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Manganese has been known to be essential for photo- 

synthesis for almost 30 years. Subsequent experimentation 

indicated a definite function for manganese in oxygen evo- 

lution. However, the mode of action of manganese and 

further localization of its site of action have not been 

determined. 

Ten years ago it was demonstrated that illuminated 

chloroplasts were capable of oxidizing manganese. The role 

of manganese in photosynthesis and the observed photo- 

oxidation of manganese by chloroplasts have often been 

correlated theoretically but never experimentally. Peroxi- 

dase was secondarily implicated since it is a stimulant 

for the manganese oxidizing reaction. 
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The experiments presented in this thesis were conduct- 

ed in order to determine more about the manganese oxidizing 

reaction and its relation to photosynthesis, and to charac- 

terize spinach peroxidase both as a stimulant in manganese 

oxidation and as a separate entity. 

If added, excess manganese replaces water in the 

photo -oxidizing system, the reaction should have properties 

similar to those of the Hill reaction. Results presented 

herein show the photo- oxidation to be sensitive to DCMU and 

simazine. Also the light saturation is practically identi- 

cal to that of Hill reaction as is the response to tempera- 

ture. Unlike the Hill reaction, the system is inhibited by 

acriflavin and KCN and is stimulated by FMN. Since the 

system requires oxygen as the oxidant and is stimulated by 

peroxidase, the latter results are to be expected. Addi- 

tional information on the requirement for plastoquinone 

and other cofactors is presented. 

It appears that manganese is a redox intermediate 

acting at a site in photosynthetic electron transport be- 

tween the point of oxygen evolution and the site of DCMU 

and simazine inhibition. 

Peroxidase is known to be present in almost all plants. 

The specific function of the enzyme is not known. It has 

been studied extensively in extracts from horseradish roots 

but not from green leaf tissue. Therefore, a preliminary 
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study of spinach peroxidase was conducted. This study in- 

cludes a purification procedure and an elementary charac- 

terization including pH optimum, substrate reactivity, and 

inhibitor studies. Although the results may contribute 

something to the multitudinous in vitro studies on peroxi- 

dase, no evidence for a specific in vivo function for this 

enzyme was obtained. 
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SPINACH PEROXIDASE AND THE PHOTO- 
OXIDATION OF MANGANESE BY 
ISOLATED CHLOROPLASTS 

I. INTRODUCTION 

A. The General Significance of Photosynthesis 

Like many other processes undergoing intensive inves- 

tigation, photosynthesis is a complex reaction necessary 

for life. Its uniqueness lies in the massive extent of the 

reaction and the energy transformations involved. Photo- 

synthesis converts radiant energy to chemical energy with 

an efficiency that far exceeds all other energy supplies 

and useful conversions. Essentially, photosynthesis in- 

volves the anabolism of carbohydrates from carbon dioxide. 

It requires light energy for the process. This production 

of carbohydrates, usually sucrose and starch, is the essen- 

ce of all further metabolic conversions. The overall equa- 

tion for photosynthesis may be summarized as follows: 

light 
6CO2 + 12H20 + 602 + 6H20 chlorophyll 6 12 6 

The evolution of this equation has taken many years. 

In terms of reactants and products it is, of course, the 

reversal of respiration. However, to observe the process 
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as such is superficial and only useful in pedagogic ac- 

knowledgement of its importance. 

The basis of all future investigation will rest on the 

conclusions of the workers who contributed to the final 

overall reaction of photosynthesis. Joseph Priestley was 

the first to note experimentally the process of oxygen 

evolution. He observed that a candle would continue to 

burn and a mouse could stay alive in a limited air supply 

if a plant were present. 

Eight years later, in 1779, Ingen -Housz found that 

light was necessary for this revitallization of air. 

Senebier subsequently described a gas requirement for 

plants which he called fixed air and which was, of course, 

carbon dioxide. De Saussure, in 1804, implicated water as 

a chemical requirement for photosynthesis. So at this time 

the equation: 

H2O CO2 light (CH20)x + 02 

had been properly attained. Meyer's concept of the energy 

transformation was the main contribution during the next 

100 years. Then photosynthetic research began to move 

rapidly with Willsthtter and Stoll, and Fischer elucidating 

the nature of the pigment system. Warburg distinguished 

the photochemical from the enzymatic reactions and explored 

the kinetics of the system. Van Neil altered the proposed 

+ 
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mechanism of photosynthesis when he suggested that oxygen 

was not evolved from CO2 but from water. His observation 

emphasized the importance of oxidation and reduction in 

photosynthesis and placed the theoretical considerations 

on a more practical biochemical level. 

The photoreactions have been investigated on a physi- - 

cal level by Willstätter, Franck, Emerson, Warburg, and 

many others. Their work has elucidated the nature of the 

photoconversions of the pigment systems including quantum 

requirements, energy states, and structural requirements 

and variations in photoreceptors. 

The history of photosynthesis is described in detail 

in the treatise by Rabinowitch (41) and is certainly a 

sound scaffolding for further research. 

B. The Light Reactions 

In the original context, the light reactions were 

understood to effect the reduction of NADP with electrons 

from water, concomitantly releasing 02 and producing ATP. 

The dark reactions were those directly involved in CO2 re- 

duction. Such a distinction is no longer valid, and the 

reactions have been better categorized by Rabinowitch (42), 

The first stage of photosynthesis is the evolution of 

oxygen from water and the provision of electrons for the 

second stage. The second stage includes both endergonic 



and exergonic reactions and transfers electrons from the 

first stage to NADP. The second stage also contains the 

light reactions and a phosphorylation site. The third 

stage utilizes NADPH and ATP to fix CO2 and typifies the 

older concept of dark reactions. The second stage will be 

the topic of this section. 

Emerson (20) determined that eight quanta of light 

were required for the reduction of one molecule of CO2 

the evolution of one molecule of 02. Action spectra re- 

vealed that the quantum efficiency was consistently 1/8, 

or 12 per cent, throughout the visible spectrum. However, 

there was a sharp decline in the efficiency at a wave 

length of about 680 m,+-. This was unexpected since chloro- 

phyll a continues to absorb above this wave length. When 

a background light of 650 ny , the point of maximum absorp- 

tion by chlorophyll b, was incident throughout the deter- 

mination of the action spectrum, the 12 per cent efficiency 

continued into the red region and declined only when 

chlorophyll a ceased to absorb. This phenomenon, in which 

two wave lengths together give a greater efficiency than 

the sum of their efficiencies separately, is called the 

Emerson enhancement effect. Emerson's contemporaries con- 

cluded that there are two sites of pigment action, i.e., 

system I and system II. An untimely death robbed Emerson 

of the opportunity to appreciate fully the importance of 

. 
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his studies in establishment of the current hypothesis of 

photosynthesis. 

Light system I provides energy for the reduction of 

Light system II provides energy for the oxidation 

water to oxygen and the reduction of PQ. Electrons 

passed from reduced PQ through cytochrome f and plasto- 

cyanin into light system I. The reduction of system I by 

PQ is exergonic and supports phosphorylation. The reduc- 

tion of NADP by PPNR is also exergonic. 

Studies on the electron transport sequence have 

evolved around the nature of the electron carriers and 

phosphorylation. Cytochrome, PPNR, plastocyanin, and 

plastoquinone have been implicated by Hill (26), San Pietro 

(44), and Arnon (47), Katoh (31), and Bishop (14) and Crane 

(19), respectively. 

Frenkle (24) first demonstrated a light- induced phos- 

phorylation. Arnon (3) subsequently observed photosynthet- 

ic phosphorylation in isolated chloroplasts. Since then, 

various cofactors have been introduced and P/0 ratios which 

exceed unity have been attained. 

