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Partial reactions of photosynthesis were examined in the wild 

type strain and six photosynthetic mutants (8, 11, 26, 40, 50, a') of 

Scenedesmus obliquus, strain D3. A reproducible procedure for the 

isolation of active chloroplast fragments from Scenedesmus was 

developed. Several chloroplast reactions were examined, as well 

as two in vivo reactions (anaerobic glucose assimilation and non - 

photochemical nitrite reduction). In addition, an extensive examina- 

tion was made of the light- induced 520 nm absorbance change, both 

in vivo and in chloroplast preparations. 

Earlier results on mutant 8 which indicated that it was a system. 

I mutant were confirmed. Chloroplast preparations of this mutant 

would neither reduce NADP nor perform cyclic photophosphorylation, 

although Hill reaction activity with low redox potential oxidants, such 



as DCIP and ferricyanide, was present. 

Mutants 11, 40, and a' were found to be defective close to the 

site of system II since they lacked Hill reaction activity but possessed 

normal cyclic photophosphorylation, DCIP -ascorbate mediated reduc- 

tion of NADP, and in vivo photoreduction activities. (Photoreduction 

is the light- dependent reduction of carbon dioxide by hydrogen gas 

utilizing an adaptable hydrogenase. ) Chloroplasts of mutants. 26 and 

50 performed the same chloroplast reactions as the system II mu- 

tants, but are not typical system II mutants since they lacked in vivo 

photoreduction activity, a process requiring only system L This 

lack of photoreduction was not the result of a defective hydrogenase 

since both reduced nitrite non- photochemically. Although mutants 

26 and 50 could produce ATP in vitro, they performed no in vivo 

cyclic photophosphorylation as evidenced by their lack of anaerobic, 

light- dependent glucose assimilation activity. Apparently, in vivo 

and in vitro cyclic photophosphorylation require different cofactors 

of the electron transport chain. Provisionally, the defects in mutants 

26 and 50 were located in the electron transport chain between the 

two light reactions. 

Photosynthetic mutants of Scenedesmus were also used in an 

attempt to clarify the nature of the 520 nm absorbance change. Dif- 

ference spectra of this change in the wild type and mutant strains of 

Scenedesmus support the previously suggested hypothesis that two 



pigments are involved. One portion of the change (first phase) was 

defined as a system I photooxidation with a difference peak near 520 

nm. It is stimulated by anaerobic conditions (argon); quantum yield 

determinations indicate that long wavelength absorbing pigments are 

primarily responsible for its production. All six of the mutants 

possess only this phase of the absorbance change in vivo. 

Another portion of the change (second phase) was identified as 

a system I photoreduction with a difference peak near 510 nm. It is 

present in wild type Scenedesmus under oxygen and under an atmos- 

phere of 96% H2 and 4% CO2 after adaptation for photoreduction. It 

is inhibited entirely by DCMU under oxygen. None of the mutants 

exhibit this phase of the absorbance change in vivo. Quantum yield 

measurements, as well as the absence of this phase of the change in 

both system I and system II mutants, indicate the dependence of this 

phase of the signal upon both photoreactions of photosynthesis under 

normal aerobic conditions. 

Evidence obtained with the photosynthetic mutants of Scenedes- 

mus indicates that the physical unit of photosystem I encompasses 

more than just the photochemically active pigments. Mutants 26 and 

50 have reduced system I activity while mutant 8 exhibits reduced 

system II activity. To explain the reduced activities in these mutants 

which are not specifically correlated with their known or hypothetical 



defects, it is suggested that system I encompasses the bulk of the 

intermediates in the electron transport chain connecting the two 

photoreaction centers. 
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LIGHT - INDUCED ABSORBANCE CHANGES AND 
PARTIAL REACTIONS OF PHOTOSYNTHESIS IN 

MUTANTS OF SCENEDESMUS OBLIQUUS, STRAIN D3 

I. INTRODUCTION 

Definition and Role of Photosynthesis 

Every living organism is ultimately dependent upon one process, 

photosynthesis, for its source of energy. The second law of thermo- 

dynamics states clearly that the life process continuously increases 

the entropy and decreases the free energy of its environment. The 

role of photosynthesis, in essence, is to make an extraterrestrial 

body (the sun) part of our environment, thereby providing a constant 

input of free energy and negative entropy. Photosynthesis may be 

further defined as the conversion of light into chemical energy by a 

light- dependent reduction of carbon dioxide in plants and some bac- 

teria. 

