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THE ROLE OF !~ANGANESE IN PHOTOSYNTHE"FIC OXYGEN E \/OLUTIOiJ 

Robert Eugene Blankenship 
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Laboratory of Chemical Biodynamics 
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Berkeley, California 
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ABSTRACT 

The mechanism of oxygen evolution remains one of the most 

interesting and yet one of the least understood aspects of photosyn

thetic energy storage. Nanganese has long been associated with the 

02 evolvirig step of photosynthesis. It has been postulated that 

manganese stores oxidizing equivalents generated by Photosystem II 

until four have been accumulated, at which time oxygen is quickly 

produced from water. However, precise evidence concerning the role 

and environment of chloroplast manganese is not available. 

A manganese EPR signal not present in untreated chloroplasts is 

observed in chloroplasts treated by washing in Tris buffe0 (0.8 M, 

pH 8.0) for 15 min. Centrifugation indicates that the manganese 

responsible for the EPR signal~ localized in the chloroplasts, not 

free in the supernatant liquid. Atomic absorption analysis demon

strates that about 10% of total chloroplast manganese is lost upon 

Tris treatment, but 60% of the remaining chloroplast manganese pool 

is converted to an EPR-detectable state. 

The EPR spectrum of manganese in Tris-washed chloroplasts is 

identical with that of divalent aqueous manganese in g factor, 

hyper~ine splitting, and linewidth temperature dependence. Upon 
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Tris treatment, manganese is apparently released into the interior 

space of the thylakoid membrane. 

Release of manganese into an interior chloroplast space upon 

Tris treatment is interpreted as evidence that chloroplast manganese 

is located on or near the interior surface of the thylakoid prior to 

Tris treatment. This interior location of chloroplast manganese, 

thought to be the site at which o2 is produced, supports results 

from other laboratories which indicate that 02 is produced inside 

the thylakoid. 

Tris-washed chloroplasts which have lost the ability to evolve 

oxygen can be reactivated to 100% of the oxygen rate of control 

chloroplasts in continuous illumination. Furthermore, in flashing 

light the reactivated chloroplasts exhibit oxygen-yield oscillations 

of period four that are characteristic of the control. We observe 

similar kinetic parameters for intermediate steps in the water

splitting process for the two preparations. vJe conclude that the re

activation procedure restores the native oxygen evolution mechanism 

to Tris-washed chloroplasts. 

Manganese, released by Tris treatment into an EPR-detectable 

~tate, is returned to an EPR-undetectable state by reactivation. A 

relatively rapid and reversible light-induced component of EPR Signal 

II is observed upon inhibition of oxygen evolution by Tris-washing. 

Reactivated chloroplasts are similar to untreated chloroplasts in 

that this Signal II transient is not observed. The reactivation 

procedure does not require light to restore oxygen ~volution, and 

EDTA has no effect on the extent of r~activation. These results are 
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discussed in terms of possible mechanisms for manganese incorporation 

into photosynthetic membranes. 

Mn+2 is investigated as an artificial electron donor to Photo

system II in chloroplasts. Mn+ 2 is oxidized by inhibited chloroplasts 

but not by untreated chloroplasts. The reaction is OCMU-sensitive 

and exhibits a red drop, both tests for Photosystem li activity. 

Manganese added to the exterior of the thylakoid is more efficiently 

oxidized than manganese inside the membrane. Upon Trfs treatment, 

the site of donor oxidation is apparently shifted from a buried 

interior to an exposed exterior location. 

1 We have observed a new room temperature tPR signal in chloro-

plasts which forms in clOO ~s following a flash and decays in 700 ~s. 

This radical is DCMU-sensitive and has a spectrum similar to Signal 

II. The decay of the resonance, called Signal IIvf, is slowed 1000-

fold by Tris treatment. Addition of Mn+2 eliminates any light-induced 

change. We conclude that Signal IIvf arises from the primary electron 

donor to Photosystem II in oxygen evolving chloroplasts. 
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CHAPTER 1 

) 

INTRODUCTION TO PHOTOSYNTHESIS AND OXYGEN EVOLUTION 

A. Definition of Photosynthesis 

Photosynthesis means synthesis using light. Technically, this 

would extend to a large number of reactions, organic, inorganic and 

biological. In practice, however, the definition is restricted to 

that synthesis using light which is mediated by living organisms and 

which results in storage of some of the light energy. This restric

tion to energy-storing reactions eliminates from the definition of 

photosynthesis such light-driven processes as vision, phototaxis, 

and b.iological rhythms. In these phenomena, the light sensitive 

organ serves to detect light and the organism responds in some way 

to the light, but the light energy is not stored by the organism 

for future use, as in photosynthesis. 

This definition of photosynthesis is still very broad in that 

it makes no mention of the mechanism of energy storage. In fact, 

we find that all photosynthetic organisms except one proceed by 

mechanisms which can be described as roughly similar to one another. 

They contain chlorophyll-like pigme~ts and the initial energy-storage 

~yent appears to be formation of an oxidant and. a reductant. One 

type of organism, represented by Halobacterium halobium, seems to do 

photosynthesis by an entirely different mechanism. Its pigment is 

bacterial rhodopsin and its p~Jmary energy storage is proton trans

location across its outer membrane {Oesterhelt and Stoeckenius, 1973). 
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There are three main types of the chlorophyll-type of photo

synthetic organisms: photosynthetic bacteria, blue-green algae, and 

the higher forms. The latter category includes both green algae 

and higher plants. The more primitive types, the photosynthetic 

bacteria and the blue-green algae, are procaryotic organisms; that 

is, they have only a single type of membrane, the outer cell mem

brane, and no well-defined internal organelles such as a nucleus, 

mitochondria, or chloroplasts. In these procaryotic organisms the 

chlorophyll-type pigments are located in the outer cell membrane. 

The more advanced forms, green algae and higher plants, are eucaryotic 

organisms. They have internal organelles which are surrounded by 

membranes. Chlorophyll is contained in one type of these subcellular 

organelles, the chloroplast, which is where photosynthe~is takes 

place. 

The photosynthetic bacteria contain a pigment called bacterio

chlorophyll rather than the chlorophyll which is present in all 

blue-green algae, green algae and higher plants. Many other pigments 

differ widely from species to species, but chlorophyll is always 

found in blue-green algae and the higher forms of photosynthetic life. 

Perhaps the most striking and important difference betlveen 

photosynthetic bacteria and these other forms is that photosynthetic 

bacteria do not evolve oxygen. Oxygen is produced by the oxidation 

of water by the chloroplast, the mechanism of which will be discussed 

in more detail later in this chapter. Photosynthetic bacteria cannot 

utilize H20 as their terminal electron donor, and must instead use 

other more easily oxidizable compounds. A wide variety of compounds 

are o;ddized by photosynthetic bacteria, including H2s, H2 and 



·~· 

-3-

several organic acids. Table I summarizes the differences between 

the various genera 1 types of photosynthetic organi srns. 

Table I 

Comparison of Some Properties of Different Types of 

Photosynthetic Organisms 

Photosynthetic 
Organism Bacteria 

Type Procaryotic 

Pigment BChl and 
others 

Mechanism 
of photo- ox-red 
synthesis 

Terminal H2S, ~2' 
reductant organ1 c 

(H2A) compounds, 
etc. 

Halobacterium 
halobium 

Procaryotic 

Bacterial 
Rhodopsin 

Proton 
translocation 

Blue-green 
Algae 

Procaryotic 

Chl a and 
others 

ox-red 

Green Algae 
and Higher 

Plants 

Eucaryotic 

Chl a and 
others 

ox-red 

Since the research reported in this thesiswas performed ex-

. elusively on photosy~thetic organisms from the higher plants category, 

the detailed discussion of the mechanism of energy storage via photo-

synthesis will be restricted to the higher forms of photosynthetic 

life. The information that has been obtained by a large number of 

workers indicates that ~ithin this group the mechanism of photosyn

thesis is relatively unchanged from one organism to another. There 

are, of course, differences from one type of plant or algae to 

another, but these generally reflect small changes within are

markably constant overall scheme. Also, the biochemical reactions 

leading to the utiltzation of co2 appear to have a larger variety of 

variation~ among the different species than do the reactions a:so· 

ciated more directly with primary energy storage and oxygen evolution. 
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B. History and Overall Equation fot' Photosy_nthes_i.2._ 

During the 1 ate 18th century the over a 11 reaction of photosyn

thesis was first determined. For a more detailed account of the 

history of photosynthesis, see Rabinowitch and Govindjee (1969) and 

Clayton (1971). Joseph Priestley, the English minister-chemist, 

reported in 1776 that a sprig of mint would 11 in:prove 11 air in which 

a candle had been burned. Thus oxygen was discovered to be a pro

duct of plant action. Jan Ingenhous2, an Austrian court physician, 

first realized the importance of light to this process in 1779. In 

1782 the Swiss minister Jean Senebier published a book in which he 

described experiments which showed that the air-restoring activity 

of plants depended on carbon dioxide being present.· Nicolas Theodore 

de Saussure showed in 1804 that to account for the amount of organic 

matter formed it was necessary to assume that water, in addition to 

C02, was a reactant. So by the early 19th century the overall 

equation for green-plant photosynthesis could be represented by: 

light 

green plants 
02 + organic matter ( 1- l ) 

The first precise measurements of the stoichiometries of the 

products and reactants were provided by a Frenchman, T. B. 

Boussingault, in 1864. He found that the ratio of the co2 taken up 

and 02 fol~med was unity. This indicated that the carbon compounds 

formed had the same degree of reduction as carbohydrate. The 

balanced reaction is thus written as: 

light 
(1-2) 

green plants 



-5-

where (CH20) represents 1/6 of a glucose molecule. 
' This reaction is endergonic by 112 Kcal/mole, so the driving 

force for the reaction must come from an outside source, which is 

of course light. The wavelength of light which is most efficient 

for photosynthesis, 680 nm, has an energy content of 42 Kcal/einstein. 

The best modern values for the quantum requirement of the reaction 

shown in Equation (1-2) center around 9 photons, so 388 Kcal of 

light energy are required to store 112 Kcal of chemical energy, 

giving an overall efficiency of about 29% for photosynthesis. 

A somewhat more general formulation of the overall equation of 

pho~osynthesis is due to Van Niel (1941). He noticed similarities 

between bacterial and green-plant photo~ynthesis a~d pfoposed a 

general formula for photosynthesis, given in Equation (1-3). 

light 

plants, bacteria 

H2A is any of a class of terminal reductants, and A is i :~s oxidized 

form. For green plants, A is oxygen. 

This equation suggests that there are two parallel reactions, 

the oxidation of 2H2A and the reduction of co2. Van Niel 's concept 

of photosynthesis being a light-driven oxidation-reduction reaction 

has become the central dogma of modern research in the field. 

C. Division into Light and Dark Reactions 

A small extension of Van Niel's hypothesis concerning the 

oxidation-reduction nature of photosynthesis allows for a clearer 

pic~ure of the nature of photosynthesis energy storage. We now 
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know that the essential photosynthetic event is the creation of 

oxidized and reduced species in the light rather than direct photo-

oxidation of water and photoreduction of co2. These primary light 

reactions produce strong oxidants and reductants which then subse

quently oxidize water and reduce co2 via dark thermal reactions. 

This concept of light and dark reactions is somewhat different 

from the more common practice of labelling the membrane-bound 

reactions which form ~2 , ATP and NADPH 1 the "light reactions"
1 

and 

ihe soluble reactions in which co2 is reduced to carbohydrate) the 

11 dark reactions" ; 

It is possible to perform partial photosynthetic reactions 

utilizing different terminal oxidants and reductants than the phys i a

logical co2 and H2o. Of these partial reactions, by far the most 

jmportant has been the use of an artificial electron acceptor as the 

terminal oxidant. This reaction, discovered in 1939 by Robert Hill 

and therefore called the Hill reaction (Hill, 1939), has made 

pass i b l e many of the subsequent important advances which detailed 

the mechanisms of the membrane-bound chloroplast reactions. It is 

represented in Equation (1-4): 

1 i ght 
2H20 + 4B

0
x -----~ 

chloroplasts 
(1-4) 

This equation assumes that B is a one-electron acceptor whose re

duction does not involve hydrogen. The most conmon example is the 

ferricyanide ion. For other acceptors the reaction may have a 

s 1 i ghtly different form due to different s toi chi ometry, but the 

princ1ple is the same. 
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D. Two Photosystems and the Z .scheme 

We know that the membrane-bound chloroplast reactions are light-

driven. The question then arises as to \'lhether there is only one 

or more than one type of primary photoact. That is, whether a 11 the 

products of the membrane-bound reactions are formed as the result of 

identical reactions occurring at a single center, or \'lhether two or 

more types of centers cooperate either in series or parallel. Before 

and during the 1950's several experiments were performed which are 

now interpreted as evidence for more than one photosystem in o2 
evolving organisms. One observation is known as chromatic transients, 

in whi~h the rate of 02 evolution in algae undergoes transient changes 

when the illuminating light is switched from one color to another. 

The intensities of the lights have been adjusted to give equal steady

state rates (Blinks, 1957). Another effect is called the "red drop", 

in which it was discovered that light of longer wavelength (>.. >685 nrn) 

is not effective in 02 production, even though it is absorbed by 

chlorophyll a (Emerson and Lewis, 1943). A final and very important 

discovery was also made in Emerson's laboratory (Emerson et ~-, 

1957). Emerson and colleagues found that when plants are presented 

with both red (>.. = 650 nm) and far red (>.. = 700 nm), the rate of 

oxygen production is larger than the sum of the rates produced if 

the illumination is given separately. All of these experiments 

indicate that more than one kind of reaction is occurring, and 

that probably the different reactions have different wavelength 

dependencies. 

.' ..... 
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In 1960 Hill and Bendall proposed that 02 evolving photosyn

thesis systems contained two photoreactions coupled together in 

series. Their proposal was based mainly on the fact that chloro

plasts contain cytochromes, which Hill and Bendall correctly pre

dicted serve as an electron transport chain be~ween two photosystems. 

In 1961, Duysens et ~· reported a dramatic confirmation of the Hill 

and Bendall theory. They found that far-red light (>. = 680 nm) oxi

dized cytochrome f and green 1 i ght ( >. = 562 nm) reduced it. These 

antagonistic effects are the most convincing evidence for two light 

reactions operating in series .. The two reactions \'Jere called Photo-

system I (PS I) and Photosystem II (PS II). PS I reduces the 

terminal electron acceptor HADP, and operates best in far-red 

light, while PS II oxidizes the terminal electron donor H20, and 

is driven most efficiently by red light. A very large number of 

subsequent investigations have confirmed the series formulation of 

electron transport in photosynthesis, and today it is generally 

accepted as correct. A modern version of the Z scheme is given in 

Figure 1. 

E. Oxygen Evolution 

As discussed earlier, Priestley discovered in 1776 that plants 

produce oxygen upon illumination. Until recently it was not kno\·m 

exactly 1vhere this oxygen came from, but according to the Van Iii e 1 

formalism one would expect it to be formed from the oxidation of 

water. Ruben et .!l· (1941) showed in 1941, using 180-enriched water, 

that this was indeed the case. 

The half reaction of water oxidation is given in Equation (1-5): 

+ 02 + 4H + 4e (1-5) 
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Fig. 1. A modern version of the Z-scheme for electron flow in photosynthesis. Details are 

given in the text. 
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The reduction potential {Eb) for this reaction {more correctly 

written as a reduction of o2 rather than as an oxidation of H20) 

is +0.82 v at pH 7 {Latimer, 1952). The reduction potential of 

this reaction is pH-dependent by 60 mv per pH unit ~nd is +1.24 v 

at pH 0. These values assume a fugacity of l atmosphere for 

o2 and a temperature of 25°C. One would not necessarily expect 

the value of the reduction potential to be the same at the o2 pro

ducing site as it is in the standard state. The Nernst equation 

predicts that as the pH becomes more acidic, the E of the half 

reaction would increase, but as the fugacity of 02 or the activity 

of H2o are decreased below their standard state values of unity, 

the E of the half reaction would decrease. These competing effects 

may partially or totally cancel each other out. It is difficult to 

predict the extent to which each of these effects occurs; however, 

it seems unlikely that the average potential at the reaction site 

varies by more than 200 mv from the standard state value of 0.82 v. 

F. Requirements for the Oxyge;: Evolving Center 

Equation {l-5) represents a four-electron oxidation of ~20 to 

molecular oxygen. Several possible mechanisms of 02 production 

are therefore possible. Four separate one-electron oxidations of 

H20 could occur, with intermediates {1) hydroxyl radicals, {2) 
-

oxygen atoms or hydrogen peroxide, and {3) superoxide ions. These 

four one-electron reactions have the same overall free energy change 

that the single four-electron reaction has, but the free energy 

change does not occur in equal steps with each successive oxidation. 

Table II lists the potentials for the various redox reactions of 
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Reduction Potentials for the Reduction of Oxygen to Water (adapted from George, 1965). 

Conditions: 25°C, pH 7.0, o2 fugaci~. 1 atm. other speciea 1 molal solutions, except H20, for which values -

refer to the liquid state. 

One 
e- steps 

Two 
e- steps 

Four 
e- step 

Via Hydrogen Peroxide 

Reaction 

o
2 

+ e- ~ o
2
-

- +. -02 + 2H + e ~ H2o2 
+ -H2o2 + H + e ~ HO + H20 

+ -HO + H + e ~ H20 

+ -02 + 2H + 2e ~ H202 
+ -H2o2 + 2H + 2e ~ 2H 20 

+ o2 + 4H + 4e __,., 2H 0 ...,.... 2 

I Io Volts 

-0.45 

+0.98 

+0.38 

+2.33 

+0.27 

+1. 35 

+0. 81 

Via Oxygen Atom 

Reaction 
I 

~ Volts 

o2 + e ~ 0-
~ 2 -0.45 

- + - -0.57 02 + 2H + e ~ H20 + 0 
I 

+ - __, 
0 + H + e ~Ho +1. 92 __, 

~ I 

+ - __, H 0 HO + H + e 
~ 2 +2.33 

' + -02 + 2H + 2e ~ H20 + 0 -0.51 
·+ -0 + 2H + 2e :;::: H20 +2 .12 

+ -
02 + 4H + 4e ~ 2H20 +0.81 
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oxygen between H20 and o2, utilizing either an oxygen atom or a 

hydrogen peroxide intermediate. These reactions are conveniently 

arranged in terms of one electron, two electron and four electron 

processes, but various other combinations are also possible. This 

tabulation makes no attempt to li.st the many possible intermediates 

in which oxygen is contained in a carbon compound, in which case 

the potentials may be considerably altered from standard values. 

