conditions for the [H20-+ NADP] reaction by broken chloroplasts. 

Reaction conditions as in Figure 21. Definitions: 1141650 (normal) 

r650 (absorbed)/R650 ; and I/~P650 (enhanced) = r650 (absorbed)/ 

(R700+650 - R700). 

88 

a range of incident intensities IR. The intensity of far-red light 

used (2.3 nanoeinsteins-cm-2-sec-l incident) did not saturate the 

[H 2o~ NADP] reaction by itself (Figure 16); it was sufficient to 

achieve only 15% of the saturation rate for the [ascorbate + DPIPH2 -+ 

NADP]_ reaction, which does not involve the participation of PS II. 

At low intensities of red light, a significant decrease in the 

quantum requirement of the [H20 -+ NADP] reaction occurs in the en-:. 

hanced versus the normal CQndi ti on (Figure 24.). The quantum require-

ment under enhanced conditions approaches a va 1 ue of 1. 2 :: 0. 2 

ei.nsteins absorbed-equivalent-1 at zero intensity of red (650 nm) 

light: This apparent increase in efficiency for red light is due to 

the utilization of the far-red light in PS I. At hfgher intensities 

of red light, the difference between the two quantum requirements 

disappears. The explanation for this disappearance is probably the 

same as that for the behavi.or of E2 shown in Figure 22~ 

2. Photosystem II [H2o-+ DPIP] reaction and photosystem I [ascorbate 

+ DPIPH2 -+ NADP] reaction 

The enhancement values, E1 or E2, in the [H20 -+ DPIP] reaction 

are 1.01 :: 0.05 from 620 to 690 nm at various incident light inten

sities with which a background 'light at 700 nm at 2.3 nanoeinsteins

cm-2-sec-l was coupled. Thus, no appreciable enhancement effect nor. 

any difference between the normal and differential quantum require

ments is observed for the photoreduction of DPIP, in confirmation 

of previous studies in our laboratory (Sauer and Park, 1965). 

• 

., 
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For the [ascorbate + DPIPH2 -.. NADP] reaction run in the 

presence of DCMU the observed enhancement ratio is always less 

than unity. The values are a strong function of the intensity 

of the red light, as seen for 650 (squares) and 670 (circles) in 

Figure 25. This behavior can be shown to be a result of the 

approach toward saturation of the rate of the reaction with in

creasing intensities of red light alone. Assuming that 650 nm 

photons, which are partitioned about equally between the two 

photosystems under these reaction conditions, are only half as 

effective as 700 nm photons and utilizing the linear depend~nce 

of the quantum requirement of the reaction as a function of inten

sity of red light (Sun and Sauer, 1971), it is possible to calcu

late E1 ratios which take into accoant the approach to saturation 

for the two wavelengths together. The agreement between the experi -, 

mental points and the calculated curves (Figure 25) is good evidence 

that, within experimental uncertainties, there is no two-wavelength 

enhancement for this reaction. 

D. Discussion 

The occurrence of the Emerson red - far-red enhancement effect 

in isolated chloroplasts has been the subject of repeated studies 

(Myers, 1971). For the [H2o·-+- NADP] reaction, which is the prin

cipal focus of the pr.esent study, definite enhancement has been 

reported by ~vindjee et Q· (1962, 1964), by Joliot et Q. (1968), 

and by Avron and Ben-Hayyim (1969). On the other hand, Gibbs et ~· 

9G 

ABSORBED INTENSITY (nanoeinsteins-cm-3-sec- 1) 

XBL 716-5252 

Figure 25. The enhancement ratio E1 as a function of intensity of 
red light absorbed for the [ascorbate + DPIPH2 -+- NADP] reaction. 
Measured values using red light at 650 nm (o) or 670 nm (o) at 
various intensities supplemented by far-red light at 700 nm and 
constant absorbed intensity (0.43 nanoeinsteins-cm-3-sec-1 ). The 
curves are calculated assuming no actual enhancement, but taking 
account of the approach to saturation of the reaction by red light 
alone. Chlorophyll concentration 13 ~g/ml. 
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(1963) and McSwain and Arnon (1968) reported no measurable en-

hancement for the same reaction:. Our studies suggest that the 

concentration of divalent cations (~., Mg2+) in the reaction 

mixture is the principal controlling factor in determining whether 

enhancement can be observed. 