Early investigations of photosynthesis by Priestley, Ingen - Housz, 

Senebier, de Saussure, and others demonstrated the basic components 

of the photosynthetic process in green plants. Carbon dioxide, water 

and light were found to be substrates while oxygen and carbohydrates 

were found to be the products. Early knowledge of the subject may be 

represented by the empirical equation: 

CO2 + H2O + light -> (CH2O) + 02 (1) 



2 

where (CH2O) symbolizes the carbohydrate produced. Recent and 

more extensive research into the nature of photosynthesis has involved 

the dissection of the overall process described by the above equation 

into several partial reactions of photosynthesis, followed by detailed 

analysis of each partial reaction. 

Consideration of the stoichiometry of equation (1) led early 

investigators to the erroneous conclusion that the oxygen evolved in 

photosynthesis was derived from carbon dioxide (Gray, 1868). This 

conclusion remained uncorrected until the comparative biochemical 

studies of photosynthesis by van Niel in the 1930's. Van Niel exam- 

ined the photosynthetic processes in various groups of bacteria and 

compared them to the process observed in green plants. He found 

that water was not an essential substrate for photosynthesis. The 

sulfur bacteria (Chlorobacteria and Thiorhodaceae) were found to 

utilize H2S as the hydrogen donor; other bacterial species are now 

known to utilize molecular hydrogen, reduced organic compounds, 

and even a reduced selenium compound as the reductant in photosyn- 

thesis. Therefore, van Niel postulated that photosynthesis is best 

described by the general reaction: 

2H2A + CO2 + light 2A + (CH2O), + H2O (2) 

where H2A may be H2O (as in green plant photosynthesis), H2S, H2, 

or other reduced substrates. Application of this generalization to 

green plant photosynthesis leads to two general conclusions. First, 

-> 
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the reducing potential required for the reduction of carbon dioxide to 

the level of carbohydrate involves the liberation of hydrogen from 

water. Second, the oxygen evolved in green plant photosynthesis must 

come from water, not carbon dioxide. The primary function of light 

in photosynthesis, therefore, is the photolysis of water, not carbon 

dioxide as was first assumed (see van Niel, 1962, for discussion). 

Hill Reaction 

The first separation of photosynthesis into individual partial 

reactions came from the early finding that two distinct processes are 

involved: the light and dark reactions. As discussed above, van Niel 

was the first to realize that the function of the light reactions is the 

generation of a reductant and an oxidant. The oxidant is consumed 

in the evolution of oxygen while the reductant is utilized by the dark 

reactions in the fixation of carbon dioxide through conventional enzy- 

matic reactions. . Excellent discussions of the reactions involved with 

carbon dioxide fixation have been presented by Stiller (1962) and 

Bassham (1964). We shall be concerned here only with those develop- 

ments leading to fuller understanding of the various light reactions 

of photosynthesis. 

As early as 1901, Beijerinck had reported on the ability of 

macerated leaves to evolve oxygen (Beijerinck, 1901), but it was not 

until the work of Hill that the importance of this in vitro reaction 

- 
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was realized. In 1939, Hill isolated the organelle responsible for 

the photochemical reactions of photosynthesis from macerated leaves 

(i. e. , the chloroplast) and, upon supplying it with a suitable oxidant, 

obtained the continued in vitro production of oxygen with the simul- 

taneous reduction of the supplied oxidant (Hill, 1939). His observa- 

tions verified van Niel's hypothesis as expressed by equation (2). 

Hill confirmed that carbon dioxide is not required for the evolution of 

oxygen and that the function of the light reactions is to produce a 

reduced intermediate which may then serve for the dark reduction of 

carbon dioxide. The chloroplast reaction described by Hill has since 

become known as the Hill reaction and the added oxidants are com- 

monly referred to as Hill oxidants. It is now generally accepted that 

the first stable in vivo Hill oxidant is NADP. 

Photoreduction 

Additional evidence for the existence of separate reactions in 

photosynthesis came from the discovery by Gaffron of photoreduc'tion, 

in the unicellular algae Scenedesmus and Rhaphidium (Gaffron, 1940). 