The fact remains, assuming standard states for reactants and pro-

ducts, that regardless of the mechanism employed, the free energy 
I 

change of the overall reaction is unchanged, and the average E
0 

for 

all reactions in a given mechanism must be +0.82 v. Therefore, the 
I 

average E
0 

of the oxidants produced by PS II must be somewhat 

greater th~n the +0.82 reversible potential, so that the reaction 

will proceed in the direction written in Equation (1-5). 

A photon of wavelength 680 nm contains about 1.8 ev of energy. 

Ross and Calvin (1967) used thennodynamic arguments to estimate 

that a maximum of only about 1.23 ev PS II photon could be stored 

as redox energy. A recent value for the potential of the primary 

acceptor of PS II is +0.025 v (Butler, 1973). This means that the 

maximum potential oxidant which can be formed by PS II is 1.26 v. 

It can immediately be seen that several of the reactions listed in 

Table II could not be involved in the reactions of o2 production in 

plants. The one electron step mechanisms all involve potentials 

greater than the photon energy, and therefore are clearly impossible. 

The same is true of the two electron mechanism via an oxygen atom. 

The two electron mechanism via .hydrogen peroxide requires an oxidant 

ap~roximateiy equal to the estimated maximum available, and so must 
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be considered as a possible physiological mechanism. But the 

single concerted four electron oxidation of. 2H 20 is the most 

attractive of the mechanisms listed in Table II. In fact, con

siderable biochemical evidence exists;(discussed in the next two 

sections), which suggests that the water oxidation reaction is 

indeed a concerted four electron reaction. 

G. Required Cofactors for Photosynthetic Oxygen Evolution 

l. Manganese 

Manganese was recognized long ago as an es~ential trace element 

for autotrophic growth of photosynthetic organisms. Algae or plants 

grown on Mn deficient media invariably show a lowered rate of 02 
evolution (Pirson, 1937; Kessler, 1955; Eyster et ~·, 1958; Spencer 

and Possingham, 1~61). Addition of Mn to these systems causes a 

dramatic increase in the rate of o2 evolution. 

Many determinations of the quantity of Mn in chloroplasts have 

been performed, and the results show wide variability (Kok and 

Cheniae, 1966). Value~ reported in this thesis range from 5-7 

Mn/400 Chl for untreated spinach chloroplasts which have been 

washed several times with isolation buffer to remove any soluble Mn 

present in the leaf extract. These values are in good agreement 

with other recently reported values (Yamashita et ~·, 1972). 

This 11 bound 11 Mn isa;sociated with the lamellar structure of 

the photosynthetic membrane system. The Mn cannot be lost by incu

bating the chloroplasts with chelating age~ts, and does not exchange 

with added Mn+2 ion (Cheniae and Martin, 1966), nor does it exhibit 
. +2 

the characteristic 6 line EPR spectrum of aqueous Mn in solution. 
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Upon extraction of the chloroplast with organic solvents the Mn is 

retained with the protein phase (Cheniae and Martin, 1966; Kutyurin, 

1971). However, other treatments, many of which are quite mild, 

cause loss of chloroplast Mn and concomnitant loss of o2 evolution 

activity. These treatments will be discussed.in a later section. 

Most workers feel that the chloroplast Mn is present as an easily 

denatured manganoprotein, but no direct evidence supports this view. 

Considerable evidence indicates that chloroplast Mn is asso

ciated with PS II. Fractionation studies by Anderson et ~· (1964) 

have shown that 80% of chloroplast Mn is contained in a System II 

enriched particle prepared by digitonin fractionation. Removal 

of Mn by any of the procedures discussed later invariably causes 

loss of PS II activity, while PS I reactions remain unaffected 

(Cheniae and Martin, 1966; Yamashita and Butler, 1968a, l968b). 

The yield of variable fluorescence in chloroplasts inhibited 

by loss of Mn is low, and electron transport can usually be at 

least partially restored by addition of electron donors. These 

results are interpreted as evidence that the site of action of Mn 

is on the donor side of PS II rather than the acceptor side. In 

the case of DCMU inhibition, the fluorescence is. high and donor 

addition is ineffectual, indicating blockage on the acceptor side 

of PS II. It should be pointed out that the conclusion that Mn 

acts on the donor side of PS II is not a complete,ly valid one 

given the experiments just described. These experiments show merely 

that the various inhibitory treatments all act on the donor side of 

PS II and that a loss of Mn usually accompanies them. They do not 

establish a cause and effect relationship between the two. A 

--
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convincing experiment is the demonstration of the same results 

using Mn-deficient organisms which have been obtained with the 

chemically inhibited preparations. Heath and Hind (1969) and 

Homann (1968) have shown that t~n-deficient chloroplasts have a 

low variable fluorescence, which can be restored to near normal 

levels by addition of electron donors. Thus it appears that the 

correlation between the loss of functional Mn and the loss of 02 
evolving activity is indeed one of cause and effect. 

The Mn-deficient systems clearly suffer only from lack of Mn, 

since they begin to evolve o2 at normal rates soon after addition 

of Mn to the growth medium. Cheniae and Martin (1967, 1969, 197lb, 

1973) have studied the reactivation of Mn-deficient organisms in 

detail and have found that the restoration of 02 activity is light

dependent, and is most probably a multi-quantum reaction. They 

have also found-that protein synthesis is not required for photo

reactivation (Cheniae and Martin, 1966). 

Evidence exists indic~ting that the chloroplast Mn is not 

homogeneous in function and environment (Cheniae and Martin, 1970; 

Chen and Wang, 1974; Blankenship and Sauer, 1974). It is not 

necessary that all chloroplast lv1n function on the donor side of 

PS II. Some may serve a purely structural role elsewhere which is 

not critical for photochemical activity. 

2. Chloride 

Chloride ion was first demonstrated to be an essential factor 

in photosynthetic reactions by Warburg and LUttgens (1946). Bov{ 

et &· (1963) showed that chloride depleti,an affected all reactions 
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in which 02 is produced_, but did not affect cyclic photophosphory

lation, a PS I only reaction. This indicated that Cl 1·1as asso

ciated with PS II. Iza\-Ja et ~· (1969) sho\'Jed convincingly that 

Cl ions stimulated the rate of the Hill reaction when added to Cl-

depleted chloroplasts. The pattern shown by Cl -depleted systems 

is similar to that of Mn-deficient ones: low 02 rates, low variable 

fluorescence and low rate of acceptor reduction. The latter two 

can be restored to near-normal levels by addition of electron 

donors. 

Thus it appears that Cl- ion also functions on the donor side 

of PS II. Regrettably, little work has been reported recently on 

this aspect of the 02 evolution story, and the precise role of Cl 

is not very well understood. 

3. Bicarbonate 

The first clear demonstration of the stimulatory effect of 

bicarbonate on the Hill reaction was by Warburg and Krippahl (1960). 

The site of action of bicarbonate was suggested to lie on the donor 

side of PS II by Stem,.er and Govindjee (1973), who also showed that 

the active form was HC0 3- and not co2. Recent evidence indicated 

that bicarbonate depletion slowed advance of the S states in the 

Kok model of 02 evolution (Stemler et E..l_., 1974). However, this 

observation does not necessarily demand that the site of bicarbonate 

action is on the donor side of PS II. Further experiments are 

clearly needed to establish the role of bicarbonate in photosyn

thetic o2 evolution. 

... 
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H. Kinetics of Oxygen Evolution 

Allen and Franck (1955} first observed that the amount of 02 
evolved on the first flash of a series was less than that evolved 

on later flashes. We now know that if short (10 ~s) saturating 

flashes of light a~e given to dark-adapted photosynthetic systems, 

a characteristic pattern of o2 is observed on the first few flashes. 

Joliot (1968} first studied this phenomenon fn detail, and the 

results have since been confirmed by numerous other laboratories 

(Joliot et ~·, 1969; Kok et ~·, 1970; \4eiss and Sauer, 1970; 

Babcock, 1973; Ley et ~· , 1975}. Little o2 is eva 1 ved on the 

first and second flashes, the yield of oxygen is maximal on the 

third flash and a lesser maximum occurs thereafter with period 

four, the oscillations gradually damping away after about 25 

flashes. 

Kok et .!!_. (1970} proposed a linear four step model to explain 
l 

the observations. In this model an 02 ev~lving center is succes-

sively oxidized by photons until four oxidizing equivalents have 

been accumulated. Oxygen is then produced and the system is re

turned to the original state. The pattern of o2 evolution and 

Kok's model are shown in Figure 2. To. explain the experimental 

fact that maximal oxygen is found on the third and not the fourth 

flash, the second state, called s1, is postulated to be stable in 

the dark while states s2 and s3 gradually.decay back to s, in the 

dark. The damping is caused primarily by centers 11 nli ssed 11 by a 

flash. 

The·period of four observed in the 02 yield matches suspi

ciously with th~ number of electrons which need to be removed from 
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Fig. 2. Pattern of·oxygen evolution in flashing light. Inset: raw 
data. Main: normalized 02 yields. Taken from Babcock (1973). Bottom: 

Kok et ~· (1970) model of photosynthetic oxygen evolution. 
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two \'later mo 1 ecul es to produce an oxygen mo 1 ecul e. The Kok et ~· 

(1970) model also implies a 4 electron mechanism for H2o oxidation 

as opposed to a one electron or two electron mechanism. 

Recent results on proton evolution in flashing light by Fowler 

and Kok (1974) also support the idea of a concerted four electron 

me·chanism. Using a sensitive pH electrode; they found that protons 

were evolved from chloroplasts with a periodicity of four, the 

yield on the third flash being maximal. The simplest interpretation 

of their work is that water remains intact until four oxidizing 

equivalents are stored, at which time it is quickly decomposed into 
+ 02 and 4H This experiment provides the best evidence to date 

concerning the mechanism of 02 evolution i~ photosynthetic systems. 

Further studies along this vein may be very useful. 

I. Proposed Mechanisms of Oxygen Evolution 

Several detailed mechanisms of o2 production have been pro

posed recently. These depart from the schematic nature of the Kok 

et ~- (1970) model and propose reactions involving identifiable 

chemical entities. Usually, the mechanisms involve successive 

oxidation of a Mn compound. This is due to the known involvement 

of Mn in 02 production and the fact that Mn assumes a wide variety 

of oxidation states. 

Any mechanism of 02 evolution proposed must be reconcilab1e 

with certain experimental observations and theoretical limitations. 

These include: 

1) Four electrons must be removed from two water molecules 

for an o2 molecul~ to be formed. 
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2) The maximum redox potential I'.Jhich can be qenerated by the 

PS II reaction center is about +1 .26 v. · 

3) The average potential generated by the absorbed photons 

must be at least +0.82 v. 

4) In flashing light, both 02 and H+ appear \·lith maximum 

yield on the third flash and period four. 

5) From four to seven protein-bound r~n per photosynthetic unit 

are present in the chloroplast. 

Renger (1970) proposed a very complex model utilizing six ~1n 

atoms arranged in an octahedron. Fe\'Jer ~1n per reaction center can 

form a fully active o2 evolvinq complex (Blankenship et ~., 1975). 

Olson (1970) proposed a model in which four ~1n. porphyrin complexes 

form the oxygen--producing center. Evidence indicates that ~1n is 

not present as a porphyrin (M. Calvin, private communication). 

Earley (1973) proposed a model based on analogy to some ruthenium 

complexes in which three Mn are utilized. + In Earley's model, H 

is evolved after each fla!;h. Kutyurir (1971) suggested a model 

in which OH radicals are an intermediate. f·1auzerall and Chivvis 

(1973) proposed that the S states do not involve Hn at all, and 

that charge is stored by reversible oxidation of a chlorophyll. 

Other proposed mechanisms include the cleaver theory (Rocks and 

Runyon, 1974) and the dancing atom hypothesis (Platt, 1972). 

These proposed mechanisms all suffer from one or more violations 

of the si~ criteria discussed above. 
( 

Figure 3 shows a' possible mechanism for o2 production utilizing 

a two-Mn protein center. This model correctly predicts the 0~ and 

H+ flash patterns, and is compatible with the stoichiometry o: t1n 
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POSSIBLE MECHANISM OF PHOTOSYNTHETIC OXYGEN 
EVOLUTION 

hll 

<So) ( SJ) 

hll 

< 1 ms 

<so> 

XBL 7412-7772 
Fig. 3. Possible mechanism of photosynthetic oxygen evolution. The oval 
shapes represent a protein which contains two ~1n atoms. The symbols in 
parentheses below each oval correspond to the S states in the Kok ~~- ~
(1970) model. 
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in the chloroplast. Unfortunately, the model shares one defect 

\'lith nearly all the other models; it does not predict the redox 

potentials of the reactions indicated. Almost no data exists on 

the redox properties of manganoprotei ns or sui tab 1 e mode 1 com

pounds. Until such data becomes available, it is difficult to 

predict if this mechanism or any other is reasonable. Other 

techniques for studying oxi dati on states of t1n may shed 1 i ght on 

the mechanism of 02 evolution. These include X-ray photoelectron 

spectroscopy and X-ray absorption edge fine structure analysis 

(~1. Klein, private cor.ununication). 

J. Inhibitors of Oxygen Evolution 

A variety of treatments nave been developed which inhibit 

photosynthetic oxygen evolution. Before discussing them in detail 

it is useful to divide them into groups based on the region of 

the electron transport chain affected. The nomenclature of Izawa 

and Good (1972) will be used for this purpose. Any treatment or 

chemical \'Jhich blocks electron flov1 between the H20 oxidation 

site and tne PS II reaction center is said to act in region I of 

the electron transport chain, while those which act between the 

photosystems and on the reducing side of PS I ar.e active in regions 

II and III respectively. Region I is of the greatest interest for 

reasons directly involved with water oxidation, and so the dis

cussion here \'Jill be limited almost exclusively to it. 

l. Tri s 

Tris-washing is the most widely used inhibitory technique for 

region I. It was developed by Yamashita (1966) a~d cha~acterized 
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by Yamashita and Butler (1968a, 1969). Tris 1·1ashinq mimics the 

effects of Mn deficiency and Cl- depletion discussed earlier. 

The rate of electron transport is decreased, and the variable 

fluorescence is low. Addition of artificial electron donors res

tores both effects to near-normal levels (Yamashita and Hutler, 

l968a, 1969; Vernon and Shaw, 1969). I keha ra and Uri be ( 1971 ) 

reported that Tri s-\'Jashi ng caused uncoup 1 i ng of phosphorylation 

and that light \'Jas necessary for Tris to have an inhibitory effect. 

This effect of light has been confirmed in this lab and by G. 

Cheni ae (private communi cation). 

Many workers have found that ~1n is relea~ed from the chloro

plast upon Tris treatment, although the amount lost appears to be 

variable. Homann (1968) reported that Tris treatment causes loss 

of 70% of tobacco chloroplast Mn. Cheniae and t-lartin (1970) found 

that loss of Hill reaction activity \'IdS correlated rlith loss of 2/3 

of the total spinach chloroplast Mn pool. Itch et al. (1969) found 

that Tris treatment caused loss of 30% of the total Mn pool. 

Similar results were reported by Selman et ~· (1973). Yamashita 

et ~· (1972) measured the Mn content of Tris-washed chloroplasts 

and found that only about 10% of the total Mn pool is lost upon 

Tris treatment. No explanation has been advanced to account for 

the large discrepancy in these results. Experiments presented in 

Chapter 3 of this thesis shed light on this problem. 
-

Yamashita et~. (1971, 1972) found that by incubating Tris-

washed chloroplasts with reducing agents a large portion of the 02 

evolution activity could be restored. A harsher treatment, Tris-

acE:! tone washing, required Mn and severa 1 other co factors for ":1axi lilUm 
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reactivation (Yamashita and Tomita, 1974). The reactivation 

effect is discussed further in Chapter 4. 

2. Heat ahd Ageing 

Heat treatment is another treatment which inhibits primarily 

in Region I. Introduced by Katoh and San Pietro (1967) and 

further characterized by Yamashita and Butler (1969), it also 

shows the same consequences as Mn deficiency. Mn is lost upon 

heat treatment (Kimimura and K~toh, 1972; Homann, 1968), and no 

conditions have been reported \•lhich reverse the inhibition of 02 

evolution. Heating also uncouples chloroplasts under milder con

ditions, so measurement of 02 evolution without an uncoupler 

present shows first a stimulation and then an inhibition as 

heating time is increased (Emmett and Halker, 1973). 

Ageing of chlotoplasts at 0° overnight (Cheniae and Martin, 

1966; Babcock and Sauer, 1975~; Margulies, 1972) causes loss of 02 

evolution activity. Cheniae and Martin (1970) aged chloroplasts 

at 35° for shorter times and found similar results. It appears 

that ageing and heat treatment are related effects, both reflecting 

denaturation of a protein component of the chloroplast membrane. 

3. Hydroxylamine 

Hydroxylamine has long been· knO\'In to be.an:inhibitor of 02 eva~ 

lution (Joliet, 1966). Its action is complicated by the fact that 

it also serves as an electron donor to PS II in inhibited chloro

plasts (Cheniae and Martin, l97la; Bouges, 197)). f1n is lost upon 

NH20H treatment, and the treatment has been shm'ln to be reversible 

\'Jhen both Mn and light are suppl:~ed (Cileniae and t~artin, 1972). 
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4. Chaotropic Agents 

The use of chaotropic agents as inhibitors to region I of 

chloroplasts has been demonstrated by Lozier et ~ .. (1971). 