The results sumnarized in Table VI show that enhancement values 

can be affected by (1) aiterations in the chloroplast preparation 

procedure, (2) the addition of plastocyanin and ferredoxin-NADP+ 

reductase, (3) the pH of the reaction mixture, and (4) the addition 

of ADP and inorganic phosphate. Nevertheless, each of these 

factors can be overdome.and enhancement can always be restored in 

the presence of 7.5 mM MgC1 2. By contrast, we have been unable to 

find any set of reaction conditions which will give enhancement 

when the divalent cation concentration is below about 3 mM. In 

retrospect, the lack of agreement in the literature reports on 

chloroplast enhancement can be understood largely on this basis. 

Govindjee et _&. (1962, 1964) and Avron and Ben-Hayyim (1969) were 

able to observe enhancement using Mg2+ concentrations of l.5 and 

27 mM, respeCtively. No enhancement was observed by Gibbs et ll· 

(1963) or by McSwain and Arnon (1968) using Mg 2+ concentrations of 

2 and 1.7 mM, respectively. The results of Joliet et _&. (1968), 

who did observe enhancement in the presence of only 1 mM Mg 2+, are 

the only ones that do not correlate in this way. It may be th,at 

there is some synergistic effect i.nvolving the .high concentration 

of other. salts (0.05 M phosphate buffer + 0.1 M KCl) that distin

g~i~~es the reaction conditions of Joliot et al. (1968) from 
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those of Gibbs et ll· (1963) and McSwain and Arnon (1968). This 

possibility remains to be investigated. 

As shown in Figures_ 18 and 19, added divalent cations produce 

an optimum not only in the enhancement effect, but also in the 

velocity of the [H2o .... NADP] reaction in red light alone. It 

might be argued that the absence of divalent cations serves only 

to slow down the rate-limiting step that results in light inten

sity saturation. In this· view, the absence of enhancement at zero 

added divalent ion would be the fortuitous result of a compensa

tory decrease in E1 because of the closer approach to light 

saturation in the absence ofadded divalent cations. Figure 21 

shows examples of the decrease _of E1 as saturating 1 ight inten

sities are approached. The results of McSwain and Arnon (1968) 

argue agains·t this interpretation of the divalent cation effect, 

however. At low (1.7 mM) _concentrations of added MgC1
2 

they 

found no enhancement to occur over a wide range of -Incident light 

intensities, such that the overal.l rate, R650+700 , varied by as 

much as 9-fold. Furthermore, added NaCl is able to increase the 

rate of the [H20 .... NADP] reaction (Figure 20} even somewhat·more 

effectively than added MgC1 2 or MnC1 2, but no enhancement values 

significantly 'greater than 1.0 are observed using NaCl. It is 

apparen~ from these results and those using added sucrose that 

the occurrence of enhancement depends on something more specific 

than the ionic or osmotic strength of the medium. 

A special role for divalent cations has been proposed by 

Mur~ta (1969). He observed that relatively low concentrations 

• 

) 

·. ' 
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( 2+ 2+ 2+ 2-3 mM) of Mg , Ca or Mn served markedly to increase the 

yield of chlorophyll fluorescence from chloroplasts at room tem

perature. Added Mg2
+ (3 mM) also served to decrease the quantum 

yield (extrapolated to zero incident intensity} of the [ascorbate + 

DPIPH2 ~ NADP] reaction activated at 480 nm, and to increase the 

quantum yield of the [H2o+ DPIP] reaction--slightly at 480 nm, 

but markedly when activated at 695 nm. It should be noted, how

ever, that the highest quantum yields reported by Murata are less 

than haJf those reported for the same reactions in Chapter II of 

this report. Murata concluded on the basis of his findings that 

the role of Mg2+ and other divalent ions is to suppress the , 

spillover of excitation energy from pigme'nt system II to p1gment 

system I. 
. 2+ The alternative view, namely that added Mg enables excita-

tion transfer between the two pigment systems, is supported by the 

observations of Avron and Ben-Hayyim (1969) and of Rur.ainski et £1. 

(1971) that added MgC1 2 serves to increase significantly the 

quantum yield of the [H20 ~ NADP] reaction extrapolated to zero 

light intensity. Under the assumption that excitation transfer 

(spillover) between the two·pigment systems tends to equalize the 

rates of the two photoreactions, the increased quantum yields for 

the PS (I+ II) reaction can be explained most readily if spill

over occurs in the presence .of MgC1 2 rather than in its absence. 

Murata's own experimental findings can be rationalized satis

factorily using this alternative view of the role of Mg2+. 

Spillover from P I to P II in the presence of divalent cations 
-··· •'J' 
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can account for (1) increased fluorescence yield, (2) increased 

quantum yield for the [H2o+ DPIP] reaction, and (3) decreased 

quantum yield for the [ascorbate + DPIPH2 ~ NADP] reaction. 