Dark Reactions 

The dark reactions require two products from the light 

reactions. These are NADPH and ATP. In the dark reactions 

CO2 is fixed, that is, reduced and complexed to form the 
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six carbon unit. The reactions involved are described in 

detail by Calvin and Bassham (9). The fixation of CO2 was 

outlined subsequent to the accessibility of CO2 14 but 

speculation still exists as to the first stable product 

and the intermediary reactions (57). 

Oxygen Evolution 

Although the first property of photosynthesis to be 

observed was oxygen evolution, features about this reaction 

are now the least understood. This may be due to the 

ancillary nature of the reaction or, more likely, it is 

due to its complexity. Van Neil (49) observed that a 

hydrogen transfer took place in sulfur bacteria and postu- 

lated an analogous mechanism in oxygen -evolving plants. 

The hypothesis was that water acted as the hydrogen donor 

and oxygen was necessarily released as a by- product. This 

new concept was substantiated by a number of workers in 

experiments with H2O enriched with oxygen -18 (43, 50). 

Also the observations of Hill (26) with isolated chloro- 

plasts indicated. that CO2 was not required for oxygen 

evolution. 

Although chioroplasts were known to be the site of 

photosynthesis since 1881, it was not until 1937 that a 

cell -free system could be induced to evolve oxygen. Hill 

(26) devised a very sensitive method for measuring oxygen 

D. 
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evolution. It was based on the spectrophotometric deter- 

mination of oxygemoglobin. He found the reaction required 

an oxidizing agent which was reduced in stoichiometric 

proportion to the amount of oxygen evolved. Hill used 

potassium ferric oxalate as the Hill oxidant. Since then, 

a number of oxidants have been found which will support 

Hill reaction. 

It was assumed that reduced pyridine nucleotide was 

required for the photosynthetic fixation of CO2 just as in 

the Wood -Werkman (56) reactions. However NADP was not 

active as a Hill oxidant. San Pietro (44) later found a 

soluble factor which was present in the supernatant of 

chloroplast preparations and facilitated the reduction of 

TPN. The soluble factor was PPNR. 

It then remained for Arnon (1) to add PPNR and certain 

enzymes of the dark reactions to phosphorylating chloro- 

plasts to induce CO2 fixation. 

Although a great deal is known about what is reduced 

as a result of excitation of light system II, very little 

is known about what is oxidized. Most of the work has been 

in relation to water. Franck (23) proposed the hypothesis 

that water is bound to chlorophyll. Water appears to be 

required for chlorophyll fluorescence (35) and light- 

dependent ESR signals (28). The interpretation is that 

the hydrogen atom is bound to the chlorophyll and that an 
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OH radical is released. If chlorophyll directly oxidizes 

water, an enzymatic system must be coupled to convert the 

OH to molecular oxygen. This is apparent since a rapid 

back reaction would otherwise occur. Nothing is known of 

this enzymatic system. Nor is there any direct experimen- 

tal evidence for the hypothesis that water is oxidized 

while bound to the chlorophyll molecule. 

In supplying electrons for light system I, PQ, cyto- 

chrome f, and plastocyanin are known to be required. Only 

one factor, i.e., the manganese ion, is known to be essen- 

tial for the functioning of light system II, 

Manganese in Oxygen Evolution 

Manganese was first shown to be involved in photosyn- 

thesis by Pirson (40) in experiments with Chlorella. He 

found that manganese deficient cultures, while greatly 

impaired in photosynthetic capacity, carried on an unin- 

hibited respiration and chlorophyll synthesis. Further, 

he showed that photosynthesis was restored within an hour 

if manganese was added back. Kessler (32), ester (21), 

and Spencer and Possingham (45) verified this requirement 

for manganese. 

Two mechanisms are known by which oxygen evolution 

may be by- passed. Oaffron (22) found that Scenedesmus can 

be converted from using water to a system in which the 

E. 
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reductant is molecular hydrogen. This reaction does not 

require the second light system or evolve oxygen. Kessler 

(32) found that manganese -deficient Scenedesmus were in- 

capable of oxygen evolution, but that the system in which 

hydrogen was employed was unaffected by the deficiency. 

The second system in which an artificial electron 

donor is used involves the oxidation of ascorbic acid 

through indophenol and the reduction of NADP (30). As 

with photoreduction in Scenedesmus and other algae, light 

system II is inoperative and 02 evolution by- passed (30). 

Eyster (21) observed that this artificial system was un- 

inhibited by a manganese deficiency in tomato chloroplasts. 

Spencer and Possingham (45) demonstrated that PMS- 

induced phosphorylation was not affected by manganese de- 

ficiency, but that pseudocyclic FMN- mediated phosphoryla- 

tion was. This correlates with the evidence that the PMS 

phosphorylation is cyclic and does not require light system 

II and that FMN- mediated pseudocyclic phosphorylation 

requires oxygen evolution, 

Qerretsen (25) observed in 1950 that illuminated 

chloroplasts produced marked changes in redox potential 

when manganese was present. These corresponded to an 

observed oxygen uptake, and he attributed the changes to 

the formation of peroxide. 

9 
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Kenten and Mann (33) noted a peroxidase- stimulated 

oxidation of manganese in root extracts. In extending 

these studies to isolated chloroplasts (34), they observed 

a photo -oxidation of manganese which was stimulated by 

peroxidase but not by catalase. 

Peroxidase 

For all the in vitro studies on peroxidase, very MNIM. 

little is known of its function in vivo. Theorell (48) 

and Chance (17) have published reviews on the character- 

istics and kinetics of the enzyme. 

One of the first hypotheses regarding photosynthetic 

oxygen evolution involved catalase. Since Van Neil had 

proposed reduction by an electron from water, it was ap- 

parent that when a hydrogen ion and its electron were 

removed, an OH radical remained. The combination of two 

such radicals could yield peroxide, which was then acted 

upon by catalase as follows; 

2H202 catalase >H20 + 02 

This mechanism has been all but discarded as a result 

various inhibitor studies. In vitro assays of catalase 

show a marked sensitivity to cyanide, while oxygen evolu- 

tion is practically insensitive. Nevertheless, the idea of 

an oxidase enzyme in oxygen evolution remains. 

F. 
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G. Statement of Purpose 

The results of Gerretsen and of Kenten and Mann have 

been used extensively in theorizing on the mode of action 

of manganese in photosynthesis. Their work, however, had 

not been repeated nor extended. Obvious extensions evolve 

around the following unanswered questions: 

1. Is the oxidation of manganese a phenomenon which 

is correlated with photosynthetic reactions, or is it a 

nonspecific chemical oxidation? 

2. If photosynthetic reactions enable the oxidation 

of manganese, does this oxidation bear properties similar 

to the Hill reaction? 

3. What is the oxidant in manganese oxidation? 

4. Where, in relation to the electron transport 

sequence of photosynthesis, is manganese oxidized? 

5. What is the nature of the peroxidase stimulation 

in this reaction? 

6. Is this stimulation indicative of an in vivo 

function for peroxidase? 

The purpose of the studies reported in this thesis was 

to attempt to answer these questions and to undertake a pre- 

liminary study of spinach peroxidase. 

1 D. 
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METHODS AND MATERIALS 

A. General 

Extraction procedures: Chloroplasts were prepared 

in two ways. For experiments with manganese oxidation, 

chloroplasts were extracted in phosphate buffer. In phos- 

phorylation experiments, chloroplasts were extracted ac- 

cording to Avron (5). 

In the former, deveined spinach leaves were ground 

in 0.05 M potassium phosphate buffer, pH 7.0, in a Waring 

blendor for two minutes. The homogenate was filtered 

through a double layer of cheese cloth to remove debris. 

The solution was centrifuged at 1000 x g for 15 minutes. 

The pellet was discarded and the supernatant spun at 3500 

x g for 15 minutes. The supernatant was poured off, and 

the pellet was taken up in 0.05 molar phosphate buffer, pH 

7.0, and filtered through glass wool. The chloroplasts 

were used immediately or frozen for later use. The entire 

extraction procedure was performed at approximately 4° C. 