These compounds appear to disrupt membrane structure by breaking 

the structure of water and ~hereby disturbing the balance between 

hydrophilic and hydrophobic forces (Hanstein ~ ~., 1971). Lozier 

et ~· (1971) also showed that a Mn+ 2 EPR signal is observed upon 

inhibition by chaotropes, Tris or heat. This observation stimu

lated much of the research reported in this thesis. 

5. Miscellaneous 

Other treatments and chemicals have been shown to have an 

inhibitory effect on region I of the photosynthetic electron trans

port chain. These include Pb+2 (r·liles et~., 1972), Cd+2 (Bazzaz 

and Govindjee, 1974), trypsin digestion (Selman et al., 1973), and 

fatty acids (Siegenthaler, 1974). Katoh et a 1. ( 1971) and Katoh 

(1972) surveyed a number of different inhibitors and distinguished

severa 1 dis ti net sites of i nhi biti on bet\-Jeen 1..;a ter and the reaction 

center. Tetraphenylboron (Homann, 1972) and substituted anilinothio

phenes (Renger, 1972) inhibit oxygen evolution, presumably by de

stabilizing the S states. Epel et ~· (1972) prepared mutants of 

Chlamydomonas reinhardti \'lhich appear to have lesions on the donor 

side of PS II. 

K. Geometry of Photosystem I I Components 

In recent years attention has been focussed on the spatial 

arrangement of the components of the photosynthetic electron trans-

port chain. For an excellent review of this subject, see Trebst 
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(1974). It is generally accepted that the chloroplast thylakoid 

membrane has definite inner and outer·regions, but the exact con

struction of the membrane remains a matter of some controversy 

(Park and Sane, 1971). The visual image of the thylakoid system 

which is most appealing to this author is one of a stack of hot 

water bottles. 

Localization of various reactions exclusively on the inner or 

outer surface of the thylakoid system implies that an asymmetry is 

present in the membrane. A wide variety of evidence supports the 

concept of an asymmetric thylakoid membrane (Park and Sane, 1971; 

Trebst, 1974; Witt and Zickler, 1974). 

Several spatial models of the electron-transport system in 

photosynthesis have been proposed recently (Tre~st, 1974; Witt and 

Zickler, 1974; Sauer, 1975). These models all locate the donor 

side of PS II toward the inside of the thylaioid and postulate 

that electron flow zigzags back and forth from one side of the 

membrane to the other, terminating on the outside with the NADP 

reducing step. In this section the evidence concerning the spatial 

location of PS II reactions will be briefly discussed. 

A variety of evidence, including electron microscopy (Arntzen 

et ~·, 1969), antibodies (Koenig et ~·. 1972). chemical probes 

(Dilley et ~·, 1972; Arntzen et ~., l974a) and structural corre

lations of various electron acceptors (Saha et ~·. 1971) indicates 

that PS II structures and functions are less exposed to the outside 

matrix than are those of PS I. PS II is generally described as 

being lipophilic and PS I as being hydrophilic. 
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There is considerable controversy concerning the locations of 

several of the components of PS II. Despite 'the fact that PS II 

is generally inaccessible, some components appear to be buried 

deeper than others. Under certain conditions these more available 

substances may be below the surface of the thylakoid membrane, and 

under different conditions may be exposed. This variable geometry 

under variable conditions makes a defini~e spatial assignment of 

PS II components particularly difficult. 

The relative inaccessibility of PS II to hydrophilic electron 

acceptors suggests that the acceptor side of PS II is on the inner 

membrane surface, but other evidence indicates that the acceptor is 

probably oriented toward the outside of the thylakoid membrane. 

This evidence includes antibodies to chlorophyll (Radunz et ~·, 

1971), plastoqu~none (Radunz and _Schmid, 1973) and subchloroplast 

particles (Koenig et ~·, 1970), but the real basis of the assignment 

rests on observations of light-induced electric fields and pH changes, 

principally by H. T. Witt and colleagues. They interpret a large 

number of experiments using a chemiosmotic· mechanism, \'lhich in turn 

requires that electrons and protons be shuttled back and forth from 

one side of the membrane to the other (Witt, 1971; Junge and Ausl~nnder, 

1973). This theory places plastoquinone, generally accepted as at 

least a secondary acceptor of PS II, on the outside of the thylakoid, 
' ' 

and locates water oxidation on the inside. 

Several workers have stated that the 02 evolution step of 

photosynthesis occurs on the inside surface of the thylakaid (Witt 

and Zick1er, 1974; Fowler and Kok, 1974). The best evidence for 

this idea comes from Fowler and Kok (1974), who found that 
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communication between the interior and exterior spaces of the 

thyl akoi d vi a an uncoup l er \'las necessary before asci 11 at ions in 

proton evo 1 uti on associ a ted \'lith H20 oxidation caul d be observed. 

Evidence is presented in Chapter 3 of this thesis that Mn asso-

ciated with oxygen evolution resides near the interior surface of 

the thylakoi'd, supporting the view that 02 is produced on the 

inside surface. 

There has been some controversy concerning the localization 

of the site of artificial electron donation toPS II. The tendency 

has been to equate the water oxidation site with the artificial 

donor site, \'Jhen in reality the t\'JO sites are almost certainly 

spatially distinct. Recent evidence indicates that there may be 

at least two distinct sites of artificial donor oxidation associated 

with PS II (Babcock and Sauer, l975c) which may explain the con-

flicting results obtained in other laboratories . Babcock and Sauer 

(l975c) found that lipophilic donors such as phen~lenediamine, 

hydroquinone, and DPC donate electrons to P680+ throug;, an inter

mediate, while the hydrophilic donor Mn+2 donated directly to P680+. 

A different view was taken by I zawa and Ort ( 1974) , who found that 

lipophilic donors saturated at much lower concentrations than did 

hydrophilic ones, implying that the site of oxidation is within 

the membrane .. These authors did not consider the possibility of 

more than one donation site. Kitajima et ~· (1973) conclude that 

the site of artificial donation for PS II is located on the outside 

of the thylakoid by observing the donation of substituted alkyl

hydroquinones. They found that more hydrophilic cmnpounds donated 

more readily toPS II, while more lipophilic compounds donate to 
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PS I. Braun and Govindjee (1974) prepared a·ntibodies effective 

against reactions associated with 02 evolution, implying that the 

reaction involved was located on the outer thylakoid surface. 

Non-penetrating chemical modifiers of the thylakoid membrane 

have yroven useful in settling the question of geometry of PS II 

components. Giaquinta et ~- (1974) used a diazonium reagent DABS 

to label the surface of the thylakoid. Little inhibition of PS II 

electron flow occurs when the labelling is performed in the dark, 

but extensive inhibition of 02 evolution occurs if the labelling 

takes place in the light. The experiments were interpreted to 

indicate that PS II components are buried in the dark, but upon 

illumination a conformational change occurs, exposing them to the 

extern a 1 surface of the thyl akoi d membrane. Arntzen et £l. ( 1974b) 

used enzymic iodination of the thylakoid, another surface reaction, 

and found inhibition of PS II reactions. They concluded that the. 

PS II reaction center is surface-located, but that the reactions 

involved in Hater oxidation are probably localized in the interior 

of the membrane. Evidence is presented in Chapter 5 of this thesis 

that the site of donation of the hydrophilic donor Mn+2 is present 

on the outside of the thylakoid membrane. 

This admittedly confused state of affairs is made even worse 

by the probability that most if not all the inhibitory treatments 

commonly used in these studies cause membrane conformation changes. 

A component identified as being on the exterior surface by one 

technique may be found as buried with a different technique. The 

geometry of PS II components remains an open question very much in 

nee~ of an answer. 
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It is possible that the separation of donors and acceptors by 

the membrane or at least part of the membrane serves an important 

function in the mechanism of photosynthetic energy conservation. 

As discussed earlier, the first ~emistable products of the photo

chemical event are an oxidized and a reduced species. The thenno-

dynami c tendency is for these two species to react with the 

resultant loss of the redox energy as heat. Separation of the 

donor and acceptor by being on opposite sides of the membrane 

would tend to minimize this wasteful process. 

Localization of the water oxidation reaction inside the thyla

koid predicts that protons would tend to accumulate inside the 

thylakoid, establishing a pH gradient. This gradient could then 

be used as an energy source for ATP fonnation via a chemiosmotic 

mechanism. Trebst (1974) discusses the considerable evidence in 

favor of such a process as the energy source for at least part of 

the ATP formation in chloroplasts. An asymmetric membrane with 

directional electron flow is necessary for formation o·i· such 

gradients. 

In this thesis the role of Mn in photosynthetic 02 evolution 

is studied in detail, with special attention to the spatial distri

bution of Mn in the thylakoid. Evidence is also presented concerning 

the spatial location of the PS II reaction center. Finally, experi

ments are described \'lhich are interpreted as the first observation· 
\ 

of the primary electron donor to PS II in 02 evolving chloroplasts. 
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. CHAPTER 2 

PREDICTION OF THE 55Mn+2 SOLUTION EPR SIGNAL 

Much of the research reported in this thesis is concerned 
+2 with the EPR spectrum of Mn in solution. A qualitative treat-

ment of the origin of the Mn+2 EPR spectrum, pres~nted in this 

chapter, is a useful tool for obtaining a better understanding of 

results presented in later chapters. A general introduction to 

magnetic resonance is not attempted here. For this purpose, the 

reader is referred to any of the many books on the subject. 

Carrington and Mclachlan (1967) and Wertz and Bolton (1972) are 

two of the more popular introductory textbooks. 

Divalent manganese is one of the very few transition metal 

ions whicl) shows a \'Jell-resolved EPR signal at room temperature. 

For this reason it has been used extensively as a probe of molecular 

dynamics. Hn is also extremely interesting biologically, finding 

applications in a wide variety of systems. This chapter attempts 

to explain why the spectrum is observable at room temperature, 

and uses a simplified spin-hamiltonian approach to predict tile 

solution spectra. Finally, the relaxation behavior of Mn+2 in 

aqueous solution is discussed briefly. 
+2 5 Mn has electronic configuration (Ar)3d . The ion is in 

the high-spin state (S=S/2) with nll but the highest field ligands. 

The discussion here will be limi~:;d to the high .spin case. The 55 r,1n 

(100% natural abundance) nucleus has spin 1=5/2. 
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High spin d ions are in the S spectroscopic state. This 

corresponds to all five electrons oriented with spins parallel 

\'lith zero net orbital angular momentum. Any electronic transi

tions necessarily involve pairing of electrons, and hence a change 

in spin multiplicity. These transitions are therefore doubly for

bidden (d-d transitions are already forbidden to first order), 

and hence of very low intensity. The very weak visible absorption 

spectra (E <.05 cm-l mole-1) of high spin Mn+2 and Fe+3 complexes 

is a dramatic result of this fact (Cotton and l4ilkinsoh, 1966). 

The EPR spectrum reflects the orbitally nondegenerate 6s 

state of the Mn+2 ion. Spin-orbit coupling is not the dominant 

factor in the hamiltonian, since L=O for an S state ion, and any 

possible excited states are considerably removed in energy and 

therefore relatively unavailable for coupling. The spectrum is 

therefore observable at room temperature, since it is not necessary 

to quench the lattice vibrations that relax the electron via the 

spin-orbit interaction. Furthermore, the g factor of the resonance 

is centered near the free-electron value of 2.0023. This occurs 

because only Zeeman terms are important in the spin hamiltonian. 

To predict the solution EPR spectrum of Mn+2 in aqueous 

solution we will use the spin hamiltonian approach. Unfortunately, 

th 1 t l 1 t h. h . M +2 N l h d . e resu s app y on y o 1g -sp1n n o genera met o ex1sts 

for treating transition metal ions, and each case usually contains 

aspects which require individual consideration. 

The spin hamiltonian of a paramagnetic free ion without a 

crystal field present is given in Equation (2-l): 

!/! = 
A A 

gsH S - gNSNH I +a I·S (2-l) 
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Symbols used are: g, Lande g factor; B, Bohr magneton; H, magnetic 

field; gN, nuclear g factor; BN, nuclear magneton; a, hyperfine 

splitting constant; S, electron spin; I, nuclear spin. The first 

tennis the electron Zeeman interaction, the second is the nuclear 

Z~eman interaction and the third is the hyperfine interaction 

between the electronic and nuclear spins. The nuclear Zeeman term 

is small and is ignored. Neglecting for now the hyperfine term 

and higher order terms which arise from spin-spin couplings, the 

hamiltonian matrix is diagonal and is readily seen to have eigen

values as shown in Equation (2-2): 

E5/2 = 5/2 gBH (2-2a) E_ 112 = -l/2 gBH (2-2d) 

E3j 2 = 3/2 gSH (2-2b) E_ 312 = -3/2 gSH (2-2e) 

E112 = l/2 gt3H (2-2c) £_ 512 = -5/2 gt3H (2-2f) 

Equation (2-l) assumes that both g and a are isotropic, a con

dition which is not in general true but is true for the t,1n+2 ion. 

Applying tile usual selection rule of 6~\ = l, it is apparent that 

five transitions are possible, all with the same energy 6E = gSH. 

There are then five degenerate transitions, and only a single line 

is observed. Figure 4 describes this situation. 

An octahedral crystal field will split the five transitions, 

but only very slightly, and so is not considered here. A distorted 

octahedron can radically alter the spectrum, by splitting some of 

the spin states at zero magnetic field. The hamiltonian for a 

distorted octahedral complex is given by Equation (2-3). 

!?! = gsH s- gNsNH i +a I·S + o(s~- !s(s+l)) + E(S~- s~) (2-3) 
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Fig. 4. Fine-structure transitions in d5 ion with no or octahedral 

crystal field. 
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D is a para111eter which describes the amount of tetragonal di stor

tion in the complex, which can be thought of as a change in the 

length of the bonds of the two ligands in the plus and minus z 

direction, leaving the x-y plane unchanged. E describes the dis-

tortion in the x-y plane. Note that the ·terms in 0 and E do not 

depend on magnetic field; hence the name zero-field splitting 

parameters. E is usually small and is here neglected. 

Sz appears only as a squared term. This means that states 

~ Sz will have the same zero-field energy. These states are called 

Kramer•s doublets and appear for all ions \'lith half integral spin. 

Dramer•s rule insures that there will usually be a transition corres

ponding tor\-}~ Ms} centered at g = 2.0, if D is small. 

If D » hv the 5/2 ~ 3/2 and 3/2 ~ l/2 transitions will 

be unobservable, due to the fact that the levels are split at zero 

field by ~n amount greater than the photon energy. The case for 

D ic:< hv is shown in F~gure 5. For species with integral spin(~., 

Mn+3, S = 2) Kramer!s rule does not apply and all levels may be 

Sufficiently split at zero field that no resonance is observed. 

For rapidly tumbling ions in solution, this zero-field 

splitting is averaged to zero and the five lines are coincident 

again. Transient distortion from the octahedral crystal field 

can, however, serve as a relaxation mechanism, and is treated later 

in this chapter. 
55Mn possesses a nuclear spin I = 5/2, which can couple to the 

electron spin via the hyperfine interaction. Each of the five 

6Ms = 1 transitions discussed above are called fine-structure 

transitions.. Another term is added to the spin hamiltonian, which 
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Fig. 5. Fine-str~cture transitions in high spin d5 ion with zero

field splitting~ The levels are separated into three Kramer•s 

doublets. His along the z-axis of.the complex. 
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has the fonn J·A·S. The interaction is in general anisotropic. 

However, for ions with spherically symmetric charge distributions, 

the interaction is isotropic and the scalar a is used instead of 

the tensor A. Note tha,t this term is also field independent. 

The nuclear spin splits each of the t\ energy levels into six 

separate energy levels. The result upon applying the usual 

selection rules liMS = 1, LiM I = 0 is that the fine-structure transi-

tions are split into six equal intensity 1 i nes by the hyperfi ne 

interaction. The spectrum for the -l/2 ~ l/2 transition is 

shown in Figure 6. The other transitions are very similar, dif

ferj ng only in higher-order terms not considered here. 

The isotropic hyperfine effect arises from the "Fermi contact" 

interaction. This purely quantum mechanical interaction is propor- · 

tional to the unpaired electron density at the nucleus. Since d 

orbitals have nodes at the nucleus, one would not expect to observe 

hyperfine interactions in transition metal ions. The large effects 

observed apparently result from small admixtures of s o~bital 

character into the d orbitals. 

The treatment presented here follows most cl~sely that of 

Wertz and Bolton (1972). 

A summary of the effects discussed to date is in order. Mn+2 

has a spin of 5/2 giving rise to six electron spin energy levels. 

In a magnetic field, the levels split and five fine-structure 

transitions between adjacent states may be observed. If there is 

no zero-field splitting of the complex, or if as in Mn+f6H2o the 

splitting is averaged by 'rapid motion of the complex, these five 

fine-structure transitions will be degenerate. If the complex nas 
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Fig. 6. Hyperfine interaction between electron and nucleus with 

1=5/2. 
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a static zero-field splitting, these fine-structure transitions 

appear at different magnetic fields, as shown i~ Figure 5. The 

isotropic hyperfine interaction with the 55Mn nucleus splits each 

fine-structure transition into six hyperfine transitions. There 

are then thirty total transitions. The solution EPR spectrum of 

Mnso4 is shown in Figure 7. Clearly any zero-field splitting has 

been motionally averaged, and the spectrum shows evidence of only 

the nuclear hyperfine interaction. 