Spillover from P I to P II will be efficient Qnly for excitation 

resulting from red light, where there is no energy barrier to 

reaching the PS II trap. Spillover in this direction might seem 

to be an unlikely process in competition with trapping within PS I. 

Nevertheless, such spillover must occur in order to account for 

the observed quantum yields of 1.0 for the [H2o~ ferricyanide] 

(Avron and Ben.,.Hayyim, 1969) and the [H20 ~ DPIP] (Sun and Sauer, 

1971} reactions using red actinic wavelengths. 

Shavit and Avron have reported divalent cation-dependent 

shrinking and light scattering changes by illuminated broken 

chloroplasts (1971}. Similar results have been observed by 

Murakami and Packer (1971). It is reasonable to suppose that 

these conformational changes induced by divalent cations are the 

basis for the effects on excitation transfer. 

Models which account for the enhancement effect in the [H2o+ 

NADP] reaction and for the dependence on divalent cations can be 

·constructed using either Murata's interpretation (Model A) or its 

converse (Model B}. The models differ in the role assigned to 

the divalent cation and in the restrictions placed on the relative 

intrinsic absorptions (i.e., in the absence of spillover) of PI 

and P II in the red region from 620 to 680 nm. Table VII gives 

a listing of the postulates of the two models. 
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In t4odel A enhancement occurs• in the absence of spillover 

because P II. absorbs more than half the photons in the red region 

of the spectrum; and P I absorbs preferentially in the far-red. 

This is the traditional view basic to the detailed mathematical 

ana lyses. of Bannister and Vrooman ( 1964) , Ma 1 kin ( 1967) , Williams . 

(1968), and Delrieu and de Koui:::hkovsky (1971). In· the presence 

of spillover red light is equilibrated between the two reaction 

centers, and there is no deficiency to be remedied by supple

mentary far.- red 1 i ght. 

In Model B no enhancement occurs in the absence of spillover 

because the intrinsic absorptions of the two pigment systems are· 

postulated to be. identi,cal in the red region of the 'spectrum . 

There is no imbalan<;e to be rectified by far-red light. -Addition 

of. divalent cations, which enables spillover in this model; pro-

vi des conditions favoring enhancement. The distribution of red-. . 

photon excitation between the two reaction centers., which is equa 1 

for red light alone, is altered in the presence of far-red light 

via the spillover of some of the red excitation frdin P I to P II. 

This is in keeping with Postulate 4_of Table VII and results .in 

the observed enhancement. That spi~lover is an efficient process 

in the enhancement studies (regardless of the model considered)-

is demonstrated by the results shown in Figure 24,.where red' 

photons approach unit efficiency at low intensities-and in the 

presence of supplementary far-red light. 

Neither. of the two models described above is entirely satis

factory, and whichever proves to be closest to the truth will 
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require further modifications as more is learned about the 

related phenomena. We have already mentioned the apparent incon

sistencies between Murata's interpretation. of the role of divalent 

cations (Murata, 1969) (incorporated into Model A) and the effect 

of MgCl 2 on the quantum yield of the [H 20 + NADP] reaction (Avron 

and Ben-Hayyim, 1969; Rurainski et E.!_., 1971). In addition, it is 

not clear why enhancement should not also be observed in the absence 

of divalent cations under the postulates of Model A. Spillover 

should permit a redistribution of red photons in the presence of 

far-red light, according to Postulate 4 of Table VIl, in wh-ich 

case some enhancement would be expected. None is observed. 
) 

Neither the quantum yield of unity in red light for the [H20 +_NADP] 

reaction in the presence of 4.5 mM MgC1 2 (see Chapter II) nor the 

decrease in the quantum yield in the red in going from 0 to 27 mM 

MgCl 2 for the [ascorbate+ DPIPH2 + NADP] reaction (Avron and Ben

Hayyim, 1969) can be reconciled with Model A. The alternative view 

of Model B also has its drawbacks. The assignment of equal intrinsic 

absorbances in the red to P 1 and P Il appears to be quite arbitrary 

and difficult to reconcile with the different absorption spectra of 

physically separated PS I and PS II fractions (Anderson and 

Boardman, 1966; Michel et ~., 1968). Both the pronounced depen

dence of enhancement on the wav~length of red light (Figure 23) and 

the increase in quantum yield of the [H20 + NADP] reaction upon 

addition of MgC1 2 (Avron and Ben-Hayyim, 1969; Hurainski et ~·, 

1971) are difficult to reconcile with Postulate 2 of Model B. 