In preparing chloroplasts for phosphorylation studies, 

the deveined spinach leaves were ground in a mortar in a 

homogenizing medium, pH 7.8, consisting of 0.4M sucrose, 

0.05M Tris, 0.01M NaC1 and 0.02 M ascorbate. The homogenate 

was filtered through cheese cloth and spun for 90 seconds 

at 500 x g and the supernatant recentrifuged for seven 

II. 
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minutes at 2000 x g. The pellet was resuspended in the 

homogenizing medium and used immediately. All procedures 

were carried out at 4° C to preserve activity. 

The non -aqueous extraction of chloroplasts was done 

according to the method of Stocking (46). Deveined leaves 

were ground in a mortar with liquid nitrogen. The result- 

ing powder was freeze dried and homogenized with a chilled 

hexane-carbon tetrachloride solution, density 1.32, in a 

glass- tissue homogenizer with about 0.1 g powder /1O ml cold 

solvent. 

This solution waa spun for 15 minutes at 12,000 x g. 

The supernatant was removed and added to an equal volume 

of hexane. The pellet was discarded. The solution was 

centrifuged for five minutes at 1000 x g, and both the 

supernatant and the pellet were assayed for peroxidase 

activity. The pellet contained the chloroplasts. 

Solvent extraction of chloroplasts (13): Chloroplasts 

isolated in phosphate buffer were freeze dried. The dried 

chloroplasts were placed in a sintered glass funnel and 

mixed with chilled, redistilled petroleum ether (b.p. 43 °). 

The solvent was removed under vacuum, and the extraction 

was continued until very little yellow color could be ob- 

served in the extract. The extract was added back to the 

chloroplasts after the volume had been greatly reduced. 

The chloroplasts and the petroleum ether extract were 

13 
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placed in a sintered glass funnel, and nitrogen was blown 

up through the bottom to allow both mixing and drying. 

Pure plastoquinone was added back in the same manner after 

dissolving in petroleum ether. 

Chlorophyll was determined by the modification of 

Arnon (2). 

Phosphorylation experiments were run according to the 

method of Avron (4). The method involves the uptake of 

32Pi into ATP and a phase separation of organic and inor- 

ganic phosphate components. The newly formed organic 

phosphate was counted in a planchet counter. 

Protein determinations were made using the Folin 

phenol reagent (36). 

In all inhibitor studies, the inhibitor was added im- 

mediately before initiating the reaction. The concentra- 

tions are expressed as the final concentration in the 

reaction unless otherwise indicated. 

Instrumentation: All reactions which required light 

were run on a Gilson Differential Respirometer. Spectro- 

photometric determinations were conducted on a Zeiss PMQ II 

spectrophotometer to which a Photovolt Varicord Model 43 

recorder was attached for time course studies. Centrifuga- 

tion was conducted in either a clinical centrifuge or a 

Sorvall Superspeed Model RC -2 refrigerated centrifuge. 

. 
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B. Assay for Oxidized Manganese 

Kenten and Mann (34) found that illuminated chloro- 

plasts oxidize manganese from the +2 to the +3 valence 

state. They used manometry as a technique for quantitizing 

the amount of oxidized manganese. It was felt that a more 

sensitive and reproducible assay should be developed. 

However, the methods finally adopted correlated to some 

degree with techniques developed by Kenten and Mann. 

Manganese in the +3 state can be preferentially com- 

plexed with pyrophosphate. The complex has a maximum ab- 

sorption at 258 mm. In order to obtain a standard curve 

at this wave length, chemically oxidized manganese was used. 

This was obtained by allowing Mn02 and MnSO4 to stand over- 

night in 0.1 M sodium pyrophosphate, pH 7.0. The residue 

was centrifuged out and the manganic pyrophosphate poured 

off. 

This solution was standardized in two ways. The first 

method involved the spectrophotometric measurement of 

ferricyanide formed on oxidation of ferrocyanide by Mn+++. 

Ferricyanide formation was measured at 460 nu to avoid 

overlap with the manganese complex. The second, more sensi 

tive method used was based on the assay developed by Avron 

and Shavit (6) for determining ferrocyanide. Reaction 

mixtures consisted of the following: 
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ml of a mixture of the following reagents: 
2.0 ml 3M sodium acetate pH 6.5 
2.0 ml .2M citric acid 
3.0 ml 1% w/v phenanthroline in ethanol 
2.0 ml .0033M ferric chloride in .1M acetate 

0.3 ml of ferrocyanide containing .2 moles 
x ml of manganic pyrophosphate 

2.2 -x ml of H2O 

The optical density at 510 Ta decreases as the amount of 

Mn+++ increases. 

The two methods gave close agreement for manganese 

standardization. They were not adequate, however, for 

estimation of photo -oxidized manganese. At 46o Tm ferri- 

cyanide has a molar extinction coefficient of only 6.81. 

The ferrocyanide method is adequately sensitive with an 

extinction coefficient of 10,500, but since oxidized 

manganese causes a drop in 0.D., the manganese added has 

to be within strict limits. 

A standard curve for oxidized manganese at 258 OW is 

presented in Figure 1. 

C. Assay for Photo -oxidized Manganese 

The assay for photo -oxidized manganese used by Kenten 

and Mann (34) was based on the manometric measurement of 

N2 evolved when hydrazine was added to reaction mixtures 

containing Mn +' 

The assay used throughout this thesis was spectropho- 

tometric. It involves the destruction, by hydrazine, of 

the 258 Er .c absorption of manganic pyrophosphate. 

0.5 
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Chemically oxidized manganese was used to compare the 

two methods and the results of the comparison are expressed 

in Figures 1 and 2. ¿OD at 258 D5e( is obtained by sub- 

tracting the O.D. of the solution, after addition to the 

cuvette of a few grains of hydrazine, from the initial 

optical density. With chemically oxidized manganese the 

reduced absorption is negligible. 

The advantages of the spectrophotometric method can 

be seen by comparing Figures 1 and 2. The latter is 

standard curve of the manometric method and expresses no 

stoichiometry. 

The reaction mixtures for the biological oxidation of 

manganese consisted of the following: 

1 ml .02M MnSO4 
1 ml .1 M Na pyrophosphate pH 7.0 
1 ml chloroplastu containing less than 1 mg of 

chlorophyll 
2 ml water 

The chloroplasts were added in the dark, since there 

is a rapid initial photo-oxidation of manganese. Unless 

otherwise indicated, the reaction conditions were as 

follows: 

Temperature - 25° C. 
Light intensity - 1000 ft. candles 
Time of illumination - 1 hour 
Gas phase - air 
Color of light - white 

The reactions were run in a Gilson respirometer with 

reciprocal shaking. Experiments were terminated by turning 
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off the lights. The reaction mixture was poured into a 

centrifuge tube and spun for 10 minutes in a clinical cen- 

trifuge. The supernatant was placed in a cuvette and set 

at an arbitrary optical density. Hydrazine was added and 

the cuvette was shaken to insure complete reduction. The 

final O.D. was read and subtracted from the initial O.D. 

to give the AO.D. 

The dark control has the same O.D. at 258 nyA as does 

the reduced reaction mixture which was illuminated (Fig. 

Since the dark controls showed no reduction, the 

determination eliminated their subsequent need, 

Peroxidase 

Peroxidase activity was assayed by following the oxi- 

dation of guiacol (18). The product of the oxidation is a 

resonating tetramer which absorbs at 470 911. The reaction 

rate was determined by following the formation of tetra - 

guiacol at this wave length. Specific activity is express- 

ed as micromoles of tetraguiacol formed /minute /mg protein. 