Higher order terms not considered here cause the hyperfi ne 

splittings to be different for each of the five fine-structure 

transitions. This causes the six lines observed in solution to be 

slightly inhomogeneously broadened, v1hich complicates relaxation 

measurements somewhat. This has been considered in detail by 

Garrett and Morgan ( 1966}. · 

The homogeneous relaxation behavior of Mn+2 has been studied 

by several workers, the most recent being Reed, Leigh and Pearson 

(1971). Without going into the details of the treatment, it is 

found that for spins S;- 1 more than one component of the 1 i newi dth, 

l/T2, exists .. For S = 5/2 systems there are three different values 

of T2, corresponding to the + 5/2 ~ ~ 3/2, ~ 3/2 ~ ~ l/2, and 

l/2 ~-l/2 transitions. The intensity and relaxation rate of each 

transition is dependent on the correlation time of the complex and 

the frequency of the microwave field. In the limit of short corre-

lation time (•c = l0-12 sec} the l/2 ~ -1/2 transition possesses 

nearly all of t-he intensity, and one T2 describes the system. As 

Tc becomes longer, the other transitions grow in intensity. This 

behavior is de~cribed in Figure B. The observed T2 then becomes 

a weighted average of the three individual values. 
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. +2 Room temperature solution ESR spectrum of Mn (H
2
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Fig. 8 .. Relative relaxation rate and transition probability of 

fine-structure transitions in Mn+2 as a function of correlation 

time. (Adapted from Reed et ~-, 1971.) 
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The relaxation mechanism ascribed to Mn+2 in solution is that 

of solvent collisions which produce a transient zero-field split

ting. The •c for this process has been measured to be 3 x lo- 12 

+2 sec in the Mn ·6H2o complex (Bloembergen and Morgan, 1961). 

For Mn complexes with organic ligands or Mn in biological 

systems, the Mn+2 EPR signal is invariably distorted and often

times is completely unobservable. The longer correlation time and 

larger amount of transient zero-field splitting thus bring about 

more ·rapid homogeneous relaxation. Also, if the complex has a 

substantial static zero field splitting, the lengthened •c may be 

unable to average the anisotropies produced by zero field splitting, 

and the spectrum takes on solid state character. Forbidden transi

tions (AM
5 

= l, AM1 = 1) are often observed under these conditions 

or at 1 ow temperature (Haffner et ~·, 1974; Mei rovi tch et QJ_., 

1974; von Goldammer et !!_. , 1974). 
+2 The EPR spectrum of Mn in solution is thu~ seen to be ex-

tremely sensitive to both t.he correlation time of the complex and 

the crystal field environment of the ion. Small changes in either 

of these parameters can produce dramatic changes in the observed 

spectrum. This property can be used to advantage when r1n +2 ion is 

used as a probe of molecular dynamics or a chemical environment. ; 

1 - ' 



0 0 ~ D i~ 3 0 I (-" ,, 
3 ;;) 

-43-

CHAPTER 3 

EPR STUDY OF THE ENVIRONMENT OF MANGANESE IN TRIS-WASHED CHLOROPLASTS 

A. Introduction 

In Chapter 1 the evidence linking Mn to the photosynthetic oxygen 

evolving system was discussed in detail. It was also shown that con

siderable evidence indicates that 02 isproduced inside the thylakoid 

membrane system. No evidence has been obtained previously, however, 

on the spatial distribution of chloroplast Mn. In this chapter evidence 

will be presented which indicates that the chloroplast Mn is located on 

or near the inside surface of the thylakoid membrane system. 

Tris-washing is a widely used inhibitory treatment for 02 evolution. 

All available evidence indicates that Tris blocks electron flow between 

the site of water oxidation and the PS II reaction center. t•1any workers 

have reported that Tris treatment causes loss. of chloroplast t~n, but the 

amount of Mn lost appears to be highly variable from one lab to another. 

(See Section 1-J for a detailed review of the literature on tris-washing.) 

In this chapter evidence will be presented which illuminates the reason 

for the discrepancies concerning Mn release. Finally, some interesting 

properties of the chloroplast membrane with respect to ion permeability 

are illustrated. 
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B. Materials and Methods 

1. Chloroplast preparation 

Spinach was grown as described by Sun and Sauer (1972). Fifteen 

g of leaves were picked at about the middle of the light cycle, rinsed 

with cold, distilled water, and deveined. One hundred ml of sucrose 

buffer (0.4 -M sucrose, 0.05 M HEPES, pH 7 .6, 0.01 ~1 NaCl) was added, 

and the leaves were homogenized for 15 sec in a Waring Blender. The 

homogenate was strained through 8 layers of cheesecloth, divided into 

4 tubes, and centrifuged at 300 x g for 1 min to reniDve cell debris. 

The supernatant liquid was centrifuged at 5000 x g for 2 min to pellet 

the chloroplasts. The pellet was resuspended in 15 ml sucrose buffer 

per tube and centrifuged again at 5000 x g for 2 min. This procedure 

removed loosely bound Hn present in the intact leaves, as evidenced by 

the disappearance of a small Mn EPR signal observed in whole leaves 

and unwashed chloroplasts. Chloroplasts prepared by this method were 

95% broken, as determined by observation in a light microscope. Total 

chlorophyll was determined by the method of ~1acKi nney (1941). 

Tris-washed chloroplasts were prepared by incubating a tube of 

chloroplasts in 15 ml 0.8 M Sigma Trizma Tris buffer, pH 8.0, for 15 

min in ambient room light. The chloroplasts were then pelleted by 

centrifugation at 5000 x g for 2 min, followed by resuspension in 

0.5 ml of the supernatant liquid. The Tris buffer was prepared by 

titrating the base form of Tris using HCl. The pH of the Tris buffer 

was measured at 0° with Corning pH electrode #476024 and Corning calomel 

reference electrode #476002. These electrodes are free from errors that 

affect measurement of pH of Tris (Sigma, 1972). Sucrose-washed ch;Jro-
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pl~sts were prepared ths same way as Tris-washed chloroplasts, except 

that the sucrose isolation buffer was substituted for the Tris solution. 

Neither the Tris solution nor the sucrose isolation buffer formed 

complexes with Mn+2, as detennined by EPR measurements. 

Sonicated chloroplasts were prepared using a sohifier cell dis-

rupter, Heat Systems-Ultrasonics, Plainview, N.Y., Model #Wl85. 

Fifteen ml of chloroplasts (Chl content, 0.5 mg/ml) suspended in Tris 

or sucrose buffer were subjected to 20 sec bursts of sonic power, 

separated by 20 sec cooling periods, for a total 6f 5 min sonication 

time. A fluted metal tube was used to contain the chloroplasts during 

sonication and served to facilitate heat transfer away from the chloro

plast sample and into the surrounding ice bath. 

The sonicated chloroplast sample was centrifuged for 3 min at 

5000 x g to remove large thylakoid fragments not broken by sonication.( 

The supernatant liquid was then centrifuged at 50.000 x g for 20 min 

to separate membrane fragments from supernatant liquid. The supernatant 

liquid was pale green and contained very little chlorophyll. EPR 

spectra were taken of the pellet and of the supernatant liquid resulting 

from the 50,000 x g centrifugation. 

Z. Oxygen measurements 

02 evolution was measured with a Beckman #39065 Clark-type elec

trode polarized at -0.7 volts~· Ag/AgCl, and thermostated at 15°. 

The system was· calibrated by bubbling with N2, air and 02. 

White light from a 200-watt General Electric EJL projection lamp 

was passed through 9 em of water and two· Corning 1-69 infrared ab

sorbing filters, and was focused onto the reaction chamber with con-

densing lenses. The electrode surface \'las mounted parallel to the 
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light beam. No light-induced electrode res~onses were observed in 

the absence of chloroplasts. The light intensity was l .7 x 106 

-2 -1 erg. em sec as measured with a Hewlett-Packard 8334A radiant flux 

detector, and was of saturating intensity. 

The reaction mixture for 02 evolution contained 50 rnr~ HEPES, pH 

7.6, 20 mM tlaCl, 10 mM NH4Cl, and 5 mM MgC1 2. Similar results were 

obtained using 0.05 M Tris, pH 7.5, 0.03 M methylamine, as reaction 

mixture. A mixture of 1.0 mM potassium ferricyanide and 1 .0 mM potas-

sium ferrocyanide was used as electron acceptor. Chl concentration 

was 30-50 ~g/ml. 

3. EPR measurements 

EPR spectra were obtained using a Varian E-3 spectrometer. The 

cavity was continuously flushed with dry nitrogen. Instrument set

tings are given in figure captions. The 16 G modulation amplitude 

used in most experiments was chosen as optimum for best signal-to-

noise without unduly broadening the spectrum. All spectra except 

those descri 1 ed in Figs. 12 and 13 were recorded at room temperature. 

For the experiments described in Figs. 12 and 13, a Varian E4557 

variable temperature accessory was employed. It was calibrated 

using an iron-constantan thermocouple. 

Chlorciplast samples (Chl content 2.5-5.0 mg Chl/ml) were put in 

1.0 mm inside diameter quartz tubes and positioned in the cavity 

using drilled teflon rods as guides. This systemallowed a repro

ducibility of sample positioning such that the amplitude of the signal 

from a 3. 6 x 1 o-5 M Mnso4 so 1 uti on varied by no more than 2% from 

sample to sample. All spectra were recorded after a 5-min dark incu-

bation in the microwave cavity. 
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The stopped-flow experiments shown in Fig. 5 were performed by 

modifying an Ami nco-Bowman stopped-flow device, to work in conjunction 

with a Scanco S-804 continuous-flow mixing EPR cell, J.F. Scanlon Co., 

Costa Mesa, California. A 1024 channel Northern Scientific NS544 

Digital f~emory Oscilloscope was employed to combine the results of 

16 successive cycles of the stopped-flow apparatus. 

4. Mn analysis 

Mn analyses were performed with a Perkin-Elmer Model 303 Atomic 

Absorption Spectrophotometer. One ml of chloroplast suspension, con-

taining between 2.5-5.0 mg Chl/ml, was digested with 2 ml 85% HN03 and 

15% HC104. The solution was filtered and made up to a volume of 5.0 

ml with distilled water. Determinations made using either the method 

of additions or externally prepared standards gave equivalent 

results. Blanks were run on all buffers and incubation solutions, 

which were found to be free of t·1n. Mn absorption was 1 inear over the 

entire range of concentration employed. In samples where standards 

were used instead of the method of additions, the working curve 

passed directly through the origin.· 

Standard Mn solutions for atomic absorption calibration and also 

for addition to EPR samples were obtained by dilution in th~ appro

priate buffers of a 1000 ppm (parts per million) (1.82 x 10-2 M) 

standard ~1nso4 solution supplied by Bio Rad Laboratories, Richmond, 

Ca 1 ifornia. Di 1 ute standards were mixed freshly daily. 
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C. Results 

1. EPR spectra of chloroplasts 

Fig. 9 shows EPR spectra from chloroplasts washed with sucrose 

and Tris as .described in Section B-1. The 6-line pattern observed 

in the Tris-washed pellet is a typical signal from divalent, unbound 

Mn, resulting from the hyperfine interaction of the unpaired electrons 

with the 5/2 spin of the Mn55 nucleus (Garrett and Horgan, 1966). The 

single line at g = 2.0 is the well known Signal II, associated with 

photosystem II (Weaver, 1968; Warden and Bolton, 1974a). The decreased 

magnitude of Signal II in the Tris-washed sample results from an in

creased rate of decay of the radical responsible for Signal II. This 

has been reported by Lozier and Butler (1973). 

The Mn signal is present only in the Tris-washed pellet. The 

supernatant liquid has no observable signal. The sucrose-washed 

sample has no signal in the supernatant liquid and only a very small 

one in the pellet. This latter signal most probably arises from de-

naturation etfects during chloroplast isolation. 

The fact that the Mn EPR signal sediments with the chloroplasts 

is surprising. It indicates that the Mn, although ostensibly free in 

~ulution on the basis of its symmetric EPR spectrum, is somehow asso-

ciated with the chloroplasts themselves. The possibility of a weak 

binding site on the exterior of the chloroplasts sweeping the Mn down 

with the sedimenting chloroplasts was considered. This was ruled out 

when it was found (experiments now shown) that Mn added during the 

Tris washing showed no tendency to follow the chloroplasts upon cen

trifuga~.ion. Instead, the EPR signal was proportionately divided 
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SHN WASHED CHLOROPLASTS 

.r-g=2.0 

PELLET 

TRIS WASHED CHLOROPLASTS 

XBL738·4887 

Fig. 9. Room temperature EPR spectra {lst derivative) of pellet and 
supernatant liquid fro~ sucrose washed arid Tris-washed chloroplasts 
prepared as described in Materials and Methods .. Instrumental condi
tions: microwav~ power 20 mW, 'nodulation amplitude 16 G, time constant 
0.3 sec, scan rate 250 G/min. Receiver gain wasthe same for all 4 
spectra. Chloropbyll content 4.0 mg/ml in each of the pellets. 
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Table III 

Total Mn Content and 02 Evolution Rate in Sucrose-Washed and Tris-

Washed Chloroplasts. 

Samples prepared as described in Materials and Methods, except 1 ml 

of supernatant was used to resuspend the chloroplasts. Total Mn 

measured by atomic absorption. 0~ evolution rates measured polaro

graphically as described in Materials and Methods. 

Expt. No. 

1 

2 

Washing 
solution 

Sucrose 

Tris 

Sucrose 

Tris 

Total Mn/400 Chl 

5.53 

5.32 

7.64 

6.54 

2. Amount of Mn released by Tris-washing 

1-~moles o2 
mg Chl·hr 

156 

21 

183 

53 

Fig. 10 shows the results of an experiment designed to measure 

the amount of Mn converted to an EPR-detectable state by Tris treat

ment. A method similar to the method of additions used in atomic 

absorption was used to measure EPR-detectab 1 e ,,,n in Tri s-washed 

chloroplasts. The same samples were then analyzed for total t1n by 

.-
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XBL7311-4917 
Fig. 10~ Measurement of amount of EPR-detectable and total Mn in Tris-

washed chloroplasts by method of additions. The horizontal-axis intercept 

indicates the amount of chloroplast Mn measured by each technique. Points 

labeled o---o refer to total Mn as measured by atomic absorption. Points 

labeled •---• refer to EPR-detectable Mn. Chloro~hyll content 2.88 mg/ml. 
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atomic absorption. The horizontal-axis intercept in each case rcpre-

sents the amount of chloroplast Mn measured by each technique. The 

results indicate that 3.2 Mn/400 Chl was converted to an EPR-detectable 

state, while the total Mn content was 5.3 Mn/400 Chl. Tris treatment 

converted 60% of the chloroplast Mn to an EPR-detectable state. A 

possible ambiguity of this technique is considered in Section D. 

Two possibilities exist for Mn contained in the Tris-washed 

chloroplasts to show an EPR spectrum such as thatseen in Fig. 9. The 

first and simpler explanation is that the Mn has been r~leased into an 

interior space of the thylakoids upon Tris treatment. In this view, 

Mn is completely uncomplexed and shows an EPR signal tharacteristic of 

the unbound ion. The second possibility is that .the Mn is bound to 

the thylakoids in a very symmetric environment and, in an unprecen

dented fashio~. shows a spectrum entirely unchanged from that of 

aqueous Mn. The fo 11 owing series of experiments is designed to answer 

the question of whether the Mn spectrum observed is truly that of un

bound Mn. 

3. Sonication of Tris-washed chloroplasts 

Tris-washed chloroplasts were sonicated to break the integrity 

of the thylakoid membranes. The results are shown in Fig. ll. The 

Mn giving rise to the EPR signal has been released into the super

natant liquid and now shows no preferential tendencY to sediment with 

th~ chloroplasts. The control experiments using sonicated sucrose-, 

washed chloroplasts showed a small ~1n EPR signal, but much less than 

the Tris-washed chloroplasts. This observation is not surprising, as 

sonication is a rather drastic procedure which somewhat denatures the 

delicate oxygen evolving mechanism (Becker~~·· 1962). 

,-
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TRIS WASHED CHLOROPLASTS 

5 MINUTES SONICATION 

j 

/ 
g=2.0 
~ 1

100 G I 

SUPERNATANT LIQUID 

XBL 738·4888 

Fig. 11. Room temperature EPR spectra of sonicated Tt 1s-washed 

chloroplasts. Samples were prepared as described in Materials and 

Methods. Instrumental conditions: microwave power 80 mW, modulation 

amplitude 10 G, time constant 1.0 sec, scan rate 250 G/min. 
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4. Linewidth temperature dependence 

The temperature dependence of the peak-to-peak linevlidth (Mlpp) 

of the g = 1.98 line of the Mn+2 EPR spectrum (fourth from the left 

in Mn spectra shown) gives an indication of the correlation time of 

the Mn ion, whether free or compl exed (Hayes and r~yers, 1964; Nolle 

and Morgan, 1962; Cohn, 1967). To help in determining the environment 

of Mn in Tris-washed chloroplasts, the temperature dependence of the 

EPR linewidth was studied over the range of 5-25°C. The experi~ent 

was restricted to this limited temperature range because of the ex

treme sensitivity of chloroplasts to heat. The results are shown in 

Fig. 12. The chloroplast sample and an aqueous Mn control have vir

tually the same linewidth temperature dependence. 