Photoreduction is the assimilation of carbon dioxide into carbohydrate 

without a corresponding release of oxygen. Apparently, the necessary 

reducing potential is derived from hydrogen gas rather than water. 

These algae are normally unable to use hydrogen in this manner and 

must be kept under anaerobic conditions for a few hours in order to 

. 
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induce the hydrogenase activity necessary for the utilization of hydro- 

gen. Since the adaptable hydrogenase is oxygen sensitive, continued 

fixation of carbon dioxide requires the inhibition of the Hill reaction, 

or more specifically, the inhibition of oxygen evolution. This inhibi- 

tion is commonly achieved with phenylureas and amino triazines 

(Bishop, 1958 and 1962a). 

The discovery of the second important role of light, the first 

being the production of reduced pyridine nucleotide in the Hill reac- 

tion, was made possible by the availability of chloroplasts active in 

the light reactions of photosynthesis. In 1954, Arnon and coworkers 

and Frenkel independently reported the light- dependent incorporation of 

inorganic phosphate into ATP by isolated chloroplasts and bacterial 

chromatophores (Arnon, Allen, and Whatley, 1954; Arnon, Whatley, 

and Allen, 1954; Frenkel, 1954). These reports were, in essence, 

a verification of an hypothesis presented by Ruben which stated that 

energy -rich phosphate formed in the light reactions of photosynthesis 

could be used in the dark reduction of carbon dioxide (Ruben, 1943). 

This light- dependent esterification of Pi into ATP has been termed 

photophosporylation. The first experiments in Arnon's and in Fren- 

kel' s laboratories involved the light- dependent formation of ATP with- 

out a corresponding evolution of oxygen. This type of phosphoryla- 

tion has since been termed cyclic photophosphorylation. Subsequent 

work by Arnon, Whatley, and Allen (1958) demonstrated that 
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light- dependent ATP formation could also be coupled stoichiometri- 

cally to the reduction of a Hill oxidant and the evolution of oxygen. 

This second type of phosphorylation, first called direct phosphoryla- 

tion, is termed non -cyclic photophosphorylation. 

Action Spectra and Quantum Yield of Photosynthesis 
and the Emerson Enhancement Effect 

The first significant action spectrum obtained for photosynthesis 

is attributed to Englemann in the 1880's. Engelmann used motile bac- 

teria to measure the relative magnitude of oxygen production along 

algal filaments which were illuminated by a complete spectrum of 

white light. He found that green algae produced oxygen best under 

the influence of light absorbed by the chlorophylls, whereas brown, 

blue - green, and red algae showed increased oxygen evolution in those 

parts of the spectrum corresponding to absorption by their respective 

accessory pigments (Engelmann, 1883). Generally speaking, however, 

a comparison of an action spectrum to the absorption spectrum of the 

material examined only indicates which pigments are involved in 

producing the response (here oxygen evolution) but says little quanti- 

tatively about the efficiency of a given pigment in producing that 

response. 

To determine more precisely the role of a pigment in photo- 

synthesis (or any photoreaction), quantum yield determinations must 
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be made. A quantum yield determination measures the effectiveness 

of an absorbed quantum of light in producing the measured response 

and therefore requires two quantitative measurements: the amount of 

light absorbed and the magnitude of the response. In photosynthesis, 

the quantum yield is most often a measure of the effectiveness of a 

quantum of light in producing a molecule of oxygen, although heat 

production and carbon dioxide fixation, as well as other parameters, 

may be used as the physiological response. 

Emerson and Lewis (1942 and 1943) were the first to make 

precise quantum yield determinations for photosynthesis throughout 

the visible spectrum. They reported a constant quantum yield of 

about 0.11 throughout the red region. However, at longer wavelengths 

corresponding to the far end of chlorophyll absorption the quantum 

yield dropped drastically. In theory, unless other pigments are 

absorbing, the quantum yield should remain constant throughout the 

entire region of absorption by an active pigment even though the 

actual absorption by that pigment varies considerably. No such 

interfering pigment was known to absorb near 700 nm where the 

quantum yield dropped. Hence, the decrease in effectiveness of 

light near 700 nm was termed the "red drop. " Although no :satis -- 

factory explanation could be given for this phenomenon when first 

discovered, it did lead eventually, to a much better understanding of 

the role of chlorophyll and the accessory pigments in photosynthesis. 
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Continued investigation of the "red drop" by Emerson (Emerson, 