Reaction mixtures, unless otherwise indicated, contained: 

30 ,umoles of guiacol 
30 ,umoles of peroxide 
100 ,umoles of sodium phosphate buffer pH 6.3 
(x ml of enzyme) 

3 

3 ml total volume in H2O 

Hydrogen peroxide was standardized by titration with a 

standard solution of potassium permanganate according to 
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the equation: 

no4" + 6H+ 5H202----> 2Mn 

Tetraguiacol has a micromolar extinction coefficient 

of 26.6. 

Assay conditions were determined with substrate satu- 

ration curves of peroxide and guiacol. Neither reactant 

was inhibitory at the highest concentrations employed. 

Specific activities were determined with both reactants 

completely saturating. All reaction rates were measured 

during the initial linear phase. Reactions were run at 

room temperature. 

In substrate specificity studies where other phenols 

were employed, the reaction rates were measured in the 

ultraviolet. The quinone or oxidized forms have charac- 

teristic absorptions at around 250 m u. Extinction coef- 

ficients were determined for each quinone at its particular 

maximum absorbing wave length. Activities are expressed 

in micromoles of quinone formed /minute /mg protein. The 

amount of protein or enzyme was kept constant throughout 

the studies. It was also noted that .5 ml of ethanol in 

the 3 ml reaction mixtures was not inhibitory. Consequent- 

ly, the phenols were always added within these confines 

and thereby solubleized. 

21 

+ + 8H20 + 502 



22 

III. RESULTS 

A. Manganese Oxidation 

1. Temperature 

The response to temperature is depicted in Table 1. 

An optimum temperature was observed at 25° C, and no 

detectable manganese was oxidized at 7 °. This was in ac- 

cordance with the expectation that the reaction was photo- 

enzymatic and not a purely chemical response to light. 

Table 1 

Temperature effect on manganese oxidation 

Temperature in °C IIODat258myA 

7 
10 
14 
21 
25 
30 

o 
.255 
.52 
.69 

.63 .595 

Reactions were run at 1000 ft. candles 
for 30 minutes. 

The response to temperature was very similar to the 

response exhibited by Hill reaction. A comparison between 

the manganese oxidizing reaction and the oxygen evolving 

system will be made frequently in regard to certain re- 

sponses. This response to temperature is one of many which 

are similar to the response of Hill reaction. 

1 2 
0 

.21 

.67 

.83 

.49 



2. Light 

Figure 4 illustrates the light response of the man- 

ganese oxidizing reaction. The hyperbolic relation of the 

product formed to intensity, once again indicates that the 

reaction is not strictly photochemical, Bishop (11) de- 

termined that the response expressed by Hill reaction was 

also hyperbolic. The kinetics observed were the same as 

first order enzyme kinetics. 

If the relation of manganese oxidized to light inten- 

sity is truly hyperbolic, then intensity as a function of 

intensity /velocity should be linear. Beginning with the 

Michaelis- Menten equation, this linear relation is easily 

derived (55). 

v .. V(S) 

Km + (S) 

1/v 

by inversion 1/v = 
Km + S 

V(S) 

This is known as the Lineweaver -Burk equation. By multi- 

plying both sides by (S) one arrives at 

(s) 
v 

In the equations: v = velocity or manganese oxidized /hr/ 
mg chlorophyll 

(S) = light intensity 

V = maximum velocity 

Km = Michaelis constant 
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Figure 4. Light effect on manganese oxidation.. , 
manganese oxidized as a function of intensity. 

manganese oxidized as a function of 
intensity /velocity. Reaction mixtures as des- 
cribed in methods. 
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Conditions were not adequate for measuring Km or ;max 

accurately. However, a linear interpretation of the 

Michaelis -Menten equation was needed, and the final equa- 

tion satisfies this requirement. As can be seen in Figure 

4, when intensity was graphed as a function of intensity/ 

velocity, a linear relation existed. This indicated that 

the previous relation of intensity to velocity was hyper- 

bolic. The response to light was identical to that exhib- 

ited by the Hill reaction. 

3. Time Course 

It was next of interest to determine the time course 

of the reaction. This is shown in Figure 5 where oxidized 

manganese is assayed after various intervals of illumina- 

tion. Like the Hill reaction, this response is character- 

istic of first order kinetics. The small amount of 

reduction in the dark control mixtures was probably due 

to the light required for making up the mixtures. 

Oxygen Requirement 

It was noticed in preliminary experiments that the 

reaction would not proceed if the reaction vessels were 

gassed with nitrogen. From this it seemed apparent that 

oxygen was required. Figure 6 further illustrates this 

fact. This phenomenon had not been shown previously, nor 

had any indication been given as to the nature of the 
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Figure 5. Time course of manganese oxidations. Reac- 
tion mixtures were as described in methods. 
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Figure 6. Oxygen requirement in manganses oxidation. 
Reaction vessels were initially gassed with 
N2 and were flushed with oxygen at the time 
intervals indicated. In the reaction vessels 
with FMN, .04/cmoles were added per vessel. 
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oxidant. Two reactions have been described in which oxygen 

can function as a terminal electron acceptor in chloroplast 

reactions. Mehler (39) noted the utilization of molecular 

oxygen as a Hill oxidant, and Krogmann (38) observed an 

oxygen requirement for FMN- mediated photophosphorylation. 

Since the reduction of molecular oxygen is presumed to 

yield peroxide, this could account for the stimulation with 

peroxidase observed by Kenten and Mann and confirmed in 

later results herein. 

5. FMN Stimulation 

Since FMN- mediated photophosphorylation has been shown 

to require oxygen, it was necessary to determine whether or 

not this cofactor would stimulate manganese oxidation. The 

reaction mixtures, containing the cofactor, showed not only 

a similar response to the presence of oxygen but also a 

marked stimulation (Figure 6). This stimulation is better 

illustrated in Figure 7 where the effect of concentration of 

FMN on the rate of manganese oxidation is shown. Satura- 

tion is attained at about .04 »moles /reaction mixture. 

This concentration gave about a seven -fold stimulation. 

The rate of oxygen uptake also increased when FMN was add- 

ed. Reduced FMN is easily auto -oxidized with a correspond- 

ing production of peroxide according to the following 

equation: 
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FMNH2 :- O2 > FMN H202 

This reaction may account for the utilization of molecular 

oxygen in manganese oxidation. Flavin enzymes are known 

to occur in chloroplasts, although there is no evidence for 

the existence of free flavins. The quantity required for 

stimulation emphasizes the catalytic nature and negates the 

possibility of action of FMN as a photoreceptor. From the 

data contained in Figures 6 and 7, it is apparent that 

molecular oxygen is the terminal electron acceptor in this 

reaction. These results also indicate a possible mode of 

action of FMN in the oxidation of manganese. 

6. Inhibitor Responses 

The use of inhibitors has been a valuable tool in the 

analysis of many reactions. The importance lies in knowing 

a particular reaction which shows specific sensitivity or 

in knowing the prosthetic group which is specifically in- 

hibited. Four inhibitors were utilized in order to further 

substantiate the data already presented to this point. Two 

inhibitors were employed to extend the comparison of man- 

ganese oxidation to oxygen evolution or Hill reaction. 

a. DCMU: One of the most unique properties of Hill 

reaction is its extreme sensitivity to DCMU. Wessels (51) 

and Bishop (12) demonstrated that this compound is a potent, 

specific inhibitor of oxygen evolution, i.e., system II. 

+ 
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This is also the site at which manganese deficiencies are 

inhibitory and includes what is arbitrarily called the 

oxygen evolving system. 

It was necessary to determine whether the inhibitory 

action of DCMU would also affect the manganese oxidizing 

reaction. Figure 8 illustrates the action of this inhibi- 

tor on this reaction. The concentration required for 50 

per cent inhibition (10 -6M) closely approximates the con- 

centration required for inhibition of the Hill reaction. 