5. Low temperature spectra 

A low temperature spectrum of a frozen solution is very similar 

to that of a polycrystalline or pov1der in that molecular rotations 

are hindered. Such powder spectra can be useful in determining the 

geometry of the crystal fielri environment of the metal (Aasa, 1970; 

Dowsing and Gibson, 1969; Haffner et al ., 1974). Fig. 13a and b shows -,-

spectra of Tris-washed chloroplasts at 298° and 77°K. The spectra of 
-5 3.6 x 10 M Mnso4 at 298° anrl 77° are shown in Fig. 13c and d for 

comparison. The spectra of the tvro samples at each temperature are 

very similar except for the photosynthetic Signal II present in the 

chloroplast samples. ·These results also support the assignment of 

the EPR-detectable Mn in Tris-washed chloroplasts to an uncomplexed 

species in an octahedral environment. 
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25 20 15 

LINEWIDTH TEMPERATURE 

DEPENDENCE 

g = 1.98 

3.5 

10 5 

3.6 

XBL 7311-4935 A 

Fig. 12. Linewidth (~Hpp) temperature dependence of the g = 1.98 EPR 

line of 3.6 x 10-5 M Mnso4 in 0.8 M Tris, pH 8.0 (t---t), and of Tris

washed chloroplasts (~---£\). To minimize denaturation effects, lm-1er 

temperatures were recorded first. Instrumental conditions: microwave 

power 100 mW, modulation amplit!!de 6.3 G. Chlorophyll content 2.80 rng/ml. 
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CHLOROPLASTS TRIS- WASHED 
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. f Tris-washed EPR spectra o T . 
Fig. 13. . 
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6. Transfer of Mn and anions across the photosynthetic membrane 

The experiments presented so far suggest ~hat, upon Tris treat

ment, Mn is initially released into an interior space of the thylakoids. 

Since the concentration of Mn outside the chloroplast is much lo~,oJer 

than that inside, the Mn inside will tend to diffuse out. The rate of 

diffusion of Mn across the thylakoid membrane can be measured by ob

serving the amount of Mn in the pellet versus the supernatant liquid 

·as a function of time of incubation in Tris. The kin~tic behavior of 

this diffusion was investigated and the results are shown in Fig. 14. 

Chloroplasts were incubated in Tris, and aliquots were taken at inter

vals. These aliquots were centrifuged as described in Section B-1, 

and EPR spectra were run on both the pellet and the supernatant liquid. 

The signal of the pellet decreases with a half time of about 

2.5 h. The signal in the supernatant liquid change~ ruuch less, owing 

to the ten-fold larger volume compared to the pellet. The control 

chloroplasts, suspended in sucrose buffer instead of Tris, show little 

Mn signal at all times~ 

It is somewhat more difficult to study the rate of transfer of 

anions across the photosynthetic membrane. An anion which complexes 

Mn+2 and abolishes its EPR signal can be studi~d using the Tris

treated chloroplast system, while an anion which has no effect on the 

EPR spectrum is impossible to follow using this method. A variety of 

Mn chelating and precipitation agents were surveyed for their ability 

to reduce or eliminate the ~1n EPR signal, and six were chosen to 

study the accessibility of the t1n EPR signal in Tris-washed chloro

plasts. Table IV shows the results of an experiment in which Tris-

washed chloroplasts were incubated with the various agents for 2 mw, 
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DECAY OF TRIS-INDUCED Mn EPR SIGNAL 
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Fig. 14. Decay kinetics of Tris-indu~ed Mn+2 EPR signal. Points repre-

sent: o---o, Tri~-washed pellet; •---•~ Tris-washed supernatant liquid; 

6---6, sucrose-washed pellet; 6---6, sucrose-washed supernatant liquid. 

Large quantities of Tris-nashed and sucrose-washed chloroplasts were 

prepared as described in Materials and Methods; but were not centri

fuged. After different times, 10 ml aliquots were taken, centrifuged 

for 2 min at 5000 x g, and the pellet was resuspended in 0.5 ml super

natant liquid. EPR spectra were taken of resuspended c~loroplast 

pellet and supernatant liquid. 
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Table IV 

LOSS OF Mn EPR SIGNAL UPON TREATf~ENT WITH CHELATING AND PRECIPITATION 

REAGENTS 

Numbers refer to percent of original Mn+2 EPR signal remaining 

after additioh. Concentrations of reagents refer to final concentra

tions. The first four reagents are chelating agents; the last two 

are precipitation reagents. The concentration of the inorganic Mnso4 
control (3.65 x 10-5 M) was chosen to give the same amplitude Mn EPR 

signal in the absence of additions as that of the T~is-washed chloro-

plasts. Chlorophyll content 3.0 mg/ml. 

Addition % Mn EPR signal rema1n1ng 

(final concentration) Tris-washed 3.65 x 10-s M 

chloroplasts Mnso4 in Iris 

1 m~1 EDTA 

1 mM EGTA 

5 mM a-hydroxyquinoline 

5 mM 8-hydroxyquinoline-5-sulfonic acid 

1 mM Na4 P207 
I I 1 mM K4 Fe · ( CN) 6 . 

0 

0 

0 

0 

10 

91 

0 

0 

0 

0 

5.4 

11 
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and then EPR spectra were taken. In all cases, except for K4Fe(CN) 6 
addition, the added agents abolish or strongly decrease the Mn EPR 

signal in Tris-washed chloroplasts. The behavior of K4Fe(CN) 6 is not 

understood. 

The time required for the apparent anion transport across the 

thylakoid membrane follo\'1ed by chelation of t~n is less than 2 min. To 

study this process further, the stopped-flow apparatus was employed. 

This allowed a much finer time resolution than the manual mixing 

method used for Table IV. The results. of an experiment where EDTA 

and Tris-washed chloroplasts were mixed and the Mn EPR signal was 

'followed in time are shown in Fig. 15. 

The chelation of f~ee Mn+2 by EDTA in an aqueous control occurs 

within the 250~msec dead time of the measurement. The rate of chela

tion of Mn+2 observed in Tris-washed chloroplasts is slower, with a 

t 112 of 750 msec. This most likely represents the time required for 

the EDTA to penetrate the thylakoid membranes. After diffusion through 

the membrane, the time required for chelation should be very short. 

An alternative explanation is considered in Section D. The curve in 

Fig. 15 exhibits first-order kinetic behavior . 

., .. Mn binding sites in untreated and Tris-washedchloroplasts 

The existence of a Mn binding site on chloroplasts has been demon

strated by Gross (1972). The results of an experiment designed to 

measure the strength and number of Mn binding sites in untreated and 

Tris-washed chloroplasts are shown in Fig. 16. The method used, 

first reported by Cohn and Townsend (1954), utilizes the fact that Mn 

bound tn proteins usually shows no EPR signal. Presenting the data in 
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TRIS-WASHED CHLOROPLASTS 

+ 10""4 M EDTA 

1.82 x 10-5 M MnS04 

+10-4 M EDTA 

2 
TIME (sec) 

3 4 

XBL7311-4936 

Fig. 15. Kinetics of Mn+2 chelation by 1EDTA in Tris-washed chloro

plasts and in an aqueous~lution of Mnso4. The stopped-flow apparatus 

described in Materials· and Methods was employed. Upper curve: Tris

washed chloroplasts {2.2 mg Chl/ml) mixed with 10-4 M EDTA, O.BM 

Tris, pH 8.0. Lower curve {control): 1.8 x 10-5 M Mnso4, 0.8 M Tris, 

pH 8.0, mixed with 10-4 M EDTA, 0.8 M Tris~ pH 8.0. The intensity of 

the Mn+2 EPR line at g = 2.12 (1st from left in Fig. 7 ) was monitored 

as a function of time. The baselines of the two curves have been arti

ficially separated for clarity. Instrumental conditions: microwave 

power 100 mW, modulation amplitude 32 G, time constant 50 ms. 
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SHN -WASHED 
CHLOROPLASTS 

Ko • 1.2 x ro- 4 M 
5.5 Chi/Mn site 
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Fig. 16. Measurement of external Mn+2 binding site in Tris-washed and 

sucrose~washed chloroplasts. Chlorophyll content 2.30 mg Chl/ml. A 

correction term was applied to each sample corresponding to the amount 

of Mn EPR signal present in the absence of any added Mn. This removes 

any contribution by interior Mn to the signal amplitude. Calibration 

curves were made for Mn+2 in both buffer systems; these were linear 

over the entire concentration range studied. 

·. 
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the form of a Hughes-Klotz (1956) plot enables the measurement of 

the binding constant and the determination of the number of binding 

sites. The reciprocal of the horizontal-axis intercept gives the dis-. 
sociation constant, KD, of the binding site. The reciprocal of the 

vertical-axis intercept gives the number of binding sites. Any 

deviation from a straight line indicates more than one class of 

binding site (Mildvan and Cohn, 1963). 

The KD of the binding sites for sucrose-washed chloroplasts is 

calculated to be 1.2 x 10-4 M, and the number of binding sites is about 

1 Mm binding site per 5.5 Chl. For Tris-wash~d chloroplasts the total 

amount of binding is very low. The number of binding sites is reduced 

to one per 200 chlorophylls, while the KD is essentially the same as 

for sucrose-washed chloroplasts. No evidence of more than one class 

of binding sites is apparent with either chloroplast preparation.· 

D. Discussion 

The effect of Tris washing on chloro~last Mn content and environ

ment has been a controversial subject in the literature. The work of 

Yamashita and Butler (1968a, 1968b, 1969) localized the effect of 

Tris-washing on the oxidizing side of Photosystem II. The experi

ments of Cheniae and Martin (1970} indicated that Mn was remov~d from 

the chloroplasts upon Tris treatment. However, Yamashita et ~· 

(1971) showed that reducing agents can prevent the loss rif oxygen 

activity upon Tris treatment and can also restore the 02 evolution 

activity of chloroplasts which were previously inhibited. Heat treat

ment inhibition of 02 activity was not reversjble by reducing agents. 

In a later paper, Yamashita et ~· (1972) showed that Tris-treat.:.d 

chloroplasts actually showed very little loss of total Mn. 



-64-

The results of Fig. 9, Table III, and Fig. 10, taken together, show 

that under our experimental conditions Mn is not lost from the chloro

plasts upon Tris treatment, but is merely altered in environment. 
+2 . 

Before Tris treatment, no Mn EPR signal 1s seen, and the rate of 

oxygen production is hig'h. After Tris treatment, an EPR signal 

characteristic of divalent Mn is observed and the rate of oxygen 

evolution is low. However, the total amount of chloroplast Mn is not 

decreased significantly. Furthermore, the results of Fig. 10 shov1 

that a significant fraction of the chloroplast t·1n is converted to 

this EPR-detectable state. 

The nature of the environment of the EPR-detectable Mn in Tris

washed chloroplasts is a question requiring careful attention. The 

symmetric 6-line EPR spectrum is virtually diagnostic for hydrated 

Mn+2 free in solution (McGarvey, 1957; Levanon and Luz, 1968). Any 

chelation usually causes the spectrum to disappear entirely, or at 

least to become distorted. In fact, the method used to determine Mn 

binding to chloroplasts assumes that any bound Mn has no observable 

EPR signal. Some spectra of bound Mn have been reported, but they are 

invariably distorted in some vtay (Reed and Cohn, 1970; Chien and 

Westhead, 1971; Dowsing et ~., 1969; Haffner et al., 1974). The 

· probable reasons for this behavior have been discussed by Reed and 

Ray ( 1971), and by Reed et ~· (1971). 

The question is then to determine how closely the spectrum ob-
+2 served in Tris-washed chloroplasts resembles an aqueous Mn spectrum. 

Any deviations from the aqueous signal could reflect the particular 

environment of the EPR-active Mn in Tris-washed chloroplasts. The 

temper~ture dependence of the linewidth of the g = 1.98 line is an 
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indication of the correlation time of the Mn+2 idn (Hayes and Myers, 

1964; Hinckley and Morgan, 1966; Strother et 91_., 1971). This 

analysis is possible only if there is no large static zero field 

splitting, which makes the spectrum unobservable as in the case of 

the Mn-EDTA complex. The results of the experiments presented in 

Fig. 4 indicate that the Nn EPR signal in Tris-washed chloroplasts 

shows a linewidth temperature dependence identical to that of an 

aqueous Mn control. The g value of the signal and the hyperfine 

splitting of the lines show no deviations from' those of an aqueous 

Mn+2 signal~ Low temperature spectra presented in Fig. 13 are also 

similar for chloroplast samples and free Mn. 

The experiments presented indicate that the Mn EPR signal in 

Tris-washed chloroplasts shO\'IS none of the distortion characteristic 

of bound Mn and indeed appears in ev~ry measurable way to be identical 

to a freely rotating, hexaquo divalent Mn ion. 

Why then does the Mn EPR signal sediment as if it were bound 
r 

into the chloroplast, as shown in Fig. 9? This is easily ~xplained 

if one ass~mes that the Mn EPR signal seen in Tris~washed chloroplasts 

is indeed that of free Mn, but Mn trapped in the interior space of 

the thylakoid. 

This conclusion is strengthened by the sonication experiments 

presented in Fig. 11. If the Mn is indeed··tf>apped /*fl. the interior of 

the thylakoid membranes, breaking these IJ]~mbranes open should release 
{.-... :·· . .., . 

the Mn to the outside of the thylak~ids~~~~e it will show no tendency 

to sediment with the chloroplasts. ~Jhis is just the behavior seen. 

Gunter and Puskin (1972) invelti9ated an EPR spectrum of Mn 
.,_ ·.·· .i 

accumulated inside mitochondria by tA~ divalent ion pump active in 
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such systems. They resolved the distorted signal observed into two 
+2 main components: an aqueous Mn signal with 52 G linewidth and a broad 

(300 G) single line at g = 2.0, which they classified as an exchanqe-

narrowed signal, owing to the fact that it became narrower with in-

creasing Mn concentration. Added EDTA had no effect on the Hn signal 

in their studies. 

Assuming that the interpretation presented so far is correct, it 

is possible to study the kinetics of transfer of Mn out of the thyla

koids, or kinetics of transfer of various anions into the thylakoid. 

These experimerits are presented in Figs. 14 and 15. The results 

indicate that the rate of transfer of Mn+2 ions across the membrane 

of Tris-washed thylakoids is slow, while the rate of transfer of 

anionic chelating agents is very much faster. 

An alternative explanation for the behavior observed is that the 

various anions do not actually penetrate the membrane and complex the 

internal Mn, but cause a membrane conformational change which exposes 

a heretofore buried Mn binding site on the interior surface of the 

thylakoid. The wide variety of chemically unrelated species which. 

cause the disappearance of the Mn EPR signal argues against this 

possibility, but it cannot be rigorously ruled out. 

A schematic model which summarizes the data presented in this 

chapter is shown in Fig. 17. Mn attached with two lines to the 

interior surface of the thylakoid membrane represents the 60% of 

. the total chloroplast Mn which is EPR-active after Tris treatment. 

Mn attached with four lines represents the more tightly bound 40% of 

the total Mn pool. This Mn is apparently unaffected by Tris-washing. 

The dPpressions ·on the exterior surface of the thylakoid represent 
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Tris 
tr.ealment 

thylakoid 

membranes 

EDTA 

1112 = 2.5 hrs 

Mn+ 2 

XBL7311-4937 

Fig. 17. Model for behavior of chloroplast Mn upon Tris treatment. 

Mn attached with two lines represents loosely bound Mn released by 

Tris-washing. Mn attached with four lines r~presents more tightly 

bound Mn not affected by Tris-washihg. Depressions in the exterior 

of the thylakoids represent weak Mn binding sites. 
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the weak Mn binding site measured in Fig. 16. The number of these 

sites per photosynthetic unit has been decreased for clarity in Fig. 17. 

From the data presented in Fig. 16, it is apparent that Tris

washing decreases' the number of external Mn binding sites by about 35-

fold, while their dissociation constant is essentially unchanged. 

This non-competitive (uncompetitive in Cleland's (1963) nomenclature) 

inhibition is most easily explained by postulating a conformational 

change of the chloroplast membrane. The conformational change prevents 

the binding of the Mn ion (Gross, 1972). 

Since the EPR signal of Mn+2 is very sensitive to its surroundings, 

one must observe appropriate precautions when comparing EPR signals 

from Mn in two different environments. In the experiments of Fig. 10 

just such a situation exists. Mn ions are present inside the thyla

koids due to the action of Tris. Mn has also been added to the out

side of the thylakoids. The presence of a weak Mn binding site on 

the outside surface which had no counterpart on the inside surface 

would cause an error in the measurement of the amount of EP~-detectable 

Mn present .in the interior of the thylakoid. Fig. 16 indicates that 

almost no Mn binds to the exterior of the Tris-washed thylakoids. 

This means that the value measured for EPR-detectable Mn w1~, not be 

too large. 

The data of Figs. 9 and 10 indicate that Tris treatment releases 

a major fraction of interior chloroplast Mn. It is possible that the 

same mechanism which is operative in changing the Mn binding site on 

the exterior of the thylakoid membrane also affects the internal Mn 

in the membrane responsible for oxygen evolution activity. The sites 

are very different in terms of strength of binding and number of sites 

per photosynthetic unit. 
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A molecular explanation for why Tris acts as it does and other 

similar compounds act differently is not available. Yamashita and 

Butler (1969) showed that only the unchanged form of Tris is inhibi

tory. The unchanged form would probably be more accessible to lipo

philic regions of the membrane. 

Cheniae and Martin (1970) reported t~o separate pools of Mn, one 

larger pool active in oxygen evolution and a smaller one not active 

with respect to oxygen evolution. The results presented here tend to 

confirm this result. Upon Tris treatment, 60% of the total chloro

plast Mn pool is converted to an EPR-detectable state. The other 40% 

of the chloroplast Mn pool is apparently not similarly affected by 

Tris-washing. 

The procedure reported by Yamashita~~· (1971, 1972) to reacti

vate oxygen activity inTris-washed chloroplasts does not, involve 

addition of Mn to inhibited chloroplasts. Evidence is presented in 

Chapter 4 which indicates that reactivation ~pparently involves the 

return of Mn to the configuration existing prior to the Tris treatment. 

The assumption that Mn is essential for oxygen evolution (a statement 

that much indirect, but no direct, evidence supports) would suffer if 

Mn were irreversibly lost by Tris treatment ... · If,·however, Mn is still 
- . 

retained within the thylakoids after Tris treatment, the reversibility 

of the procedure is easily visualized. This could involve another 
/"", 

conformational change back to the origi na 1 configuration. The ~1n 

present inside the thylakoid could. then rebind, and the original 

state would be restored. 