Neither model can account for the observation of Avron and Ben-Hayyim 

98 

(1969) that the transfer of electrons from ascorbate to diquat or 

FMN occurs with a quantum yield of 1.0 in either red or far-red 

light and is unaffected by added MgC1 2• 

In the third model (C), red light is assumed to be distributed 

equally between P I and P II, and the [H20 + NADP] reaction pro

ceeds at an optima 1 rate in the presence of spi 11 over (here Mg2+). 

The observed quantum efficiencies of 0.5 ~ 0.01 at wavelengths from 
2+ 620 to 660 nm in the presence of 7.5 mM of Mg are consistent with 

this picture, at least within experimental uncertainties. In the 

absence of Mg2+, not only is the spillover unfavorable? but. the 

biochemical rate-limiting step between two photosystems may not be 

optima 1 and so s 1 ow that both absorbed red and far-red 1 i ghts be

come largely wasted. Thus no enhancement effect could be observed. 

Added Mg2+ is now considered to enable spillover to occur and 

allow efficient biochemical reactions. In red light alone this 

should lead to an increase in rate, since both photosystems were 

being excited optimally in the presence of spillover and the bio

chemical reaction is optimal. In the presence of supplementary 

far-red light, the additional photons are predominantly available 

to RC I. Thts produces a limitation at the point of excitation 

arriving at RC II, which can be relieved via the spillover of some 

of the red photons previously entering PS I. Thus, spillover from 

P I to P II in the presence of divalent ions would account for the 

enhanced rate of the reaction in comparison with the sum of the 

rates using the two lights separately. In like fastion one can 

invoke Mg2+ stimulated spillover from P I toP II to account for 
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14urata's observations of (1) increased fluorescence by PS II, 

(2) increased efficiency of the [H2o+ NADP] reaction, and (3) 

decreased efficiency of the_ [ascorbate + DPIPH2 + NADP] reaction, 
··' 2+ 

.all resulting from added Mg . 

It se·ems clear that further experimental results are required 

before all of these difficult1es can be resolved. Recent reports 

that PS I activity may occur in two kinetically distinct loca

tions in broken chloroplasts (Park and Sane, 1971) need to be 

considered in future models of enhancement and excitation 

transfer; 

Our f1ndings are more con~lusive with respect to the parallel 

two photosystem hypothesis of Arnon et !}_. (1965) and as modified 

by Kna~f and Arnon (1969). Tne parallel hypothesis, by contrast 

with the tradition a 1 Z scheme where the two 1 i ght reactions 

operate in series, cannot be reconciled with the observation of 

red - far-red enhancement using isolated broken chloroplasts for. 

the [H2o+ NADP] reaction. The failure of McSwain and Arnon (1968) 

to observe enhancement for this system, an observ~tion which. was 
i 

an essential part of the justification of the parallel mechanism, 

is now seen to be probably the consequence of the low MgC1 2 con

centration used in their experiments. Under th.ei r conditions, we 

do not observe enhancement either. Our system contai.ned broken .. 

chloroplasts, had no ·added carbon source,. and did not reqy_ire 

·the components of phosphoryl at ion i_n order for _enhancement to be 

observed. Thus, it cannot be argued that enhancement occurs only 

in relief of an imbalance of cyclfc and non-cyclic electron 

flow with respect to the requirements _of the carbon reduction 

pathway for ATP and reductant. The simplest explanation_of 
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the results presented in this paper is that non-cyclic electron 

transport from H2o to NADP+ proceeds vi a two different 1 ight: 

reactions characterized as PS I and PS U operating in series. 

... 
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IV. CONCLUDING REMARKS 

There have been numerous important discoveries in photosyn-

thesis that have arisen from the study of cell-free systems in 

this field. However, the process of isolation of cell-free 

chloroplasts has also introduced many unknown artificial effects 

to the system. Since the standard procedures used in various 

laboratories are quite different, many contradictory results due 

to di.ffer&nt experimental conditions have been reported. One of 

the most vivid examples is shown in Chapter II of this investi

gation. Reports of the presence or absence of the enhancement 

effect in the [H2o~ NADP] reaction have caused a great confusion 

regarding the mechanism of how PS I and PS II are operating. But 

these contradictory results are merely due to the MgC1 2 concen

tration difference. The discovery Gf the role of ~1gC1 2 itself 

may be important to understand the mechanisms of excitation 

energy transfer, chloroplast membrane conformation, and the 

relation between PS I.and PS II. But it also calls our attention 

to re-examining all present data with various experimental condi

tions, especially those data where contradictions lie. 