These results not only confirm that manganese oxidation is 

a partial reaction of photosynthesis but also further 

localize the site of action of DCMU and manganese. 

b. Simazine: Another class of herbicides was also 

investigated by Bishop (15). These are the amino triazines 

and were found to act in the oxygen evolving system. Al- 

though these inhibitors are less potent than DCMU, they 

appear to be equally specific in their action. Figure 8 

shows the effect of simazine on the photo- oxidation of 

manganese. Fifty per cent inhibition was attained at 

5 x 10 -6rß. 

c. Acriflavin: Since FMN stimulated the oxidation of 

manganese, it was naturally supposed that a similar mechan- 

ism might be operating with an endogenous flavin. Acri- 

flavin is a standard competitive inhibitor of flavin- 

catalyzed reactions. In Figure 9 the 11 O.D. at 258 mu is 
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graphed as e function of acriflavin concentration (% w /v). 

Concentration cannot be accurately expressed in molarity 

since acriflavin is a mixture of isOallOxazine derivatives. 

However, the concentration required for 50% inhibition is 

approximately 1 x 10 -3M and agrees with the sensitivity 

seen with other flavin- catalyzed reactions. 

d. KCN: Cyanide is a strong metal chelator and is 

particularly effective against iron containing enzymes. 

Since 02 is taken up in the manganese oxidation and a 

flavin appears to be involved, peroxide would be a natural 

product. A peroxidase stimulation can easily be accounted 

for in this manner. Peroxidase is extremely sensitive to 

cyanide although the Hill reaction is practically insensi- 

tive. The sensitivity of the manganese oxidation, as seen 

in Figure 10, is unique. The concentration required to in- 

hibit manganese oxidation is far greater than that required 

to inhibit in vitro assays of peroxidase but less than the 

concentration required to inhibit Hill reaction. 

7. Solvent Extraction 

Freeze -dried chloroplasts were extracted with petrole- 

um ether as described in Methods. Bishop (13) described 

the procedure which was used to extract the fat soluble 

components, when he found that PQ was the component in the 

extract required for Hill reaction. By adding plastoquinone 

34 
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back to the solvent extracted chloroplasts, Hill reaction 

was restored. The purpose of the experiments to be des- 

cribed was to determine if PQ was essential for manganese 

oxidation. 

Table 2* 

soluble requirement for manganese oxidation 

L 0.D. at 258 % Control 
Activity mg. chl. 

Experiment 1 

Lyophilized chloroplasts 1.46 100.0 
Extracted chloroplasts 0.32 21.9 
Extracted chloroplasts plus extract 0.76 52.1 

Lyophilized chloroplasts plus FMN ** 2.77 100.0 
Extracted chloroplasts plus FMN 0.94 34.0 
Extracted chloroplasts plus extract 

plus FMN 
1.41 51.0 

Experiment 2 

Lyophilized chloroplasts 2.89 100.0 
Extracted chloroplasts 0.704 24.4 
Extracted chloroplasts plus extract 1.22 42.2 
Extracted chloroplasts plus PQ * ** 1.47 51.2 

* All experiments were run in duplicate. 
** FMN added was .036,a moles /reaction mixture. 

* ** 0.1 mg of PQ was added per mg chlorophyll. 

Although it has been reported that 100% restoration of 

Hill reaction can be attained by adding back PQ, such res- 

toration was not accomplished in this work. However, there 

36 

Fat 

. 
%,u 

-- 

s 



is a definite indication that PQ is required. The diffi- 

culty in producing better restoration is probably due to 

experimental technique. The dried chloroplasts took on 

atmospheric water rapidly and made it extremely difficult 

to extract from, or add back PQ to the chloroplasts. How- 

ever, the technique was sufficient to illustrate a require- 

ment for a fat soluble component. Since pure PQ gave a 

better restoration than the crude extract, it would appear 

that plastoquinone is the fat soluble component required 

for the photo -oxidation of manganese. 

Phosphorylation 

Since reduced manganese, in excess, appears to sub- 

stitute for water in the reaction being studied, it is 

feasible that the reaction may support phosphorylation. 

The problem arises, however, in correlating the phosphory- 

lation of the two reactions (02 evolution and manganese 

oxidation) on an electron basis. It has been observed that 

osmotically sound chloroplasts were as efficient in oxi- 

dizing manganese as were the osmotically disrupted, phos- 

phate extracted ones. However,Hill reaction, in the 

presence of an adequate oxidant, generally evolves oxygen 

at a rate far greater than the rate of manganese oxidation. 

Table 3 shows the results obtained in two experiments. 

Reaction mixtures and conditions were as described by 
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Avron (5). It can be seen that manganous sulfate and 

pyrophosphate inhibited photophosphorylation. 

Table 3 

Photophosphorylation and manganese oxidation 

)umoles of ATP formed/hr./mg chi. 

Cofactors 

MN* 

Mn plus Pyrophosphate** 
plus FMN 

Ferricyanide*** 

Expt. 

65.9 

48.4 

Expt. 2 

32.6 

14.2 

3.54 

* FMN concentration - Expt. 1 .005,am /reaction mixture 
Expt. 2 .5 ,um /reaction mixture 

** ,1 M pyrophosphate and .02 Molar MnSO4 were made up to- 
gether in H2O and filtered. The solution was neutral- 
ized to a pH of 7.0 and 1.0 ml was added to each reac- 
tion mixture. 

*** Ferricyanide concentration - 5)umoles /reaction mixture 

Chlorophyll concentration was saturating (695,4g/ 

reaction in Expt. 1 and 137 jg /reaction in Expt. 2) and may 

account for the relatively low rates. The standard devia- 

tion was never greater than 5% on the basis of duplicate or 

triplicate reactions nor on two separate runs through the 

planchet counter. 

Before analyzing the results, it was necessary to 

determine whether the electrons supplied from the mangan- 

ese- pyrophosphate system came exclusively from manganese 
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and not from water - -or if they were also coming .from water, 

to what extent--as compared to the supply from manganese. 

Two experiments were run. 

When FMN is used as a phosphorylation cofactor, there 

is a rapid oxygen uptake. If the reactions in which man- 

ganese is oxidized and water is oxidized are compared, it 

is obvious that the net uptake of 02 will be less when 

water is oxidized. 

A) H2O + FMN FMNH2 + 1/2 02 

FMNH2 + 02 > FMN + H202 

Net: H2O + 1/2 0 ----H202 

B) 2Mn++ + FMN + 2Ht 

FMNH2 02 

2Mn FMNH2 

+ H202 

Net: 2Mn + 2H+ + 02 2Mn+++ + H202 

Since no oxygen is evolved when manganese is oxidized, 

the net uptake should be greater. Therefore a simple ex- 

periment can be run. It involves comparing the oxygen up- 

take when chloroplasts and FMN are illuminated, to the up- 

take of the same system containing also manganese and 

pyrophosphate. If a significant amount of manganese is 

being oxidized, there should be a corresponding increase 

in oxygen consumption. 

--) 
- 

+ 

+ > FMN 

> 

> 
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There were no detectable increases of gas uptake when 

manganese and pyrophosphate were added, indicating that 

the amount of manganese oxidized was negligible as compared 

to the water oxidized or oxygen being evolved. 

The second experiment was run to determine whether 

pyrophosphate would inhibit Hill reaction. If endogenous 

manganese is being oxidized and reduced during Hill reac- 

tion, than one would expect inhibition when the oxidized 

state is complexed with pyrophosphate. This was not the 

case, however, since no inhibition of oxygen evolution was 

apparent with pyrophosphate concentrations as high as .033 

molar. 

From these two experiments it appears that phosphory- 

lation of the water oxidizing system and the manganese 

oxidizing system cannot be accurately compared. The amount 

of electrons supplied from manganese is insignificant com- 

pared to that supplied by water in osmotically intact 

chloroplasts. Also the pyrophosphate trap has no effect 

on the oxidation and reduction of endogenous manganese. 