No previous evidence exists a~ to the spatial distribution of Mn 

within the thylakoid. Our results indicate that Mn is released into 
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an internal thylakoid space upon Tris treatment.· The simplest extra

polation from that finding is that before release Mn resides on or 

near the interior surface of the membrane. The directional release 

of Mn upon Tris treatment is a dramatic example of the asymmetry 

present in the thylakoid membrane. 

Fowler and Kok (1974) found that 02 evolution occurs in the 

interior of the thylakoid membrane. Similar conclusions were reached 

by Junge and Ausltinder (1973). The results presented here are cer

tainly consistent with the popular conception that~n is the catalyst 

for o2 production in photosynthetic systems. 
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CHAPTER 4 

KINEIIC STUDY OF OXYGEN EVOLUTION PARM-1ETERS IS TRIS-WASHED, 

REACTIVATED CHLOROPLASTS 

A. Introduction 

Inhibitory treatments have proved very useful in the study of 

the mechanism of o2 evolution in green plant photosynthesis. Tris

washing is a widely used treatment that provides insight into the 

function and location of several components of Photosystem II not 

observable in untreated systems. 

The elegant studies of Yamashita and Butler (1968a, 1969) estab

lished the site of Tris action to be on the water side of PS II. 

Chloroplasts which have been Tris-washed show decreased Chl a fluores

cence in the light, little or no oxygen evolution capacity and higher 

concentrations of EPR detectable Mn+2. OCMU-sensitive electron flow 

to Hill oxidants can be restored by the addition of exogenous el ec

tron donor systems such as phenylenediamine/ascorbate, Mn+2, or di

phenylcarbazide. However, Yamqshita et ~· (1971, 1972) showed that 

Tris inhibition is distinct from other PS II inhibitory treatments in 

that oxygen evolution in Tris-washed chloroplasts can be reactivated 

by rewashing with buffer containing reducing agents such as OCIP/ 

ascorbate. 
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In Chapter 3 it was shown that Tris inhibition leads to the 

appearance of a Mn EPR signal not present in untreated chloroplasts. 

This EPR-detectable Mn, which comprises about 60% of the total chloro

plast Mn, is localized ~ithin the interior space of the chloroplast 

thylakoids and only slowly {t112 = 2.5 hr) diffuses across the thyla

koid membrane into the suspending medium. Babcock and Sauer (1975a) 

used a number of inhibitory treatments, including Tris-\'t'ashing, which 

act on the water side of PS II and showed that a relatively rapid and 

reversible (0.5 sec decay) light-induced component in EPR Signal II 

appears upon inhibition of 02 evolution. They established that in 

Tris-washed chloroplasts the component responsible for Signal !IF 

+ serves as an electron donor to P680 , the oxidized PS II reaction 

center chlorophyll, and proposed that the Signal IIF species may 

function as the physiological donor, Z, in oxygen evolving chloro

plasts (G. T. Babcock and K. Sauer, submitted for publication). 

In this chapter the effect of Tris-washing and subsequent reacti-

vation on oxygen e~olution in continuous and flashing light, on the 

1 evel s of EPR-detectabl e and total chloroplast Mn and on the extent 

of Signal IIf formation are investigated. The results indicate that 

reactivated chloroplasts resemble untreated controls in exhibiting 

each of the kinetic characteristics that accompany oxygen evolution. 

Mn released byTris-washing is reincorporated into the thylakoid 

membrane upon reactivation, and Signal Ilf is no longer seen. 

B. Materials and Methods 

1. Chloroplast preparation 

:..;ucrose-washed and Tris-washed broken spinach chloroplasts were 

prepared as described in Chapter 3. Tris-washed, reactivated . 
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chl oropl asts were prepared according to the method of Yamashita ~t ~· 

(1971) by re\'JaShing Tris-washed chloroplasts in 15 ml of the sucrose 

isolation buffer \'lhich had been made 0.3 mt1 in DCIP and 2 mM in ascor

bate. Chlorophyll content during the reactivation procedure was 

between 200 and 400 pg/ml. The presence or absence of room light 

during the reactivation procedure did not affect the extent of reacti

vation. Since it has been our experience that chloroplasts lose t1n 

upon each washing, even with isolation buffer, all samples were washed 

the same number of times. The only differences were the solutions 

used or th~ order of washing with them. All procedures were performed 

at 0°C. 

2. Oxygen measurements, EPR measurements, and Mn analysis 

The techniques and instrumentation for measuring o2 evolution in 

continuous light were described in Chapter 3. The methods for flashing 

light were described by Babcock and Sauer (1973). The reaction mixture 

for continuous light measurements contained 50 mM HEPES (pH 7.6), 20 

mM NaCl, 1 mM rm4c1, 5 mM f·1gC1 2, 1 mM K3Fe(CN)6 andl mt·1 K4Fe(CN) 6. 

Chlorophyll concentration was 25-50 pg/ml ~ For flashing 1 ight experi

ments, the reaction mixture contained 200 pg Chl/ml, 50 m~1 HEPES (pH 

7.6), 1~ mM NaCl, 20 mM f1gC1 2, 0.2 mM NADP and 10 pg/ml ferredoxin. 

NADP and ferredoxin were obtained from Sigma. 

EPR spectra were obtained using a Varian E-3 (X band, 9.5 GHz) 

spectrometer. Instrument settings are given in the figure captions. 

All spectra were taken at room temperature. EPR spectra of Signal II 

were taken using a flat aqueous sample cell (nominal i.d. = 0.2 mm) 

obtained from J. F. Scanlon Co., Costa t1esa, California. l\ln EPR spectra 

were taken in 1.0 mm i.d. quartz tubes, which permitted more reproducible 

sample positioning. 
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Mn analyses were performed with a Perkin-Elmer ~1odel 303 1\tornic 

Absorption Spectrophotometer. Samples and standards were prepared as 

described in Chapter 3. 

C. Results 

1. 02 Evolution behavior 

Using the techniques developed by Yamashita et ~· (1971), we have 

been able to reactivate 02 evolution in Tris-washed chloroplasts to 

100% of the control rate. This is shown in Fig. 18, where the control 

rate (a) is seen to be inhibited by Tris-washing (b) and then restored 

to the control level by reactivation (c). 

We have found that the pH of the Tris solution used in the Tris

washing step is crucial in determining both the extent of inhibition 

and the rate of 02 evolution upon subsequent reactivation. At a pH 

higher than 8.0 we were able to obtain greater inhibition, but not 

100% restoration of oxygen evolution upon reactivation. 

The flashing light experiments of Joliot et ~· {1969;·, Kok et ~· 

(1970), and Weiss and Sauer (1970) demonstrated that oxygen evolution 

from dark~adapted chloroplasts illuminated by a series of closely 

spaced, short (20 ns to 10 ~s) flashes has a distinct period-four 

oscillatory pattern. Fig. 19 presents a comparison of oxygen evolu

tion in flashing light for sucrose-washed chloroplasts with that for 

Tris-washed, reactivated chloroplasts. Both chloroplast samples show 

period-four oscillations with maximal amounts of oxygen on the third 

flash. The ratio v31v4 (yield of o2 on the third flash to o2 on the 

fourth flash) is higher in the sucrose-washed chloroplasts than in the 

reac~ivated chloroplasts. This can probably b~ attributed to a 
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a) Sucrose-
washed 

t 
b) Tris-

washed 

t 

c ) Tris -washed 
reactivated 

t 
d ) Sucrose -washed 

+1o-5M DCMU 

t 
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~ 29 
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I Min. 

5 

XBL747-5263 

Fig. 18. 02 evolution in continuous 1 ight measured as described in 

Section B-2. Numbers appeari~g to the right of the downward~pointing 

arrow are .the rates of o2 evolution in pmoles o2 (mg Chl)-l hr-1. 

fhlorophyll content 48 pg/ml. 
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12 

FLASH NO. 

0 Sucrose- washed 

• Tris-washed, reactivated 

16 20 24 

XBL748-5275 

Fig. 19. Pattern of 02 evolution in flashing light measured as des

cribed in Section B-2. The average yield of Oz on the 20th th~ough 

the 25th flash was used to normalize the two curves. The xenon flashes 

were 10 ps long and were spaced 1 sec apart~ 

.. 
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decrease in the s1;s0 ratio caused by the reductants DCIP/ascorbate 

used in the reactivation procedure (Bouges-Boquet, 1973). We have 

also noticed that in the reactivated chloroplasts the first flash 

after dark adaption produces a positive-going polarographic signal. 

The dependence of this signal on polarizing voltage is different from 

that of oxygen, and we have concluded that it arises from DCIP. In 

the results for reactivated chloroplasts shown in Fig. 19 this compo

nent has been subtracted from the 02 yield on the first flash. 

Following each flash on o2-evolving chloroplasts, a dark relaxa

tion time is required before quanta from a second flash will be 

effective in producing further PS II charge accumulation. In untreated 

chloroplasts this reset time is less than 1 ms (Joliot et ~. 1969; 

Kok et ~. 1970; Bouges-Bocquet, 1973). We have made comparisons 

of this ki n·etic parameter in sucrose-washed and Tris-washed, reacti

vated chloroplasts under a variety of conditions. In the experiments 

shown in Fig. 20, flashes spaced 1 sec apart wefe giVen until 02 
evolution from each flash was uniform. Having reached this steady 

state, we then vaYjied the time between two successive flashes. The 

ordinate in Fig. 20 is the yield of 02 on the following flash, Yn+l, 

as a function of the time, lltn,n+l' between the t~o flashes. In 

suc-rose-washed chloroplasts, Yn+l reaches 50% of the steady-state 

yield after 800 ~s dark time; in reactivated chloroplasts this half

time is 650 ~s. In Table V the results of analogous experiments on 

dark-adapted chloroplasts are summarized. In one set.of experiments 

the time between the first and second flashes (which measures the 

halftime for the s• 1- s2 reaction in the Kok et ~- (1970) model 
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• 
0 

0 

• Sucrose- washed 

o Tris -washed, reactivated 

4 6 8 10 

tdn,n+J ( msec) 

XBL 748-5276 

Fig. 20. Steady-state fla91 kinetics of o2 evolution. Flashes spaced 

1 sec apart were given until the amount of o2 evolved following each 

flash was uniform. A pai~ of flashes separated by a time, 6tn,n+l, 

was then given to the system. The yield of 02 from the 2nd flash of 

the pair, Yn+l, is plotted vs the dark time between the two flashes, 

6 tn ,n+ 1· 

.. 
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Table V 

S Stat.e Kinetics in Sucrose-Hashed and Tris-Hashed, 

Reactivated Chloroplasts. 

02 evolution in flashing light measured as described in Section B-2. 

tl/2 (S'(~S2) tl/2 (s• ~s ) 2 3 

Sample ( lJS) ( j.l s) 

Sucrose-washed 210 420 

Tris-washed, reactivated 170 370 

for 02 evolution), was varied, and in a second set the time between 

the second and third flashes was varied. This measures the s•r•s3 

halftime. 

The results from the experiments shown in Fig. 20 and Table V 

show that both the individual step and steady-state kinetic parameters 

of o2 evolution in reactivated chloroplasts are comparable to those 

observed for sucrose-washed chloroplasts. 

2. Mn content and EPR characteristics 

Table VI lists 02 rates and Mn-content of sucrose-wash~"ri, Tris

washed, and Tris-washed, reactivated chloroplasts. Tris-washed 

chloroplasts have lost only about 15% of their total Mn pool, but 63% 

of their o2 evolving capacity has been inhibited. Tris-washed reacti

vated chloroplasts have completely regained the 02 evolution rate of 

the sucrose-washed control, but have lost 35% of the Mn of the 

control. 

\ 
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Table VI 

02 Rate and Mn Content of Sucrose-Washed, Tris-Hashed, and 

Tris-Washed, Reactivated Chloroplasts. 

o2 evolution in continuous light and Mn content by Atomic absorption 

were measured as described in Section B-2. Chlorophyll content was 

Sample 

Sucrose-washed 

Tris-washed 

Tris-washed, 
reactivated 

26 llg/ml . 

02 Eva 1 uti on 

llmoles o2 % Control {mg Chl) hr 

78 100 

29 37 

79 101 

Mn Content 

Mn/400 Chl % Control 

6:65 

5.61 

4.33 

100 

85 

65 

It appears that total Mn content is not a reliable indicator of 

o2 evolving capacity in chloroplasts that have been Tris-washed. One

third of the chloroplast Mn can be removed without noticeable effect 

on the rates of o2 evolution, compared with untreated controls. The 

possibility exists that part of the chloroplast Mn is accounted for 

by a Mn containing superoxide dismutase (SOD), and that this Mn can 

be lost without affecting o2 evolving capacity. A cyanide-insensitive 

SOD has been found in chloroplast lamellae by Lumsden and Hall (1974). 

It was not determined whether this SOD was Mn-type or Fe-type (both 

are cyanide-insensitive while the CuZn type is cyanide-sensitive). 
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Analysis of total Mn gives no information about its chemical 

environment in the chloroplast. EPR spectroscopy,. however, is ex

tremely sensitive to the local environment of Mn+2. It was shown 

previously that upon Tris treatment about 60% of the chloroplast 

Mn is converted to an EPR-detectable state. 

Fig. 21 shows results of an EPR experiment on the same chloro~ 

plast samples used in the o2 rate experiments shown in Fig. 18. The 

sucrose-washed sample shows little Mn EPR signal', while the Tris

washed sample shows the six-line pattern characteristic of Mn+2. 

The Tris-washed, reactivated sample has little of the six-line ~1n+2 

signal and its EPR spectrum is very similar to that of the sucrose

washed sample ... Upon reactivation of o2 evolutio.n capacity, the major 

portion of the Mn liberated by Tris treatment i~ returned to an EPR

nondete~table state. It is not possible to determine from this experi

ment whether the environment of Mn in reactivated chloroplasts is 

identical to that of Mn in sucrose-washed chloroplasts. However, 
I 

from the spectra presented in fig. 21, it is appar~nt that the en

vironment of Mn in reactivated chloroplasts is quite unlike that 

present in Tris-washed chloroplasts. 

It was shown in Chapter 3 that EOTA is able to complex Mn re

leased into the interior of the thylak~id upon Tris treatment. It 

was therefore of considerable interest to determine the effect of 

EOTA incubation on the reactivation of o2 evolution and the Mn content 

of Tris-washed chloroplasts. The results of this experiment are pre

sented in Table VII. The presence of 10-3 M EOTA during the Tris 
' 

washing had r.o significant effect on the rate of 02 evolution ·for any 

of the samples, even those which had been reactivated. Nor was the 
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t 
0. 2.00 

3190 3390 

H (gauss) 

o) Sucrose- washed 
chloroplasts 

b) Tris- washed 

c) Reactivated 

3590 

XBL747-5256 

Fig. 21. Room temperature EPR spectra (lst derivative).of chloroplasts 

pr~pared as described in Section B-2. Instrumental conditions: microwave 

power 100 mW, modulation amplitude 10 G, time constant 0.3 sec, scan 

rate 250 G/min. Receiver gain was the same for all 3 spectra. Chloro-

phyll content 4'• 8 mg/ml. 

-· 
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Table VII 

Effect of EDTA on Reactivation of 02 Evolution and Chloroplast 

Mn Content. 

o2 evolution in continuous light and r~n analysis by atomic absorption 

were measured as described in Section B-2. EDTA concentration was 

10-3 M and was added during the Tris-washing step of chloroplast 

treatment. Chlorophyll content was 40 llQ/ml. 

Chloroplast 

treatment 

Sucrose-washed 

Sucrose-washed 

Iris-washed 

Tris-washed 

Reactivated 

Reactivated 

EDTA 

+ 

+ 

+ 

02 Evolution 

llm,oles o2 
{mg Chl J hr 

183 

184 

53 

41 

193 

191 

% Control 

100 

100 

29 

22 

105 

104 

Mn/400 Chl 

7.64 

7.30 

6.54 

6.38 

5.12 

5.53 
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level of chloroplast total Mn affected by EDTA. Similar results vJere 

obtained with EDTA concentrations ranging from 10-5 to 10-2 ~1: no 

change was observed, regardless of when the EDTA was added during 

the experimental procedure. 

3. EPR Signal II behavior 

At 0.1 sec time resolution Signal II displays only a small, 

reversible light-induced kinetic respbnse in broken chloroplasts that 

are capable of 02 evolution {Babcock and Sauer, 1973). However, Tris 

washing and a number of other treatments which inhibit o2 evolution 

on the water side of PS II produce dramatic changes in Signal II res

ponse {Babcock and Sauer, 1975a). Upon inhibition of 02 evolution, a 

rapid kinetic component of Signal II, designated Signal !If, is ob

served in addition to the Signal II present before inhibition. This 

distinction is demonstrated in Fig. 22 for sucrose-washed {Fig. 22a) 

and Tris-washed {Fig. 22b) chloroplasts. Upon reactivation of 02 
evolution {Fig. 22c) in Tris-washed chloroplasts, Signal II behavior 

returns to that exhibited by the sucrose-washed control. ·rhe chloro

phyll content of the three samples in Fig. 22 was adjusted to the 

same concentration. The ratio of maximum Signal II spin concentrations 

in the light is 1:1 (Fig. 22a):l.9 {Fig. 22b):l.O (Fig. 22r). The 

large Signal I observed in Tris-washed and in reactivated chloro

plasts could result from a blocked reduction of P700. This would 

occur if a soluble electron-transfer component(~., plastocyanin) 

is lost during the Tris-washing procedure. 
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(I) Dark 

(2) + hv 

3370 

7 

b) Tris-washed 

c) React iva ted 

(2) 
'•-) 

•. - ~ ,l . . 

,._>'(!)'" ....... ---

\ I . ,· :· •·"1:· .. 