The role of MgCT2 in the chloroplast membrane has become 

increasingly important since the discovery of its effects on (1) 

the increase of quantum efficiency at low light intensities 

(Rurainski, Randles and Hoch, 1971), (2) the increase of PS II 

fluorescence yield (Murata, 1969), and (3) the control of.the 

enhancement effect, as was discussed in Chapter III. We have 

proposed two hypotheses, Model Band Model C in Table VII, on 

the excitation energy transfer between PS I and PS II as well 
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as on the enhancement effect. There are several ways to check 

our hypotheses. The first is to measure the PS II fluorescence 

yield in the presence and absence of different cyclic photophos

phorylation and PS I reactions at different MgC1 2 concentrations. 

If the presence of MgC1 2 prevents the excitation energy transfer 

from PS II toPS I (Murata, 1969), we should expect that the 

PS II fluorescence yield of chloroplasts does not decrease even 

if the cyclic photophosphorylation or PS I reaction is accelerated 

by adding cofactors or electron donors such as PMS, FMN or 

[ascorbate+ DPIPH2]. If the PS II fluorescence yield does de

crease, the presence of MgC1 2 must allo~t the excitation energy 

transfer between PS I and PS II; since the acceleration of cyclic 

photophosphorylation or PS I reaction will then allow effective 

competition for the excitation energy with PS II fluorescnece, 

we would expect to see the decrease of the PS II fluorescence 

yield. 

The second way is to measure the enhancement effect of the 

[H2o~ NADP] reaction at different MgC1 2 concentrations with dif~ 

ferent red and far-red light int~nsities. The difference between 

Model B. and C is that Model B suggests that the intrinsic absorp

tions of PSI and PS II in the red light region are equal, but 

Model C suggests it is not. In the absence of MgC1 2 when the 



exci ta ti on energy transfer is not a 11 owed as proposed in both 

Model B .and C, Model C predicts that there is an enhancement 

effect but Model B predicts rio such effect. Our data showed 
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that no enhancement effect could be observed in the absence of ... 

MgCl2, but these experiments were done only under one constant 

strong far-red light intensity with various red light intensities. 

When the rate of the reaction of the [H 2o~ NADP] reaction is :low 

at zero MgC1 2 concentration, as shown in Figure 18, the intensity. 

we used in the study.may become saturating, which hinders the en

hancement effect. McSwain and Arnon (1969) also showed no · 

appreciable enhancement effect of the [H20 .... NADP] reaction 

could be observed in the presence of 1.67 nt-1 MgC1 2 under a wide 

range of far-red and red light intensities, but they ~never varied 

the total light intens.ity .with a constant R650 JR704 ratio in the 

range from 4 to 6, which is the optimal .ratio to obtain the 

maximum'enhancement effect. The solution to this problem is to. 

examine· whether the. enhancement effect of the [H20 .... NADP] 

reaction could occur at low or. zero MgC1 2 concentration at low 

total (far-red + red) 1 ight iritensi ty with the constant ratio 

R650JR700 ';:; 4"' 6, under which the light intensity is not 

saturating and the enhancement effect is optimal. 
. . 

The third way is .to measure the zero light intensity qua~tum 

requireme~ts of the [H2o .... NADP] reaction in the absence of Mgc1 2 
in the ~ed 1 i ght region. We have obtai ned quantum requirement . 

values of 2.0:!:. 0.1 for.the [H20 .... NADP] reaction in the presence 

of MgC1 2, which allows the efficient excitation energy transfer. 
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of any unbalanced energy between PSI and PS II, as proposed in 

both Model Band C. If the intrinsic absorption of PSI and PS.II 

are equal in the .red light region as proposed in Model B, we 

should observe the. zero light intensity quantum requirements also 

to b: equal to 2.0 in the absence of MgC1 2 at any .wavelength from 

620 to 678 nm. If the intrinsic absorption of PS I and PS II are .· 

not equal,. and excitation energy transfer is not efficient in 

the absence of .MgC1 2 , as pr.oposed in Model C, the extra energy 

absorbed either by .PS I or PS II cannot be transferred froin one 

to another and thus becomes wasted. we should expect to see 

. higher quantum requirement values of the [H20 .... NADP~ reaction 

in the absence of MgC1 2. Mode 1 A a 1 so predicts that the zero 

light intensity quantum requirements· of the [H2o .... NADP] reaction 

shou,ld be 2.0 in the.absence of MgC1 2 , uncter which the efficient 

excitation energy transfer is allowed. But it also predicts that 

the quantum requirement va 1 ues should be higher than 2. 0 in the 

red light region in the presence of MgC1 2 , which is supposed t<i 

prevent excitation transfer in this model. Our data on quantum 

requirements of the [H20 .... NADP] reaction (= 2.0 :!:_ 0.1) have 

already excluded this possibility. Rurainski et !]_. (1971) found 

that the quantum efficiency of the [H2o .... NADP] reaction with red

band actinic light did decrease at low and zero MgC1 2 concen-. 

trations •. It is still worthwhne to examine the quantum require

ment of the [H20 .... NADP] reaction at low, or zero MgC1 2 concen

tration with monochromatic or actinic light from 620 to 678 nm. 