Although the results expressed in table 3 show that 

manganese and pyrophosphate decrease the rate of phosphory- 

lation, the effect may be due to a non -specific salt inhi- 

bition. There appears to be no way to compare phosphory- 

lation in the two systems without an effective means of 

inhibiting electron transfer from water to endogenous 
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manganese. 

9. Cofactor Studies 

A number of cofactors were employed to determine the 

nature of the electron transfer system. Tables 4 and 5 

present the results of such experiments which were run in 

duplicate. Catalase and peroxidase were commercial prepara- 

tions obtained from beef liver and horseradish, respective- 

ly. The PPNR and chloroplast diaphorase were partially 

purified and were highly active in specific assays. 

The stimulation with peroxidase is in agreement with 

the results of Kenten and Mann (34). High concentrations 

were required for stimulation. There appears to be a 

soluble factor which is partially removed in washing, but 

the amount of peroxidase extracted in the washing solution 

is small in comparison with the amount of peroxidase added 

back to give complete restoration. Catalase is only 

slightly inhibitory at very high concentrations. The con- 

ditions of the Mehler reaction, catalase and ethanol, gave 

no stimulation. In general, internal generation of 

peroxide results in the functioning of peroxidase (16). 

Catalase is more often regarded as a detoxifying agent for 

peroxide (10). However, conditions for the Mehler reaction 

would be expected to be stimulatory since the oxidation re- 

quires only very low concentrations (10-9M) of internally 



Table 4 

Cofactors in Manganese Oxidation 

Chloroplast preparation 

2 

phosphate- extracted 
and unwashed 

phosphate -extracted 
and washed in NaCl- 
Versene 

4 n 

5 n 
phosphate -extracted 
& washed in phosphate 

3 

9) 
10 
11 
12 
13 
14 
15 
16 

17a 

n 

phosphate -extracted 
& washed in phosphate 

a 

r 
n 

n 

n 

sucrose- phosphate 
extracted 

n 

Peroxidase Catalase Etoh % Control 
Act. 

0.0 0.0 0.0 0.0 100 

50 u g 174 

69 

10}ag 
50Pg 

85 
108 

79.5 
10 ,,+ g 80.4 
50 j.k g 113 

0,0 0.0 0.0 0.0 100 

.2 mg 91 

.1 mg 104 

.2 mg 102 
.005 p.m 223 

.1 mg .005 Pm 135 

.2 mg .2 ml .005 pm 182 

104 
. 005 )a m 241 

(1) 

. .FMN 

6 

" 

" 

.2 ml 

" 



generated peroxide (10). Even when FMN was added, which 

would stimulate peroxide formation, there was no additive 

stimulation with catalase and ethanol. 

The lack of stimulation with catalase and ethanol 

seems to be irreconcilable even on the basis of peroxide 

concentration, since the rate of gas uptake in the Mehler 

reaction approximates the rate of uptake in manganese 

oxidation. Furthermore, the manganous ion stimulates gas 

uptake in the Mehler reaction. 

In table 5 two other chloroplast enzymes were employ- 

ed. Both chloroplast diaphorase and PPNR are known to 

contain a flavin; and it was of interest to determine if 

they would stimulate in the manner of FMN. The stimulation 

expressed by both was meager in comparison to the effect of 

FMN. This stimulation, although small, may be due to free 

flavin --or freed flavin --from the two enzymes. PPNR was 

inhibitory in high concentrations, and both enzymes inhibi- 

ted manganese oxidation with FMN present. There was no 

consistent additive effect of the two enzymes. 

So it appears that the rate -limiting step in manganese 

oxidation is an anomalous cofactor, probably containing 

flavin, which facilitates the reduction of molecular oxygen. 

The reaction may require PPNR, but not to the extent of the 

Hill reaction with NADP as the oxidant. 

113 
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The chloroplast diaphorase which has been isolated by 

Jagendorf (4) does not appear to be the flavin component 

responsible for the terminal reduction of oxygen. 

Table 5 

Cofactors in manganese oxidation (2) 

% of 
FMN PPNR Diaphorase Control activity 

0.0 0.0 

.05 ml 

.1 ml 

.5 ml 

0.0 100 

121 

140 

68 

.1 ml 114 

.5 ml 127 

ml .1 ml 113 

.005 ,um 223 

. 005 j,tm .05 ml 218 

.005 ).tm .1 ml 159 

. 005 },tm .1 ml .1 ml 129 

10. Miscellaneous 

Kenten and Mann (33) also described an enzymatic 

system in which manganese was oxidized. This reaction re- 

quires peroxide, peroxidase, and a phenol for the manganese 

oxidation. The authors proposed a highly oxidizing 

Cofactor 

.1 
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intermediate of the phenol which was responsible for the 

final oxidation of the manganese. It was therefore neces- 

sary to differentiate this reaction from the photo- 

oxidation. 

It was first determined that the oxidation which did 

not require light was unaffected by 5 x 10-6 molar DCMU. 

However, the possibility remained that electrons supplied 

from water reduced molecular oxygen to peroxide, and that 

the peroxide then oxidized the manganese. In this case, 

DCMU would prevent the formation of peroxide and thereby 

inhibit oxidation of manganese. 

Two experiments indicated that this is not the case. 

The sensitivity of the photo-oxidation of manganese to KCN 

is seen in Figure 10. However, in a reaction mixture con- 

taining 25,pg of commercial horseradish peroxidase, 

2.5 x 10-4 M KCN completely inhibited the oxidation of 

manganese by peroxide. This concentration does not com- 

pletely inhibit the photo-oxidation of manganese in which 

far less peroxidase is present. 

The second experiment was run to determine the nature 

of the peroxidase stimulation. Chloroplasts were extracted 

and washed several times in buffer or an NaCl-Versene solu- 

tion. These chloroplasts were then illuminated in the 

presence of manganous sulfate and pyrophosphate with vary- 

ing concentrations of peroxidase. By plotting the log of 
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the peroxidase concentration against the rate of the re- 

actions, a linear relation was.obtained (Figure 11). By 

extending the line to the point of the control rate, the 

amount of endogenous peroxidase was estimated. In all 

cases this quantity should have been readily detectable 

with the guiacol assay previously described, No peroxidase 

activity was evident in the well washed chloroplasts with 

the guiacol assay. The stimulation, therefore, is not in- 

dicative of a requirement for peroxidase and certainly does 

not infer an in vivo role for endogenous peroxidase. 

B. Peroxidase 

1. Substrate Saturation 

In order to determine substrate reactivity and concen- 

trations for reaction mixtures, substrate concentration 

curves were run on peroxide and guiacol. A crude prepara- 

tion of spinach peroxidase was used, and since two sub- 

strates were required, one was in excess when the other was 

tested. Thereafter all reactions run on enzyme activity 

were saturated with both substrates to the extent that the 

reaction rate was proportional to the enzyme concentration. 

Figure 12 expresses graphically the concentration curves 

for the two substrates and the relative affinity of the 

enzyme for the substrates. The same quantity of enzyme 

was used for each curve. The reaction is second order, 
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Figure 11. Peroxidase stimulation of manganese oxida- 
tion. Several experiments were run as 
outlined in Results. In no experiment did 
the estimation of endogenous peroxide fall 
below the limit of the guiacol assay sensi- 
tivity. 
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Figure 12. Peroxidase substrate concentration curves. 
Reaction mixtures as described in Methods 
but with variation in the concentration of 
substrate being studied. 
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requiring both substrates in approximately the same con- 

centration. However, there is a very rapid initial utili- 

zation of peroxide, whereas guiacol is oxidized in a more 

moderate, linear fashion until saturation. This rapid 

utilization of H202 agrees with Chance's (16) observations 

that the first reactive intermediate is a peroxide -enzyme 

complex. Since no substrate inhibition was observed at 

high concentrations, the reaction mixtures contained only 

an arbitrary, excess concentration of both substrates. 