Chalmers, and Cederstrand, 1957; Emerson and Chalmers, 1958) led 

to the discovery that shorter wavelength light increases the efficiency 

of longer wavelength light in photosynthesis. This enhancement of 

longer wavelength quantum yield by shorter wavelength light has been 

given several names, among them the Second Emerson Effect, Photo- 

synthetic Enhancement, and the Emerson Enhancement Effect. Simul- 

taneous irradiation of photosynthesizing material with red (e. g. 650 

nm) and far -red (e. g. 700 nm) light results in a photosynthetic rate 

greater than the sum of the photosynthetic rates in each wavelength 

separately. 

Chromatic Transients 

Concurrent with, but independent of,. Emerson's observations, 

Blinks investigated the time course of oxygen evolution in several 

species of algae (particularly Ulva and Porphyra). Blinks observed 

(1957 and 1959) that long wavelength red light (e. g. 675 nm) yielded 

a slower time course of oxygen evolution than did shorter wavelength 

light absorbed primarily by chlorophyll b and the accessory pigments 

(phycocyanin, phycoerythrin, etc. ). Hence, light absorbed by chloro- 

phyll b was more efficient than that absorbed by chlorophyll a in 

producing oxygen. Continued investigation of the time course of 

oxygen evolution in response to different wavelengths of light led 
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Blinks to the discovery of chromatic transients. Two wavelengths of 

light (e. g. 688 nm, absorbed primarily by chlorophyll a, and 640 nm, 

absorbed primarily by chlorophyll b) which have been adjusted in 

intensity to give the same steady state rate of oxygen evolution pro- 

duce temporary changes in that rate of oxygen evolution when they 

are alternated. A change in actinic illumination from the longer to 

the shorter wavelength yields a temporary increase in the rate of 

oxygen evolution followed by a return to the steady state level. Al- 

ternatively, a transition from the shorter to the longer wavelength 

causes a temporary decrease in the rate of oxygen evolution. These 

temporary changes have been termed "chromatic transients. " 

Two Light Reaction Hypothesis 

Shortly after the reports by Emerson on enhancement and 

Blinks on chromatic transients, Myers and French published two 

papers which demonstrated the relationship between the two phenom- 

ena and led to the currently accepted hypothesis for the light reac- 

tions of photosynthesis (Myers and French, . 1960a and 1960b). They 

obtained action spectra for the shorter wavelength effect for both 

enhancement and chromatic transients. With 700 nm light as the long 

wavelength illumination, they found that the action spectra for the 

shorter wavelength effect was identical for both phenomena in Chlor- 

ella. They interpreted these action spectra as evidence for a specific 
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contribution of chlorophyll b to both processes. Their evidence 

strongly suggested that enhancement and chromatic transients are 

manifestations of the same physiological property (1960a). Myers 

and French concluded that photosynthesis must consist of two photo - 

reactions, one of which is specifically associated with chlorophyll b 

and the accessory pigments. 

The ' second paper by Myers and French (1960b) extended their 

earlier conclusion regarding the necessity for two light reactions in 

photosynthesis by suggesting the presence of relatively stable chemi- 

cal intermediates between the two reaction centers. They found that 

the two light beams need not be presented simultaneously to obtain 

enhancement. Maximum enhancement may be obtained with alternat- 

ing exposures to 650 nm and 700 nm light of up to 1.2 seconds dura- 

tion each. Therefore, the product of one light reaction must be 

relatively stable so that it may be utilized by a second light reaction 

some time after the light is turned off. 

The participation of two separate photoreactions in photosyn- 

thesis is now well established (see Clayton, 1965, for discussion). 

Two formulations of the photoreactions have been proposed -- series 

and parallel. Parallel formulations imply that the products of the 

two photochemical reactions interact in non - photochemical reactions 

to yield oxygen and to reduce carbon dioxide. Series formulations 

require that the product of one light reaction be utilized by the other, 

:. 
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either directly or indirectly. The two reaction centers in the latter 

formulation thus excite the "same" electron in a sequential fashion. 

Figure 1 represents the series formulation as proposed and accepted 

by the majority of contemporary investigators and will serve as the 

working hypothesis for the experiments described in this thesis. 