) 



(1 

105 

V. REFERENCES 

Allen, F. L. and Franck, J. (1955), Arch. Biochem. Biophys. 58, 

124. 

Anderson, J. M. and Boardman, N. K. (1966), Biochim. Biophys. 

Acta 112, 403. 

Anderson, J. M., Fork, D. C., and Amesz, J. (1966), Biochem. 

Biophys. Res. Commun. 23, 874. 

Annstrong, J. McD. (1964), Biochim. Biophys. Acta 86, 194. 

Arnon, D. I. and Whatley, F. R. (1949}', Science 110, 554. 

Arnon, D. I., Allen, M. B. and Whatley, F. R. (1954), Nature 174, 

394. 

Arnon, D. I., Allen, M. B. and Whatley, F. R. (1956), Biochim. 

Biophys. Acta 20, 449. 

Arnon, D. I. (1958), in The Photochemical Apparatus, Its Structure 

and Function, Brookhaven Symposia in Biology, No. 11, p. 181. 

Arnon, D. I., Tsujimoto, H. Y., and McSwain, B.-D. (1964), Proc. 

Nat. Acad. Sci. U.S.~. 1274. 

Arnon, D. I., Tsujimoto, H. Y., and McSwain, B. D. (1965), Nature 

(London) 207, 1367. 

Arnon, D. I. (1966), Experi.entia 22, 273. 

Arnon, D. I. (1967), Physiol. Rev. 47, No.3, 317. 

Avron, M. (1967), Current Topics in Bioenergetics, Vol. II, 

Academic Press, p. 1. 

106 

Avron, M. and Ben-Hayyim, G. (1969), Prog. Photosynthesis Res. 

III, Ed. H. Metzner, p. 1185. 

Avron, M. and Newmann, J. (1968), Ann. Rev. Plant Physio1. ~. 

137. 

Bannister, T. T. and Vrooman, M. J. (1964), Plant Physiol. 39, 

622. 

Bassham, J. A. and Calvin, M. (1957), The Path of Carbon in Photo-

synthesis, Prenti ce-Ha 11, Englewood Cliffs, New Jersey. 

Bassham, J. A. (1967), 7th International Biochemical Congress, 

Tokyo, Bioenergetics Symposium, Vol. II, p. 337. 

Bishop, N. I. (1958), Biochim. Biophys. Acta 27, 205. 

Black, C. C. and San Pietro, A. (1963), in Photosynthetic Mechanisms 

of Green Plants, Publ. 1145, Natl. Acad. Sci.- Natl. Res. 

Council, pp. 228-234. 

Boardman, N. K. and Highkin, H. R. (1966), Biochim. Biophys. Acta 

126, 189. 

Brody, S. S. and Brody, M. (1961), Arch. Biochem. Biophys. 95, 521. 

Brody, S. S. (1968), Biophys. J. ~. 210. 

Cederstrand, C. N., Rabinowitch, E., and Govindjee (1966), Biochim. 

Biophys. Acta 126, 1. 

Chance, B. and Williams, G. R. (1956), Advan. Enzymol. li• 65. 

Clayton, R. K. (1962), Photochem. Photobiol. ]_, 201. 

Clayton, R. K. (1969), Biophys. J. i• 60. 

Delrieu, M.-J. and de Kouchkovsky, Y. (1971), Biochim. Biophys. 

Acta 226, 409. 

Dixon, M. and Webb, E. C. (1964), Enzymes, Academic Press, N. Y., 

2nd Ed., p. 422. 



107 

Dratz, E .. A., Schultz, A. J., and Sauer,· K., Brookhaven Symp .. in 

Biology (1966), Biol. Dept., Brookhaven Natl. Lab., Upton, 

N. Y. , p. 303. 

Duysens, L. N. M. and Amesz, J. (1962), Biochim. Biophys •. Acta 

. 64, 243. 

Emerson, R. and Arnold, W. (1932), J. Gen. Physiol. J!, 191. 

Emerson, R. and Lewis, C. M. (1942}, J. Gen. Physiol.· 25, 579. 

Emerson, R. and· Lewis, c. M. (1943), Am. J. Bot. 30, 165. 