2. pH 

The optimum pH of the reaction was 6,3 as seen in 

Figure 13. There was no significant difference in the 

reaction rate at optimum pH with tris -NaOH and phosphate 

buffer. However, in the pH range tested, 5.7 -7.5, the 

enzyme was generally more reactive in tris-NaOH than in 

phosphate. 

3. Substrate Specificity 

Peroxidase is known to be specific in its requirement 

for peroxide but quite non -specific in the requirement for 

an electron donor. Figure 14 shows the relative affinity 

of peroxidase for four phenolic substrates. Guiacol is the 

most reactive, although this may be due to the fact that 

there is only one hydroxyl group whereas the other phenols 

have two. Although the methylated hydroquinones are less 

. 
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reactive than the non-methylated, the arrangement of the 

methyl groups has no apparent effect. 

Since the reaction rates, as a function of substrate 

concentration, were essentially linear, Michaelis- Menten 

interpretation was meaningless. Enzyme concentration was 

in such excess that maximum velocity was not approached. 

Several attempts were made to oxidize naturally occur- 

ring phenolic compounds. Vitamin E and reduced Vitamin K 

were used but were not oxidized. This was probably due to 

the long chain hydrocarbons which prevented adequate solu- 

bility. 

4. Inhibitor Responses 

A number of inhibitors were employed in order to ob- 

serve the peroxidase response. It was felt that such 

observations might aid in formulating an in vivo function 

for peroxidase. At least six inhibitor concentrations 

were used to determine the concentration for 50% inhibi- 

tion. Table 6 summarizes the results obtained with 

numerous inhibitors. These inhibitors can be characterized 

in regard to their general mode of action as follows: 

a. KCN is a potent inhibitor of iron enzymes, and 
peroxidase is known to be an iron- porphyrin. 
Cyanide is an effective chelator of the iron 
moiety which is known to be the active site. 

b. Sodium azide inhibits catalase and Hill reaction 
at about 10-3 molar concentrations. Peroxidase 
was not as sensitive as expected. 
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Sodium fluoride inhibits numerous enzymes but 
does not inhibit peroxidase. 

d. Acriflavin is a competitive inhibitor of flavin 
enzymes, The inhibition of peroxidase with acri- 
flavin could be duplicated with FMN. 

e. DCMU is a potent inhibitor of 02 evolution in 
photosynthesis. A much higher concentration was 
required for peroxidase inhibition, and complete 
inhibition could not be attained, probably be- 
cause of solubility. 

f. Hydroxyl amine is a rather non-specific inhibitor 
of photosynthesis. 

g. Salicylaldoxime, sodium diethyl dithiocarbamate, 
and ethyixanthic acid are rather non-specific 
metal chelators. However, they are generally re- 
garded as copper chelators. The carbamate pro- 
duces a long lag phase in the peroxidase reaction 
but no rate inhibition. The carbamate may be 
acting as a substrate for the reaction. 

Inhibitor 

Table 6 

on peroxidase 

potassium cyanide 

sodium azide 

sodium fluoride 

acriflavin 

DCMU 

hydroxylamine 

salicylaldoxime 

sodium diethyl dithiocarbamate 

ethylxanthic acid 

4.1 x 10-7 M 

3.5 x 10-2 M 

no inhibition at .01 M 

8 x 10-4 

2.33 x 10-4 M 

no inhibition at .01 M 

6.6 x 10-4 M 

4 x 10-4 

c. 

effects 

Inhibitor Conc. for 50% Inhibition 

M 

? 

m 
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Purification Procedure 

In an attempt partially to purify spinach peroxidase, 

several standard procedures for purification of this 

enzyme were used. However, only three of these gave a 

significant purification. 

A kilogram of deveined spinach was ground in a liter 

of .05 M phosphate buffer, pH 7.0. The homogenate was 

filtered through cheese cloth and centrifuged. The super - 

natent was used as the crude extract or fraction 1. 

DEAE fractionation: When 25 ml. of a crude extract 

was fractionated on a column, a maximum 10 -fold purifica- 

tion was attained. The results of such a procedure are 

expressed in table 7. The eluate was .01 M phosphate 

buffer, pH 7.0, and the crude extract was suspended in a 

similar solution. Aliquots of six ml, were collected. 

Ammonium sulfate precipitation: This was ordinarily 

used as the initial purification step since chlorophyll 

could be removed in this manner. Also the volume for 

further use was greatly reduced. Solid ammonium sulfate 

was slowly added to the extract until 30% saturation was 

reached. The solution was centrifuged at 7,000 x g for 15 

minutes, and the pellet was discarded. The supernatent 

was then brought up to 80% saturation and recentrifuged 

and the pellet saved. The 80% supernatant was discarded. 

The pellet was resuspended and dialyzed for 12 hours 

5. 
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Table 

Peroxidase Characteristics on DEAE 

Total 
Volume 

mg prot. OD/min. OD/min. Total 
Act. ml mg prot. 

Crude extract 25 ml 4.77 2.17 .456 54.25 

fraction 7 6 ml .070 .205 2.92 1.23 6.40 

8 6 ml .233 .91 3.87 5.46 8.49 

9 6 ml .284 1.306 4.60 7.86 10.09 

10 6 ml ,566 1.33 2.35 7.98 5.15 

11 6 ml .490 1.728 3.52 10.38 7.72 

12 6 ml .611 .70 1.146 4.20 3.20 

6 ml .548 1.46 .266 .876 .58 

7 

. Purifie. 

ml . 

. -a- 

. 
' 

` 

. 
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against tap water. This procedure resulted in about a 

3 -fold purification with about 80% recovery. The highest 

specific activity was precipitated between 50% and 60% 

saturation, but the recovery was only 5 %. 

Acetone precipitation: Purification with acetone 

varied a great deal. Partially purified preparations were 

always used, and the increase in specific activity was 

between 2 and 10 -fold. A volume of ice cold acetone equal 

to that of the preparation was added slowly, with constant 

stirring. The resulting solution was centrifuged, and the 

pellet which contained the enzyme was taken up in buffer 

and dialyzed. The dialyzed solution was centrifuged again, 

and the supernatant contained the enzyme. 

Table 8 gives the purification procedure which re- 

sulted in the purest enzyme preparation with the best 

retention of activity. Numerous other techniques were 

tried but did not improve the procedure. These included 

protamine sulfate precipitation, carbowax precipitation, 

Sephadex column chromatography, DEAE thinlayer chromatogra- 

phy, and ethanol precipitation. 

6. Distribution 

A non- aqueous extraction of chloroplasts was conducted 

according to the procedure outlined in methods. The super- 

natant activity was essentially the same as the chloroplast 



Table 8 

Purification Procedure for Spinach Peroxidase 

Fraction Total 
Vol. 

prot. ©D n, 0p/min. Total 
Act. 

Purification 
prot. 

1) Crude extract 1000 ml 2.78 .326 .117 326 MO** 

2) 30% (NH4 (NH4)2SO4 1000 ml 2.25 .317 .141 317 1.21 

3) 80% (NH4)2SO4 95 ml 6.79 3.08 .453 292 4.76 

4) DEAE column 151 ml 2.43 1.61 .662 243 5.66 

5) Acetone pre- 
cipitation 60 1.40 2.60 1.86 156 15.9 

6) DEAE column 24 ml .83 4.36 5.25 105 44.9 

mg 
ml ml mg 

ml 
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activity: 

chloroplasts 

supernatant 

O.D. /mg protein 

.53 

.46 

This would indicate that peroxidase is not localized 

within the chloroplasts. 