\\ 
"'t •. ~ .,· (. 

j •.• • .,. I( 

3390 . 3410 

H (gauss) 

XBL 747-5257 

Fig. 22. Room temperature EPR spectra of chloroplasts prepared as 
described in Section B-2. In each of the 3 samples spectrum 1 is re
corded in the dark, followed by spectrum 2 recorded in continuous 
light. lo-4 M EDTA was added to each sample to eliminate the Mn EPR 
signal. Instrumental conditions: microwave power 20 mW, modulation 
ampli•ude 2.0 G, time constant 0.3 sec, scan rate 50 -G/min. Receiver 
g~in was the same for all spectra. Chlorophyll cont~~t 4.8 mg/ml. 
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D. Discussion 

Yamashita et ~· (1971, 1972) showed that oxygen evolution in 

Tris-washed chloroplasts can be reactivated by rewashing with iso

osmotic buffer containing reductants such as DCIP/ascorbate. They 

also demonstrated that reactivation restored chlorophyll fluorescence 

to levels exhibited by untreated controls, and that Cl- ion stimulated 

oxygen evolution in both untreated and reactivated chloroplasts in a 

similar manner. In the experiments shown in Figs. lB-20 and Table V 

in this chapter, we have extended these observations through a more 

detailed kinetic analysis. The pattern of oxygen evolution in 

flashing light and the kinetJc parameters of the S state intermediates 

associated with charge accumulation in PS II are similar for reacti-

vated and sucrose-washed chloroplasts. These results, plus those of 

Yamashita and coworkers, argue strongly that oxygen evolution in 

sucrose-washed and in reactivated chloroplasts proceeds by the same 

mechanism. 

It was shown previously that an increase in Signal IIf magnitude 

accompanies the decline in oxygen evolution with heating time (at 

5l°C) (Babcock and Sauer, l975a). The experiments in Fig. 22 corres

pond to the complementary situation: a decline in Signal IIf magnitude 

accompanies the increase in oxygen evolution upon reactivation of 

Tris-washed chloroplasts. These results confirm the inverse relation

ship between oxygen evolution and Signal IIf observation. Two models 

have been proposed to account for the observation of Signal IIf upon 

inhibition of oxygen evoluti.on (Babcock and Sauer, 1975b). In one, 

Signal llf is an alternate electron donor to PS II which is activated 

' 
~ ! 

! 
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as oxygen evolution is inhibited. In the second, the Signal IIf 

species is Z, the physiological donor to P680+; upon inhibition of 

oxygen evolution its rate of reduction is decreas·ed and the radical 

+ (Z· ) becomes EPR detectable. The Signal II results reported here 

are consistent with either model, i.e., either a deactivation of 

Signal IIf or an increase in the rate of rereduction of z.+ upon re

activation of oxygen evolution. However, a very fast component (rise 

<100 ps, decay 700 ps) of Signal II in untreated chloroplasts capable 

of 02 evolution has recently been observed (see Chapter 6). This 

result favors the second of the two proposed models: that Si~nal Ilf 

arises from the physiological electron donor to PS II, and that its 

kinetics of rereduction are slower after Tris washing~ 

The data of Table V demonstrate~ in agreement with similar ex

periments by Yamashita et ~· (1972), that only a modest decrease in 

total Mn concentration is observed upon Tris inhibition. Subsequent 

reactivation of these chloroplasts to 100% of the control rate occurs 

even though 35% of the total Mn has been lost during the t1eatments. 

These data indicate that not all of the chloropl~st Mn is essential 

to oxygen evolution; some may be involved in other non-oxygen evolving 

chloroplast functions. 

A common feature of treatments such as Tris-washing, mild heating, 

and treatment with chaotropic agents is the release of Mn into an EPR 

detectable state~ In Chapter 3 it was shown that with Tris-washing 

this hexaquo Mn+2 is released inside the thylakoid and diffuses out 

only slowly. The experiments in Fig. 21 show that upon reactivation 

of Tris-washed chloroplasts t_he major fraction of this ~1n+2 is reincor

porat•~d into the chloroplast membrane in an EPR undetectable state. 
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This reincorporation is dependent upon the presence of a reductant but 

does not require light. Yamashita and Tomita (1974) also observed 

that Tris-washed chloroplasts can be reactivated fn the dark without 

the addition of exogenous Mn. On the other hand, Tris-acetone-washed 

(0.8 M Tris, pH 8.0, 20% acetone} chloroplasts, which are more exten

sively depleted of Mn, require both light and externally supplied Mn+2 

for reactivation. Simi 1 arly, Cheni ae and Martin (1971 b) showed that 

Mn incorporation into Mn deficient algae proceeds via a multiquantum 

process. These results suggest that the uptake of Mn+2 from the ex

ternal medium is a light-driven reaction, but once within the thylakoid, 

the divalent Mn is incorporated into the membrane in the dark. 

EDTA chelates the hexaquo Mn+2 in Tris-washed chloroplasts. How

ever, the data in Table VII show that this chelation affects neither 

the extent of reactivation nor the total Mn content in Tris-washed 

chloroplasts. These results allow us to conclude that Mn, chelated by 

EDTA, is not free to leave the thylakoid. Excluding the less likely 

explanation that t1n remains as the EDTA complex throughout the reacti

vation procedure, the Mn binding site restored by the reactivation 

treatment has a higher affinity for Mn than does EDTA (Kd = lo-14 ) 

{Sillen and ~1artell, 1971). Yamashita and Tomita (1974) showed that 

EDTA inhibits the light reactivation of Tris acetone-washed chloroplasts 
+2 by exogenous ~1n This result, together with the observed 1 ack of EDTA 

inhibition on the dark reactivation of Tris-washed chloroplasts (Table 

VII), strengthens the conclusion reached above: the incorporation of 

Mn+2 is a two-step process; a light driven transport into the thylakoid 

and a dark binding to the site responsible for activity. 
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CHAPTER 5 

THE USE OF Mn +2 AS AN ELECTRON DONOR TO PHOTOSYSTD1 I I 

A. Introduction 

Kenten and Mann (1955) first showed that leaf extracts could 

oxidize Mn in the light. They suggested a peroxidase system, which 

would oxidize Mn by H2o2 produced in the light. Bachofen (1966) con

cluded that Mn+2 served as an electron donor between the water oxida-

tion site and the PS II reaction center. Ben-Hayyim and Avron (1970, 

1971) further characterized the reaction as being sensitized by PS II. 

They showed that Mn+2 oxidation was DCMU-sensitive and exhibited a 

red drop effect, the classic evidence for a PS II reaction. They re

ported that addition of Mn+2 to isolated chloroplasts resulted in Mn+2 

overriding H20 as a source of electrons t, PS II, thereby d~creasing 

the rate of o2 evolution. Lozier et ~· (1971) maintained that Mn+2 

did not override H2o as a donor. They found that Tris-washed chloro

plasts utilized ~1n+2 as a donor, but untreated chloroplasts did not. 

Epel and Neumann (1973) interpreted their observation o\ a Mn-induced 

stimulation of o2 uptake in the methyl viologen Hill rea~tion using a 

PS I mechanism in which the stoichiometry of 02 uptake changed upon 

addition of Mn+2 or ascorbate. They implicated superoxide ion as a 

possible intermediate. 

A . +2 1 thorough understanding of the oxidation of Mn by chlorop.asts 

is not available at present. The problem is that no two laboralvries 
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obtain the same results from what appear to be the same experiment. 

This indicates that perhaps the reaction is very sensitive to the 

structure of the chloroplast. If so, a study of this reaction should 

help to characterize the relation of PS II components. 

B. Materials and.Methods 

Sucrose ... washed and Tris-washed ~hloroplasts were prepared as des

cribed in Chapter 3. Chlorophyll content was 2-3 mg/ml for all experi

ments. Flash kinetic EPR measurements were performed as described by 

Babcock and Sauer (1975~). The g = 2.12 (3110 G) line of the Mn+2 EPR 

spectrum (farthest left in Fig. 7) \'las chosen as appropriate for a 

kinetic study since it is far removed from the region where organic 

radicals are observed. 

The red versus far-red experiments shown in Fig. 25 were performed 

in continuous light. A Bausch and Lomb high intensity monochrometer 

having a coil filament tungsten light source and 2.0 mm slit was used 

to obtain 640 nm and 700 nm light. A variac controlled the intensity, 

which was measured using a Hewlett-Packard 8334A radiant flux meter. 

The intensities of the two colors of light were adjusted to give equal 

rates of photon absorption at the two wavelengths~ The light intensity 
2 2 was 81 ~watts/em for 640 nm and 92 ~watts/em for 700 nm, which was 

low enough to be in the linear region of the light saturation curve. 

Under these conditions the extent of the light-induced change reflects 

the relative quantum yield of the reaction at each wavelength. 
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C. Results 

As discussed in Section A, there has been some disagreement as to 
+2 whether Mn competes with H2o as an electron donor in untreated . 

chloroplasts. Fig. 23 compares the flash-induced decrease in Mn+2 EPR 

signal. in sucrose-washed versus Tris-washed chloroplasts. The sucrose

·washed chloroplasts show no capacity to utilize Mn+2 as a donor. Tris-

washed chloroplasts, inhibited on the donor side of PS II, readily 

. 'd' M +2 t M. +3 I Ch t 2 th h. M. +3 h EPR ox1 1ze n o n . n ap er e reason w y n s ows no 

signal was discussed. 

Fig. 24 shows that Mn+2 oxidation is DCMU-sensitive. This·experi~ 

ment supports the traditional site of action of DCMU on the reducing 

side of PS II. The first flash is fully effective, but later flashes 

are ineffective. Electrons ~an be transferred on the first and second 

flashes, but Q- reoxidation is blocked by DCMU and rio further electron 

transfer can occur following subsequent flashes,. The flash-induced 

change on th~ second flash seen in Fig. 24 may result because the 

flashes were not completely saturating. 

Fig. 25 shows that Mn+2 oxidation exhibits the 11 red drop 11 effect. 

640 nm light is approximately twice as effective as 700 nm light for 

this reaction. DCMU sensitivity and the 11 red drop .. are thL best indi-

cators of a PS II reaction. We agree with the assignment of Bachofen 
+2 +3 . {1966) that Mn is oxidized to Mn between the PS II reaction center 

and the water oxidation site. 

The kinetics of Mn+2 oxidation can dive an indication of how close 

. is the point of Mn oxidation to the PS II reaction center. This ex

periment is shown in Fig. 26. The Mn+2 oxidation occurs with t 11 : of 

about 2 ms, approximately the time constant of the instrument. A 
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Mn+ 2 OXIDATION 

TRIS-WASHED CHLOROPLASTS SUCROSE-WASHED CHLOROPLASTS 

C\1 

C\1 

• 
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..J 
ct 
z 
(!) 

(I) 

N 

+ c 
~ 

500 msec 
I I 

X8L745·5173 

Fig. 23. Oxidation of Mn+2 to Mn+3 by chloroplasts. 10-5 M Mnso 4 

and 5 x 10-4 M DCIP was added to each sample. Ti~e constant, 20 ms; 

modulation amplitude, 20 G; microwave power,'lOO mW. Curves shown 

are the average of 64 events, separated by 15·s. Othet conditions 

are described in Section B. The downwat·d pointing arrow indicates 

where the flash occurs. 
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TR IS -WASHED CHLOROPLASTS 

TRIS -WASHED CHLOROPLASTS 

.+ 6xJ0- 4 M DCMU 

15 sec 
I 

XBL745-5171 

Fig. 24. DCMU sensitivity of Mn+2 oxidation by Tris-washed chloro

plasts. 10~5 M Mnso4 and 5 x 10-4 M DCIP add~d to each sample. 

Time constant l s, other instrumental conditions as in Fig. 23. 

Results are not signal-averaged. 
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Mn +Z OXIDATION BY TRIS -WASHED CHLOROPLASTS 

RED VS. FAR RED 

640 nm 700 nm 

I min 

640 nm 

t 

XBL 745-5174 

Fig. 25. Effect of continuous red versus far-red light on Mn+2 oxi

dation by Tris-washed chloroplasts. Instrumental conditions are the 

same as in Fig. 24. Other conditions are describ~d in Section B. 

Results are not signal-averaged. 
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KINETICS OF Mn+ 2 OXIDATION BY TRJS-WASHED 

CHLOROPLASTS 

XBL 745-5172 

Fig. 26. Kinetics of Mn+2 oxidation by Tris-washed chloroplasts. 

2 x 10-5 M Mnso4 and 5 x 10-4 M DCIP was added to the sample. 

Instrumental conditions: time constant, residual; modulation ampli

tude, 12.5 G; microwave power, 100 mW. Curve shown is the average 

of 256 events, separated'by 6.2 s. Other conditions as in Section B. 
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reaction which occurs this fast is probably located near the photoact. 

There has been some controversy over the location of sites of 

artificial donors toPS II (see Section 1-K). In Chapter 3 it was 

shown that Mn+2 is released to the inside by Tris-washing. Mn+2 can 

also easily be added to the outside. By varying the ratios of inside 

to outside Mn, we can tell on which side of the membrane the site of 

electron donation is located. In Fig. 27 the extent of Mn+2 oxidation 

versus the amount of outside Mn is presented. With no Mn+2 added to 

the outside, the extent of Mn+2 oxidation is small .. When a small 

amount of Mn+2 is added to the outside, the extent of oxidation is 

greatly increased. A 40% increase in the total Mn EPR signal is 

accompanied by a nearly 9-fold increase in Mn+2 oxidation. This ex

periment supports the localization of the site of donor oxidation on 

the outside of the thylakoid membrane. 

D. Discussion 

Observa·~ion of Mn+2 oxidation by EPR is a useful probe of PS II. 
' 

It allows direct observation of the donor compound itself, rather than 

indirect observation of terminal acc~ptors or intermediates. 

The results of Fig. 23 indicate that the amount of ~1n +2 oxidation 

is dependent on the nature of the chloroplast preparation. Our experi

ments do not agree with those of Ben-Hayyim and Avron (1970). Under 

our conditions Mn+2 does not appear to act as an electron donor to 

uninhibited chloroplasts. We agree with the results of Lozier et al. ,--

(1971) in that some interruption of electron flow from H20 toPS II is 

necessary before Mn+2 will serve as a donor. This implies that the 
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EXTENT OF FLASH -INDUCED Mn+ 2 OXIDATION 

VS. AMOUNT OF ADDED Mn+2 

0 

Total Mn +2 EPR 
signal 
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Fig. 27. Extent of flash-induced Mn+2 oxidation vs amount of added 

Mn+2. Instrument conditions as in Fig~ 23 except 16 G modulation 

amplitude was used. Other conditions as given in Section B. • repre

sents total Mn+2 EPR signal recorded in the dark, while o represents 

the relative amount of Mn+2 oxidation induced by flashes. 5 x 10-4 M 

DCIP added to each sample. 
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site of donation of Mn+2 is accessible in Tris-washed chloroplasts, 

but buried in sucrose-washed chloroplasts. The apparent change of geo

metry upon Tris-washing illustrates the difficulty in assigning 

spatial locations of PS II components in the native membranes. T~e 

results of Fig. 27 indicate that the donation site is on the outside 

of the thylakoid. Babcotk and Sauer (l975c) concluded that Mn+2 

donated electrons directly to the PS II reaction center in Tris-washed 

chloroplasts. Their results, taken with the evidence presented in 

this chapter, indicate that the PS II reaction center is located on 

the outer surface of the thylakoid in Tris-washed chloroplasts, but 

beneath the outer surface of the membrane in untreated chloroplasts. 

Perhaps the conformational change which occurs upon Tris treatment 

removes some PS II components far enough from their preferred orien

tation that the physiological reactions no longer take place. The new 

geometry enables other less specific reactions which were not possible 

or important in the original conformation. 

; I 
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CHAPTER 6 

A NEW EPR TRANSIENT IN CHLOROPLASTS REFLECTING THE ELECTRON DONOR TO 

PHOTOSYSTEM I I AT ROOt~ TEt4PERATURE 

A. Introduction 

Knowledge of the reactions 1 eadi ng to production of oxygen by 

green plants and algae has expanded in the past s~veral years through 

measurements of 02 flash yields (Joliot et ~., 1969; Kok ~~., 

1970; Bouges-Bocquet, 1973), fluorescence changes (Zankel, 1973; 

Mauzerall, 1972; Delosme, 1972), H production (Fowler and Kok, 1974), 

·and absorbance changes (Witt, 1971; Butler, 1973). Most of these ob~ 

servations provide only indirect measures of the o2 producing reactions, 

and interpretation of the results can be difficult. Direct observation 

of the compo;,ents involved in the reactions leading to the oxidation 

of water would greatly facilitate progress in this area of research. 

Recently, experiments performed by Chen and Wang (1974) and 

83bcock and Sauer (l975a, l975b, l975c) have focused attention on an 

EPR Signal II component that is observed upon the inhibition of 02 

evolution. This component, which has been designated Signal Ilf, is 

stoichiometric with P700 and is formed with high quantum efficiency· 

in less than 500 ~s following a flash. On the basis of these results, 

coupled with potentiometric evidence indicating that the reduction 

potenti;~l of the radical is high (Em > +0.5 v), it was proposed that 

Signal Ilf arises from z.+, the electron donor to PS II (8abcock and 

..... • 

I :, 
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Sauer, l975b). Vpon inhibition of oxygen evolution the rarid reduction 
+ of Z· is retarded, and the radical intermediate can be observed with 

conventional EPR methods. 

In this chapter we describe an EPR transient with a spectrum 

similar to Signal II which is observed in o2-evolving spinach chloro

plasts at room temperature. We interpret this transient as arising 

from the electron donor to PS II. 

B. Materials and Methods 

Broken spinach chloroplasts were prepared as described in Chapter 

3. Identical results for an experiment similar to that presented in 

Fig.31 were obtained with three different isolation buffers: 0.4 M 

sucrose, 0.05 M HEPES, pH 7.6, 0.01 M NaCl; 0.4 M sucrose, 0.02 M 

tricine, pH 7.2, 0.01 M KCl; or 0.4 M NaCl, 0.05 M phosphate, pH 7.6. 