The "red drop" and enhancement of quantum efficiency are 

explained by the requirement for excitation of both high energy (short 

wavelength, system II) and low energy (long wavelength, system I) 

reaction centers (Figure 1). Short wavelength light excites both 

systems I and II, but long wavelength light excites only system I. 

Since both systems must be excited to perform photosynthesis, long 

wavelength light alone is not sufficient. Hence, the decrease in 

quantum yield at long wavelengths ( "red drop ") and the enhancement 

of longer wavelength yield by shorter wavelengths is observed. The 

requirement for two light quanta per electron transferred from water 

to carbon dioxide, as indicated by the 8 to 10 quantum requirement 

per carbon dioxide molecule fixed (quantum yield = 0.1 to O. 125), is 

also explained by the two light reaction hypothesis. 

Blinks' early observations on chromatic transients (Blinks, 1957 

and 1959) suggest that system II is responsible for oxygen evolution 

since system II light yields a shorter time course for oxygen evolu- 

tion than does system I light. Subsequent observations by Blinks and 

van Niel (1963) and Gaffron and Bishop (1963) confirmed the inter- 

pretation presented in Figure 1. Blinks and van Niel demonstrated 

. 
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the absence of enhancement in the photosynthetic bacterium, Rhodo- 

spirillum rubrum, while Gaffron and Bishop reported the lack of 

enhancement in hydrogen adapted Scenedesmus undergoing photo - 

reduction. Consequently, it was possible to conclude that the long 

wavelength photoreaction (system I) was involved only in carbon 

dioxide fixation and not oxygen evolution. System II was therefore 

the photoreaction responsible for oxygen evolution. Subsequent work 

in several laboratories has confirmed the separate roles of the two 

photoreactions as indicated in Figure 1 and has demonstrated the 

presence of a distinct pigment system for each of the photoreactions. 

The pigments responsible for system II activity are a specific form 

of chlorophyll a and the accessory pigments (chlorophylls b and c, 

phycobilins, and some carotenoids). A longer wavelength form of 

chlorophyll a is considered the primary absorber for system I, with 

P 700 postulated to be the photocatalyst. 

Photosynthetic Mutants of Unicellular Algae 

The application of selected mutant organisms to studies of 

biochemical pathways is a common practice. However, only recently 

has this experimental approach been applied to studies on the general 

mechanism of photosynthesis. The realization of the many partial 

reactions peculiar to photosynthesis, such as the electron transport 

system, separate pigment systems, photophosphorylation, Hill 

.. 
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reaction, etc. , allows for an ideal situation where mutant studies 

might profitably be employed. 

Even though the pathway of carbon dioxide fixation in photosyn- 

thesis has already been outlined in some detail, controversy remains 

as to the ultimate role and importance of this pathway, . at least in 

some plant species (Slack and Hatch, 1967). Also, limited informa- 

tion is available as to the nature of the electron transport pathway 

involved in the light reactions of photosynthesis, although detailed 

hypotheses are available regarding its functioning and its chemical 

constituents (Clayton, 1965). The production and isolation of photo- 

synthetic mutants provides a means for examining many of these bio- 

chemical events leading to the photosynthetic incorporation of carbon 

dioxide into cellular mass. Such mutants may be used to verify 

existing hypotheses as well as to suggest new ones. (Photosynthetic 

mutants are defined by their inability to utilize light in the fixation 

of carbon dioxide and are to be differentiated from the more common- 

ly occurring pigment mutants. ) 

Except for an isolated report by Davis in 1952, the rather ob- 

vious application of mutational studies to research in photosynthesis 

awaited the discovery of the major partial reactions and the develop- 

ment of the two light reaction hypothesis. Davis' isolated report 

described three mutants of Chlorella which were unable to fix carbon 

dioxide autotrophically, but did have a normal complement of 

.. 
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pigments (Davis, 1952). Unfortunately, no further papers appeared 

dealing with these mutants. 

The first continuous series of reports dealing with photosyn- 

thetic mutants was initiated by Levine (1960b). He reported 42 

photosynthetic mutants of Chlamydomonas reinhardi obtained by 

exposure to ultraviolet radiation. Each of the mutant strains repre- 

sented a single gene mutation as evidenced by the one-to-one segre- 

gation ratio obtained when backcrossed with the parent wild type 

strain (Levine, 1960a). 