. 
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IV. DISCUSSION AND CONCLUSION 

Kenten and Mann (34) provided conclusive evidence that 

manganese is oxidized by illuminated chloroplasts. Perhaps 

the major significance of this reaction is thegeneration of 

such a highly oxidized substance which is then utilized in 

sebsequent reactions of photosynthesis. In initiating the 

research that has been presented, it was felt that three 

aspects of the reaction deserved further consideration: 

(1) Is the photo -oxidation of manganese a result of photo- 

synthetic reactions or a non -specific light- induced 

phenomenon? (2) What is the site of manganese oxidation 

in chloroplast reactions? (3) Is peroxidase required for 

this photo -oxidation or otherwise implicated in chloroplast 

reactions? 

The results contained herein and related information 

from other sources suggest that these questions can be 

answered with some degree of accuracy. 

A. Manganese Oxidation and Photosynthetic Reactions 

The responses exhibited by the manganese -oxidizing 

reaction are strikingly similar to Hill reaction responses. 

The responses to light and to temperature are identical. 

The most unique property that the two reactions have in 

common is the response to DCMU and to simazine. These 
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inhibitors are both very specific, particularly at the con- 

centrations employed. Both reactions show essentially the 

same sensitivity. 

If we consider that the oxidation of water and oxida- 

tion of manganese are analogous, it is of interest to con- 

sider the nature of the oxidant in the latter reaction. No 

standard Hill oxidant could be utilized in the reaction 

since the reduced form would be oxidized by the Mn 

However, molecular oxygen is capable of acting as 

oxidant. Since oxygen is essential for the oxidation, 

is apparent that it is the terminal electron acceptor. The 

peroxide resulting from the reduction of oxygen can be 

rapidly destroyed by catalase or peroxidase, thus prevent- 

ing a back reaction between oxidized manganese and perox- 

ide. 

In view of these observations, the results with FMN are 

of particular interest. Arnon has studied the effects of 

FMN as a cofactor for photosynthetic phosphorylation (54). 

Although there are conflicting opinions regarding the mode 

of FMN action, it is known that in the presence of oxygen, 

reduced FMN is auto -oxidized. Thus in aerobic systems FMN 

acts as a Hill oxidant, and the oxidized form is regener- 

ated with the production of peroxide. 

If the response of phosphorylation and of manganese 

are compared in regard to the FMN effect, striking simi- 

a Hill 

it 
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larities are observed: 1) Both reactions are saturated 

with FMN at .04 ,moles (54). 2) At saturation there is 

about a seven -fold stimulation in both reactions (54). 

3) Both reactions require 02 (38). 4) Both reactions are 

sensitive to the same concentrations of DCMU (29) and 

cyanide (54). 5) Both reactions appear to require plasto- 

quinone (53). 

The reactions with FMN are essentially the same and 

can be assumed to require the same electron carriers. The 

site of FMN reduction has been localized by Arnon (54). 

PPNR and NADP are both required. PPNR did not signifi- 

cantly stimulate the manganese oxidation,but, since the 

reaction is very slow as compared to Hill reaction, PPNR 

is probably not a rate -limiting step. However, the close 

correlation between FMN- mediated phosphorylation and 

manganese oxidation is sufficient to conclude that a full 

compliment of the active photosynthetic electron carriers 

is required. 

The photo- oxidation of manganese proceeds at a very 

slow rate, as compared with the photo- oxidation of water. 

This can be easily reconciled if one considers that in the 

first case the product accumulates and in the second the 

product, 02, is liberated as a gas. 

Pyrophosphate, as indicated in results, does not in- 

hibit the Hill reaction, This was not unexpected, because 
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metal chelators have never been shown to have a profound 

effect on Hill reaction. Since manganese is certainly 

required for Hill reaction in one capacity or another, 

is apparent that it is bound in such a fashion as to be 

inaccessible to chelators. The oxidation of added mangan- 

ous ions can then be thought of as supplying electrons to 

endogenous manganese to substitute for or supplement the 

electrons from water. 

B. The Site of Manganese Oxidation 

Since the experiments of Kessler, Spencer and Possing- 

ham, and of Eyster have implicated manganese in oxygen 

evolution, it is natural to assume the oxidation to be 

occurring therein. However, one major conflict exists 

and deserves attention. Peroxide is capable of oxidizing 

manganese under certain conditions, and since peroxide is 

generated in the manganese oxidizing reactions, this could 

account for the oxidation. No direct evidence can be used 

to refute this observation, but a good amount of indirect 

evidence can be amassed. 

Peroxidase stimulation 

Peroxidase, which is required for the oxidation of 

manganese by peroxide, stimulates the photo -oxidation. The 

interpretation presented in Results illustrates that the 

it 
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stimulation of the reaction by peroxidase is in no way 

indicative of a peroxidase requirement. In fact it ap- 

pears that added peroxidase caused a diversion from the 

normal reaction. 

Catalase inhibition 

Kenten and Mann (34) observed a catalase inhibition 

which would appear to substantiate a peroxidase require- 

ment. However, 4 mg. of catalase was required to lower 

control activity to about 60%. They ascribed the need 

for exceedingly high concentrations of peroxidase and 

catalase to problems of penetration, although they were 

using osmotically disrupted chloroplasts. In results in 

this thesis catalase and catalase with alcohol were not 

inhibitory at the concentrations used. Excessive concen- 

trations of PPNR were inhibitory, and it would appear 

possible that the catalase inhibition observed by Kenten 

and Mann was equally non -specific. 

3. Cyanide inhibition 

The sensitivity of the two reactions to cyanide is 

different. However, this may be due to a light- induced 

photodissociation of the ferrous -cyanide complex. 

Since catalase has a greater affinity for peroxide 

than peroxidase and since there is plenty of catalase 

present in the chloroplast preparations, it seems unlikely 
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that peroxide is oxidizing manganese. On this basis, it 

can be preposed that manganese is being oxidized at a site 

in the oxygen evolution sequence. 

The inhibition of the photo- oxidation of manganese by 

DCMU and by simazine allows a new sequential perspective. 

The site of manganese oxidation must be closer to the 

terminal oxygen evolving end than are the sites of inhibi- 

tion of DCMU and simazine. Heretofore, the relative 

position of the inhibitors to manganese was not known. 

Finally, the generation of such a high redox potential 

merits further examination, A redox potential of +1.51 is 

sufficient to oxidize water to oxygen according to the 

following equation: Mn 4 + 2H20 + 4H+ + 02 

The electrode potential of the half cell reaction, 

water- oxygen is +.815. The equivalent to MINT"-/- is +1.51. 

So the oxidation of water by manganese would release over 

16 kilocalories per mole of electrons. This reaction is 

thermodynamically feasible but has not been demonstrated. 

A high activation energy may be required. 

So not only is the manganic ion theoretically capable 

of oxidizing water, but also of concurrently releasing a 

large amount of energy. Although the site of photosyn- 

thetic phosphorylation is presumed to be between PQ and 

the first light reaction, the release of energy is almost 

twice as great in the theoretical oxidation of water by 
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the manganic ion. There is some evidence that there may be 

two phosphorylation sites in photosynthesis. DCIP supports 

phosphorylation both as an electron acceptor (7) and as an 

electron donor (52). Also, inhibitor studies indicate two 

sites (8). If two sites exist, the reaction above is 

worthy of consideration. 

Peroxidase 

A preliminary study involving the purification and 

properties of spinach peroxidase has been presented. There 

are no aspects in which the enzyme appears to differ from 

horseradish peroxidase. The purification procedure is 

necessarily different from Theorell's. This is probably 

more indicative of the difference in the tissues than in 

the enzymes. 

Peroxidase does not seem to be specifically required 

for the photo -oxidation of manganese, nor is there any 

evidence for any oxidase function of peroxidase in the 

chloroplast reactions studied. 

C. 
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