Emerson, R., Chalmers, R. v:; and Cederstrand, C. (1957), Proc. 

Nat. Acad. Sci.> U.S. 43, 133. 

Emerson, R. (1957), Science 125, 746. 

Engleman, L W. (1883}, Arch. Ges. Physiol. (Pfluger's) 30, ·95. 

Fork, D., C. (1963), Plant Physiol. 38, 323. 

French, C. S., Myers, J., and McCloud, G. C. (1960}, in·Comp. 

Biochem. of Photoreactive Systems, Ed. M. B. Allen, Academic 

Press, New York, p. 361. 

Frenkel, A. W. (1954), J, Am. Chern. Soc. 76, 5568. 

Frank, J., Rosenberg, J. L., and Weiss, C. Jr. (1962), in 

Luminescen,se of Organic and Inorganic Materials, Eds. H. P. 

Kallman and G. H. Spruch, John Wiley & Sons, New York, 

pp. 11-29, 

Gibbs, M ..• Fewson, c. A., and Schulman, M. D. ,{1963), .carnegie 

Institution or·washfngton Yearbook 62, 362. 

Gordon, S. A. (1963), Plant Physiol. 38, 153. 
:. -

Gorman, D. S. and Levine, R. P. (1966), Plant Physiol. 1l• 1648. 

Govindjee and Rabinowitch, E. (1960), Biophys. J. l• 73. 

108 

Govindjee, R., Govindjee, and Hoch, G. (1962), Biochem. Biophys~ 

Res . Commun. 2_, 222. 

Govindjee, R., Govindjee, and Hoch, G. (1964), Plant Physiol. 

39, 10 . 

Govindjee, R., Rabiriowitch, E. and Govindjee, Biochim. Biophys. 
' 

Acta 162, 539. · 

Hill, R. (1939), Proc. Roy. Soc. (London), Series B, No. 847,127. 

Hill, R. and Bendall, F. (1Q60), Nature 186, 136. 

Hind, G. and Jagendorf, A. T. (1963), Proc. Nat. Acad. Sci. 49, 

715. 

Hind, G. and Jagendorf; A. T. (1965), J. Biol. Chern. 240, 3195 .. 

Hoch, G. and Martin, L (1963), Arch. Biochem. Biophys. 102, 430. 

Joliot, P., Joliot, A., and Kok, B. '(1968), Biochim. Biophys. Acta· 

.ill_, 635. 

Joliot, P., Bal"bieri, G ••. and Chabaud, R. (1969), Photochem. 

Photobiol. ~. 309. 

Katoh, S. and Takamiya, A. (1965), Biochim. Biophys. Acta 99, 156 .. 

Katoh, S. and San Pietro, A. (1966), in The Biochemistry of Copper, 

Eds. J. Peisach, P. Ais.en, and W. E. Blumberg, Academic Press~ 

New York, p. 407 .. 

Kelly, J. and Sauer, K. (1965), Biochemistry .1_, 2798. 

Kelly, J. and Sauer, K. (1968), Biochemist_ry z., 882. 

Knaff, D. B. and Arnon, D. I. (1~69), Proc. Natl. Acad. Sci., U.S: 

- 64. 715. 

Huzisige, H., Usiyama, H., Takao, K., and Azi, T. (1969), Plant 

Cell Physiol. l.Q., 441. 

Kok, B. (1961), Biochim. Biophys. Acta 48, 527. 

_) 

) 



109 

Kok, B., Forbush, B., and McGloin, M. (1970), Photochem. Phobobiol. 

ll.· 457. 

Levine, R. P. (l969), Ann. Rev. Plant Physiol. 20, 523. 

Losada, M .. , Whatley, F. R., and Arnon, D. I. (1961), Nature 190, 

806. 

Malkin, S. and Kok, B. (1966), Biochim. Biophys. Acta 126, 413. 

Malkin, S. (1967), Biophys. J. ]_, 629. 

Mayne, B. C. and Brown, A. H. (1963), Studies on Microalgae and 

Photosynthetic Bacteria, Univ. of Tokyo Press, Tokyo, p. 347. 

McElroy, W. D. and Nason, A. (1954), Ann. Rev. Plant .. Physiol. i• 1. 

McSwain, B. D. and Arnon, D. I. (1969), Proc. Natl. Acad. Sci., U.S. 

20, 523. 

Menke, W. (19~2), Ann. Rev. Plant Physiol. }1. 27. 

Michel, J,.,l!f, and Michel-Wolwertz, M.-R. (1968), Carnegie Inst. of 

Washington Yearbook 67, 508. 

Mitchell, P. (1961), Nature ill· 144. 