Tris-washed and Tris-washed, reactivated chloroplasts were prepared as 

described in Chapter 4. All samples contained 10-4 M NADP, 20 pg/ml 

ferredoxin, and 10-3 M ascorbate. Chlorophyll cohtent fo1 all samples 

was 3-4 mg/ml. 

EPR measurements were made using a Varian E-3 (X band, 9.3 GH) 

spectrometer. To improve the time response of the system, the signal 

from the E-3 detector preamplifier was processed with a Princeton 

Applied Research Model 210 selective amplifier.and Model 220 lock-in 

amplifier. The reference signal for the lock-in amplifier was the 

100 KHz magnetic field modulation signal of the E-3. The response 

time of the system, measured by the rise of Signal I, was 100 pS. 

Xenon flashes (10 pS at half height) were obtained as described 

by B<'bcock and Sauer· ( 1973}. The 1 i ght was transmitted through a 
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a lucite light pipe 8 feet long to minimize flash artifacts. The 

flash rate was 2 sec-l fo~ all data shown. 

The signal averaging system described by Babcock and Sauer (1975a) 

was used for all experiments except thos~ presented in Fig. 1, where 

a Nicolet NIC-80 computer was employed. All experiments were carried 

out at room temperature. A block diagram of the experimental appara

tus is shown in Fig. 28. 

C. Results 

Fig. 29a shows a kinetic trace of a transient EPR signal observed 

at 3380 Gauss in untreated spinach chloroplasts. This field position 

corresponds to the low-field maximum of Signal II (Weaver, 1968; 

Warden and Bolton, 1974a). The signal rises with the 100 us time 

constant of the instrument, and decays by an apparent first-order 

process with a t 112 of 700 us. Fig. 29b shows that no light-induced 

signal is observed in the presence of DCMU. The DCMU sensitivity, 

plus the observation that off-resonance controls also show no light

induced changes, demonstrate that the transient is not a flash 

artifact. 

Fig. 30 shows the spectrum of Signal II taken in the dark (curve 

1}; Signal J ~lus Signal II taken in continuous lig~t (curve 2; and 

the transient signal observed inflashing ligh~ (dots). The spectrum 

of the transient signal resembles Signal II, ~nd clearly differs from 

Signal I. 

Fig. 31 shows a comparison of Signal I and Signal II decay 

kinetics. The biphasic nature of P700 (Signal I) ~e~ay in this time 

regime has been observed opt i ca 11 y by Haehne 1 et E_l. (1971). The 
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BLOCK DIAGRAM OF KINETIC ESR MACHINE 

ELECTRON 

SPIN 

RESONANCE 

SPECTROMETER 

(,SAMPLE 

0 . 

TIMING 

CIRCUITS 

SIGNAL 

AVERAGER 

)\___ 
t 

X ' y 
RECORDER 

XBL7412-7176 

Fig. 28. Block diagram of flash kinetic EPR instrument. Details 

given .in Section B. 
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2.0 3.0 

TIME (ms) 

4.0 

a) Untreated Spinach Chloroplasts 

5.0 

3380 G 

b) + DCMU 

(10- 4 M) 

XBL749-5379 

Fig. 29. Flash-induced change in EPR absorption at 3380 G in spinach 

chloroplasts at room temperature. Each trace is the average of 

4,000 events, with the sample changed after 1,000 flashes. Micro

wave power 20 mW, modulation amplitude 3.15 G. 
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(2) 

3380 

UNTREATED SPINACH CHLOROPLASTS 

3400 
H (Gauss) 

(I) Dark 

(2) Continuous light 

• Transient signal 

XBL749-5378 

Fig. 304 Spectra of light-induced chan1es in EPR signals in chloro

plasts. Spectrum 1 was recorded in the dark followed by spectrum 2 in 

continuous light. The spectrum of the transient signal, represented by 

1, was done point by point using flashing light and signal averaging. 

The transient spectrum was normalized to spectrum 1 at 3380 G. In the 

region where Signals I and II overlap, the different kinetic behavior 

of the two signals permitted determination of the contribution of each 

to the total signal. A fresh sample was used for each point. Each point 

is the average of 1,024 events. Microwave power 20 mW, modulation ampli-

tude 6.3 G. For spectra 1 and 2, time constant O.J sec, scan r~te 

25 G/min. 
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a) Untreated Spinach Chloroplasts 

Signal I (3391 G) 

b) Transient Signal (3379 G) 

x4 

5 10 15 20 

TIME (ms) 

25 

XBL7410-5391 

Fig. 31. Flash-induced change in EPR Signal I (curve a) and Signal 
II (curve b). The magnetic field was 3391 G for Signal I and 3379 G 
for the Signal II transient. Curve b was ~ecorded on a four times 
more sensitive scale than curve a. Each curve is the average of 
1024 events. Microwave power 20 mW, modulation amplitude 3.15 G. 
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longer decaying component of Signal I, with t 112 about 20 ms, is 

similar to that observed by other workers {Witt, 1971; Warden and 

Bolton, 1974b; Ke, 1973). 

We conclude that the transient of Fig. 3lb is a previously un-

observed kinetic component of Signal II in chloroplasts. Extending 

the kinetic notational scheme for PS II radicals of Babcock and Sauer 

{1975b}, we designate this transient Signal Ilvf {very fast). 

Quantitative comparison of Signal Ilvf with Signal I using the 

data of Fig. 31 indicates that Signal Ilvf/Signal I ~ 1.1! 0.2. 

The method used is a modification of that of Warden and Bolton {1973). 

Since Signal II .does not have a Gaussian lineshape, it was necessary 

to determine empirically a proportionality constant between the 

Signal II amplitude at the derivative m~ximum and the area of Signal 

II as measured by double integration. The method of Harden and 

Bolton was used to determine the area of Signal I from the flash in

duced response. Assumptions implicit in this technique are that 

Signal I is Gaussian in shape and that Signal IIvf has the same 

spectrum as the Signal II species seen in the dark. 

From the data presented so far it is difficult to know whether 

Signal Ilvf arises from the donor or acceptor side of PS II. As con

sidered in Section D, the rate of subsequent reduction of the oxidized 

electron donor to PS II may be very similar to the rate of oxidation 

of the reduced primary electron acceptor. The initial reduction of 

the acceptor Q is much faster {<1 ~s) than the oxidation of the donor 

Z {35 ~s) {GUiser et .!l_., 1974). Unfortunately, the response time of 

our EPR instrument is not fast enough to distinguish between these 

two nossibilities, so an indirect method was used to assign Sign~ I IIvf. 
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Babcock ~nd Sauer (l975a, l975b, l975c) showed that Signal II 

exhibits a rapid (<500 ps) rise and relatively rapid (0.5-1 s) decay 

in Tris-washed chloroplasts. The addition of Mn~2 decreased the mag

nitude of this kinetic component, called Signal Ilf (fast), presumably 

by direct donation to the oxidized reaction center, P680+. 

Fig. 32 shows the result of an experiment using Tris-washed 

chloroplasts. Curve a shows the light-induced response of untreated 

chloroplasts, where only the 700 ps EPR component is observed. Curve 

b shows the light-induced response of Tris-washed chloroplasts, where 

only an EPR signal decaying in 0.5-1 sec is observed. The rise occurs 

in 100 us; previous measurements were instrument-limited at 500 ~s. 

Curve c shows the response of Tris-washed chloroplasts to which 10-3 M 
+2 . Mn has been added. No light-induced change is observed. This re-

sult supports assignment of Signal Ilvf to the donor side of PS II, as 

considered in greater detail in Section D. 

Fig. 33 shows a comparison of the Signal II response in untreated, 

Tris-washed, and Tris-washed, reactivated chloroplasts. The untreated 

sample shows a typical Signal IIvf response, and the Tris-washed 

sample a typical .Signal !If response. The Tris-washed, reactivated 

sample shows a response similar to that of the untreated sample, only 

the decay kinetics of Signal IIvf are somewhat. slower (l ms vs. 500 ~s 

in the untreated sample). 

Fig. 34 shows kinetic EPR traces of Signal I and Signal IIvf in 

the green alga Chlorella pyrenoidosa. Signal Ilvf can be observed 

in a living organism as well as in the chloroplast system. This ob

servation argues against Signal IIvf being 3n artifact of the chloro

plast preparation procedure or a pe•:uliarit,y of spinach \'lith no 
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a) Untreated Spinach Chloroplasts ( 3382 G) 

b) Tris-Washed Chloroplasts +10- 4 M EDTA 

f c) Tris-Washed Chloroplasts + 10- 5 M Mn 2 + 

j xenon flash 

0 10 20 
. TIME ( ms) 

XBL7410-5392 

Fig. 32. Flash-induced changes in EPR signals at 3382 G. Each 

curve is the average of 1,024 events. Microwave power 100 mW, 

modulation amplitude 5.0 G. 
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a) Untrea
1
ted chloroplasts 

3375 G 

b) Tris- washed 

chloroplasts 

c) Reactivated chloroplasts 

xenon flash 

0:0 10.0 

TIME (ms), 

20.0 

XBL 7411-E 

Fig. 33. Flash-induced changes in EPR signals at 3375 G. Each 

curve is the average of 1024 events. Microwave power 100 mW, 

modulation amplitude 5.0 G. 
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o) Chiarello pyrenoidoso, Signal I (3391 G) 

t 

b) (3381 G) 

c) + DCMU, 5x 10-5 M (3381 G) 

fxenon flash 

10 

TIME ( ms) 

15 20 25 

XBL7410- 5393 

fig. 34. Flash~induced change~ in EPR signals in the green alga 

Chlorella pyrenoidosa. Each curve is the average of 4096 events. 

Microwave power 100 mW, modulation amplitude 5 G. 
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general significance \'lith respect to the mecha'nism of photosynthetic 

02 evolution. 

D. Discussion 

The primary photochemistry of PS II and secondary electron 

transfer r~actions leading to the evolution of o2 by green plants 

. and algae comprise one of the most interesting and yet one of the 

least understood aspects of photosynthesis. Our current concept of 

the reactions of PS II centers around the reaction center chlorophyll, 

P680. Aft~r a photon is absorbed and transferred to the reaction 
' . + 

center, P680 loses an electron and becomes P680 . The absorption 

change resulting from P680 oxidation occurs within 1 us following a 

flash (GlMser et ll·, 1974). 

P680 Q (6-2) 

After the initial charge separation, further reactions occur to stabi

lize the oxidant and reductant. The first of these reactions is the 

reduction of P680+ by an unknown component usually called Z, the 

electron donor of PS II. GlMser et ~· (1974) have reported 1 = 35 us 

for P680+ reduction at room temperature. 

(6-3) 

The redox state of the acceptor Q can be monitored by fl uores

cence measurements. If Q is oxidizid, chloroplast fluorescence is 

low; but when Q is 'reduced, chloropl·•.st fluorescence is high (Duysens 
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and Sweers, 1963). This dependence of fluorescence on the redox state 

of Q appears to be valid only at times greater than 10-35 ~s after a 

flash (Zankel, 1973; ~1auzerall, 1972; Duysens et ~-, 1972). At 

shorter times the fluorescence behavior is very complex and does not 

seem to correlate with the redox state of Q. Zankel (1973) and 

Mauzerall (1972) have found the kinetics of oxidation of Q- to be bi-

phasic, with components of 200 ~s and.2 ms. Earlier work by Forbush 

and Kok (1968) gave a single decay time of 0.6 ms. 

X320, a c0mponent having a light-induced absorbance change at 

320 nm, has been observed by Stiehl and Witt (1969) and Witt (1973) 

and assigned as the primary electron acceptor to PS II. X320 has rise 

kinetics of <30 ~s and decay kinetics of 600 ~s. The reaction on the 

acceptor side is thus represented by Eq. 6-3. 

0.2 - 2 ms > P680 Q A- {6-3) 

The kinetics of the rate-limiting steps of o2 evoluti0n have 

been studied using polarographic detection of o2 produced in flashing 

light (Kok et al., 1970; Bouges-Bocquet, 1973; Witt, 1971). There---. . 

sults indicate that PS II photochemistry is limited by dark reactions 

which occur with a halftime of 0.2 - l ms in dark-adapted chloroplasts 

(Kok et ~·, 1970; Bouges-Bocquet, 1973) or 0.6 ms in systems with a 

large number of previous flashes {Witt, 1971). It is difficult to 

determine whether this rate-limiting reaction occurs on the donor or 

acceptor side of the photoact, since both the donor and acceptor must 

be restored to their original redox states before another flash can 

be effective. The time constant for the reduction of Z+ must therefore 
be less than about 1 ms. 

.. 
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s z+ P6BO <1 ms (6-4) 

The transient species reported in this chapter has kinetic pro

perties consistent with a location on either the donor or acceptor 

side of PS II. The results of Fig. 32 show that upon Tris-washing 

dramatic changes occur in the light-induced EPR signals observed in 

the magnetic field region of· Signal II. The rapid (t112 = 700 ~s) 

decay seen in untreated chloroplasts is about 1000-fold slovJer (t112 
= 0.5 - 1 s) in Tris-washed chloroplasts. Addition of Mn+ 2 eliminates 

most of the light-induced change. 

If Signal Ilvf arose from a species on the acceptor side of 

PS II, we wbuld expect it to be stil~ present in Tris-washed chloro-
+2 plasts and not to be affected by the addition of exogenous r1n 

Fig. 32 shows that there is no veri fast component of Signal II in 

Tris-washed chloroplasts and, furthermore, that the Signal IIf ob

served is abolished by added Mn+ 2. This is the expected result if 

Signal llvf Jrises from the same species as does Signal Ilf and t~n+ 2 

competes with it as a donor to P680+ {Babcock and Sauer, 1975c). We 

tentatively conclude that Signal Ilvf arises from Z, the electron 

donor to PS II. A definite assignment can best be made upon measure-

ment of the rise time of the transient in untreated chloroplasts, 

avoiding the ambiguities associated with treated chloroplast systems. 

The experiments shown in Fig. 33 are also consistent with the 

hypothesis of Babcock and Sauer (1975b) that Signal llf in Iris

washed chloroplasts is the electron donor to PS II with altered 

. kinetirs. Upon reactivationd 02 evolution Signal Ilvf returns and 

Signal !If dis~ppears. The inverse correlation between Signal Ilf 
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and o2 evolution has been described in Chapter 4. Signal Ilvf appears 

to have a direct correlation with 02 evolution capacity. 

Fig. 35 is a schematic model for electron flow around PS II. In 

untreated chl~roplasts electron flow from water goes through the 

Signal Ilvf species, and artificial donors are not effective. After 

Tris or heat inhibition, electron flow from water to Signal Ilvf is 

blocked and donors become effective. 
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""' Sig. IIvf 

DCMU 

A 

hv = 680 nm 

rP680 
•1 +2 · '"n 

XBL 7412-7890 

Fig. 35. Schematic model for electron flow around PS II. In untreated 

chloroplasts electrons flow from H20 t9 PG80 as indicated by th~.:: light 

lines. Upon Tris or heat treatment, electron flow is blocked and 

artificial donors are effective as represented by the heavy lines. 
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CHAPTER 7 

CONCLUS I Of IS AND FUTURE 1-JORK 

I feel that at this time it is appropriate to back away a 

little and assess just \vhat it is that has been learned from the 

work presented in this thesis and what further work is suggested 

by it. The overall goal of all this research is elucidation of 

the mechanism of oxygen evolution in photosynthesis and more spe

cifically how or even if manganese functions in this process. 

I have not fully succeeded in my overall goal, but this comes as 

no surprise. The mechanism of oxy9en evolution is a subject which 

has been the focus of many theses and research papers. It is a 

complex problem which has yielded only slowly to attack by a sizable 

army of investigators. So not to fully succeed is not at all sur

prising. However, I don't feel that the attempt has been a failure 

either. :-.1uch usefur--information has been learned. 

The experiments in Chapter 3 concerning the spatial location 

of manganese in chloroplasts are a good example of a ne\-J type of 

photosynthesis research that has only recently begun: geometric 

assignment of electron carriers. A precise knm·lledge of the struc

ture of the photosynthetic membrane system \-Jould help a great deal 

in understanding its function. 

Un.fortunately I s ti 11 can't answer the question "Is manganese 

essential for oxygen evolution?" E::periments presented in Chapters 
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3 and 4 are all consistent with manganese being the fabled catalyst 

of photosynthetic oxygen evolution. No experiment contradicts 

this idea, but unfortunately all the experiments provide only indirect 

evidence that manganese is the oxygen catalyst. A useful experi

ment along this line could be low temperature EPR, where a manganese 

EPR signal from the functioning chloroplast might be seen which 

is unobservable at room temperature. Oscillations in the signal 

as a function of flash number would be the hoped-for result. 

One of the real problems with oxygen evolution research is that 

there just aren•t enough observables. No absorbance changes or 

EPR signals have been assigned to the donor side of Photosystem II 

in functioning organisms. The EPR Signal Ilvf reported in Chapter· 

6 promises to be the first such direct observable. I think further 

work in this area is definately in order. Particularly interesting 

is a measurement of the rise time of the signal, facilitating 

,a definite assignment. This is a difficult experiment which involves 

modification of the present EPR machine. An EPR instrument with 

lO~s or better time resolution would be a most useful device. 

Perhaps the most promising experiments would be the observation 

of P6ao+, the Photosystem II reaction center. This radical would 

be expected to appear in less than l~s following a flash a~~ decay 

in about 35~s. The possibility exists that P680+ is formed in a 

preferred spin state in which case the EPR absorption may be enhan

ced or emission may. be observed. Optical detection of P6Bo+ would 

not reveal this crucial aspect of the photoreaction. Direct obser

vation of P680+ would greatly facilitate understanding of the kin

etic processes around Photosyste~ II, and would contribute to att~in

ing our goal of figuring out oxygen evolution. 
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