Subsequent publications by Levine and coworkers have been 

limited to a relatively small number of mutants, although they have 

investigated a large number of components of the photosynthetic 

apparatus with the intention of defining the defect in as many mutants 

as possible. They have examined such varied parameters as: chloro- 

plast structure, chloroplast photoreductions, photophosphorylation, 

absorption spectra, ribulose diphosphate carboxylase activity, elec- 

tron paramagnetic resonance spectra, pyridine nucleotide transhydro- 

genase activity, and cytochrome c activity. They have also assayed 

for the presence of such chloroplast components as PPNR; cyto- 

chromes b6., and f; plastocyanin; chlorophylls a and b; and plasto- 

quinone (Levine and Volkmann, 1961; Levine and Piette, 1962; Levine 

and Smillie, 1962 and 1963; Smillie and Levine, 1963). 

The result of these numerous investigations has been the 
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identification of the mutational defect in six of their mutants. Ac -20 

(ac refers to the acetate requirement for growth of the mutants) was 

shown to lack ribulose diphosphate carboxylase activity (Levine and 

Togasaki, 1965). The remaining five mutants were all found to be 

blocked in the electron transport chain between the two light reac- 

tions. Ac -115 and ac -141 are deficient in cytochrome 559 while 

ac -206 lacks cytochrome 553. Plastocyanin is missing from ac -208. 

The chemical nature of the defect in ac -21 has not been specified, 

but it is located between cytochromes 559 and 553 in the electron 

transport chain (Levine and Gorman, 1966). Ac -21 was earlier 

shown to be missing photophosphorylation activity (Levine, 1960a). 

The proposed location of these latter five mutants are indicated in 

Figure 1. The placement of each mutant was determined by an 

examination of light- induced absorbance changes in chloroplast 

preparations (Levine and Gorman, 1966). Ac -208 (and plastocyanin) 

follows ac -206 (and cytochrome 553) in the electron transport chain 

since only the latter mutant is capable of photoreducing NADP when 

DCIP -ascorbate is the electron donor (Gorman and Levine, 1966). 

Bishop has recently isolated a number of mutants of Scenedes- 

mus obliquus, strain D3, which were initially characterized as either 

oxygen mutants or carbon dioxide mutants, based on Hill reaction and 

photoreduction activities (Bishop, 1962b and 1964). Oxygen mutants 

are incapable of system II activity as measured by the p- benzoquinone 
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Hill reaction but possess system I activity as evidenced by their 

ability to perform photoreduction. Carbon dioxide mutants are char- 

acterized by their ability to perform the p- benzoquinone Hill reaction, 

and their inability to perform photoreduction. 

The characteristics of eight mutants have been described (Bish- 

op, 1964). Four of the mutants (11, 40, 47, a') were classified as 

oxygen mutants, three were classified as carbon dioxide mutants (8, 

17, 18), and one (26) remáined unclassified. Of these eight mutants, 

only one has been identified specifically. Mutant 8, on the basis of 

electron paramagnetic resonance studies (Weaver and Bishop, 1963a 

and 1963b) and derivative absorption spectroscopy (Butler and Bishop, 

1963), was shown to be missing pigment P 700, the reaction center 

for system I. Electron micrographs revealed no aberrant properties 

of the chloroplasts and, except for mutant 8, pigment analyses re- 

vealed no irregularities. 

Most recently, Russell and Lyman (1967) reported the produc- 

tion of five photosynthetic mutants of Euglena gracilis, strain Z. None 

of the mutants were capable of photosynthetic 14CO2 assimilation or 

02 evolution. Two of the mutants were found to contain normal 

amounts of the reductive pentose phosphate enzymes and to have a 

pigment composition qualitatively like that of the parent wild type 

strain. The two mutants, however, were unable to reduce DCIP. 



They concluded that the two mutants are defective at or near the 

site of system II. 