Mitchell, P. (1966), Biol. Rev. i1_, 445. 

Myers, J. and French, C. S. (1960), J. Gen. Physiol. 43, 723. 

Myers, J. and Graham, J. (1963), Plant Physiol. 38, 105. 

Myers, J. (1971), Ann. Rev. Plant Physiol. 22, 289. 

Murakami, S. and Packer, L. (1971), Arch. Biochem. Biophys., in 

Press. 

Murata, N. (1969), Biochim. Biophys. Acta 189, 171. 

Nelson, N. and Neumann, J. (1969), J. Biol. Chern. 244, 1926. 

Nelson, N. and Neumann, J. (1969), J. Biol. Chern. 244, 1932. 

Olson, J. M., Koenig, D. F., and Ledbetter, M. C. (1969), Arch .• 

Biochem. Biophys. 129, 30. 

110 

Olson, J. M., Thornber, J. P., Koenig, D. F., Ledbetter, M. C., 

Olson, R. A., and Jennings, W. H. (1969), in Progress in 

Photosynthesis Research, Ed. H. Metzner, Vol. I, TUbingen, 

p. 217. 

Park, R. B. and Biggins, J. (1964), Science 144, 1009. 

Park, R. B. and Sane, P. V. (1971), Ann. Rev. Plant Physiol. 22, 

395. 

Rabinowitch, E. (1957), J. Phys. Chern. §l, 870. 

Rabinowitch, E. and Govindjee (1969), in Photosynthesis,-John Wiley 

&.Sons, Inc., New York, p. 121. 

Ross, 'R. T. (1966), J. Chern. Phys. 45, 1. 

Ross, R. T. (1967), J. Chern. Phys. 46,4590. 

Ross, R. T. and Calvin, M. (1967), Biophys. J. ]_, 595. 

Rurainski,H. J., Randles, J., and Hoch, G. E. (1971), FEBS Letters 

11· 98. 

Rurainski, H. J. and Hoch, G. E. (1971), Proc.' 2nd Internat. Congr. 

on Photosyn. Res., Stresa, Italy. 

Sane, p, v., Goodchild, D. J., and Park, R. B. (1970), Biochim. 

Biophys. Acta~. 162. 

Sauer, K. and Biggins, J. (1965), Biochim. Biophys. Acta 102, 55. 

Sauer, K. and Park, R. B. (1965), Biochemistry i• 2791. 

Schwartz, M. (1965), Biochim. Biophys. Acta 102, 361. 

Schwartz, M. (1967), Nature 213, 1187. 

Shavit, N. and Avron, M. (1967), Biochim. Biophys. Acta 131, 516. 

Slater, E. C. (1953), Nature ll_, 975. 

.Slater, E. C. (1966), Comp. Biochem. ]i, 327. 



111 

Strain, H. H'. and Svec, H. A. (1966), The Chlorophylls, Eds. L. P. 

Vernon and G. R. Seely, Academic Press, Ne1v York, p. 51. 

Sun, A. S. K. and Sauer, K. (1971), Biochim. Biophys. Acta 234, 

399. 

Tagawa, K. and Arnon, D. I: (1962), Nature 195, 537. 

Tagawa, K., Tsujimoto, H. Y., and Arnon, D. I. (1963), Proc. Natl. 

Acad. Sci., U.S. 49, 567, and 50, 544. 

Thomas, J. B., Blaauw, 0. H., and Duysens, L. N. M. (1953), 

Biochim. Biophys. Acta lQ, 2302. 

Thornber, J. P., Gregory, R. P. f., Smith, C. A., and Bailey, J. L. 

(1967),,Bio.cht)mistry §_, 391. 

Van Niel, C. B. (1931),.Arch. Mikrobiol. l· l. 

Vernon, L: P. and Zqugg, W. S. (1960), J. Biol. Chern, 235, 2728. 

Vernon, L. P. and Avron, M. (1965), Ami. Rev. Biochem. 34, 269. · 

Warburg, 0. (1949), in Heavy Metal Prosthetic Groups and Enzyme 

·Action, Clarendon Press, Oxford, p. 213. 

Wessels, J. S,. C. (1962), Biochim. Biophys. Acta65, 561. 

Wessels, J. S. L (1963), Proc. Roy. Soc. (London), Series B, 157, 

345. 

Wessels, J. S. C. (1966), in Currents in Photosynthesis, Eds. J. B. 

Thomas and J. C. Goedheer, Ad. Donker, Rotterdam, p; 129. 

Williams, W. P. (1968), Biochim. Biophys. Acta 153, 484. 



.!. 

---------LEGAL NOTICE----------.. 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