Light- induced Absorbance Changes 

18 

Spectrophotometry plays an important role in the assay of many 

biochemical reactions, both in vitro and in vivo. The oxidation or 

reduction of pyridine nucleotides, cytochromes, dyes, etc. , is most 

commonly assayed by readings of optical density changes which are 

taken to be a measure of the reaction being followed. Numerous in- 

vestigations, by following the kinetics of absorbance changes in mito- 

chondrial preparations, have determined the sequence of components 

in the electron transport pathway in the cytochrome oxidase system 

(Smith and Chance, 1958). More recently, similar application of 

spectrophotometric techniques has been made to the study of electron 

flow in photosynthesis. In contrast to the cytochrome oxidase system 

where reduced substrates act as the electron donor, electron flow in 

photosynthesis is dependent upon light. These spectrophotometric 

observations in photosynthesis deal primarily with light- induced ab- 

sorbance changes, which are measured in two ways. First, light- 

dark difference spectra may be examined to help define which sub- 

stances are acting as redox agents in photosynthesis. Such a differ- 

ence spectrum is made by illuminating one of two identical samples 

with actinic light and recording the difference in absorbance between 
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the two samples as a function of the measuring wavelength. Second, 

kinetic measurements may be obtained by following the absorbance 

at a particular wavelength of interest before, during, and after ex- 

posure to actinic radiation. Information is then obtained on the rise 

time of the absorbance change in the light and the kinetics of its sub- 

sequent decay in the dark. This information may be used to deter- 

mine the sequence of components in the electron transport pathway 

of photosynthesis. 

Duysens (1954), using Chlorella, obtained the first light -dark 

difference spectrum. He examined wavelengths between 400 and 

550 nm and found a positive absorbance change near 515 nm and two 

negative changes near 478 and 420 nm. Since then several additional 

light- induced absorbance changes have been discovered and some of 

them have been related to specific components in the electron trans- 

port pathway of photosynthesis. An extensive discussion of the char- 

acteristics of all of the absorption changes is not pertinent to this 

thesis; instead, we will be concerned primarily with the 515 nm 

absorbance change. This absorbance change has a rather broad 

peak and will be referred to generally as the 520 nm change, although 

it has been variously referred to as the 513, 515, 520, or 525 nm 

change in the literature. 

Shortly after Duysen's initial report on light- induced absorb- 

ance changes, Strehler and Lynch (1957) observed that the increase 
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at 520 nm was correlated kinetically with the decrease at about 

480 nm and postulated that the two changes were produced by the 

same substance. Chance and Strehler (1957), using - Chlorella, 

showed that an aerobic versus anaerobic difference spectrum re- 

sulted in a positive absorbance change at 520 nm; they concluded 

that the 520 nm change was due to a photooxidation of some chloro- 

plast component. Chance and Strehler also observed that the appear- 

ance of the 520 nm absorbance increase in response to light has com- 

plex kinetics. Under aerobic conditions, two kinetically separated 

absorbance increases occurred, yielding a biphasic signal. The 

biphasic nature of the signal had disappeared under anaerobic condi- 

tions, leaving only a single absorbance increase (uniphasic signal). 

Similar observations with respect to the biphasic nature of the 520 nm 

signal were also made by Witt and Moraw (1957). 

The major source of publications dealing with the 520 nm ab- 

sorbance change has come from the laboratory of H. T. Witt. Witt 

and his associates have described two absorbance changes near 

520 nm. They suggest that the formation of a special chlorophyll a 

derivative in the light is responsible for one of the changes (type 1). 

This derivative exhibits an absorbance increase at 520 nm and a 

decrease at 430 nm. The dark decay of this change is independent of 

temperature in the range between -160 and +60 C and has a lifetime 

of 2'X 10 -5 seconds. The spectrum has been observed in green, 
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red, blue - green, and brown algae and its formation is independent 

of pH between 3 and 11. The changes occur in lyophilized cells and 

are entirely quenched by paramagnetic gases (e. g. , 02 and NO) 

(Witt et al. , . 1965). 

The other absorbance change near 520 nm has a positive peak 

at 515 nm and is correlated with negative peaks at 478 nm and 648 nm 

(type 2b). The difference spectrum of the type 2b change is not seen 

in blue and red algae (Witt et al., 1965). The type 2b change is 

described as a photoreduction since the addition of an oxidant (DCIP) 

accelerates the decay of the absorbance change in darkness (Witt and 

Müller, 1959). Witt has ascribed the type 2b change to the reduction 

of chlorophyll b by system II (Witt et al. , _ 1965; Witt et al. , 1967) 

and has used this correlation to arrive at conclusions which are 

possibly unwarranted (Rumberg et al. , 1966). 

Witt and colleagues have also observed both type 1 and type 2b 

changes in spinach chloroplasts (Zeiger, Müller, and Witt, 1961; 

Witt and Müller, 1959). The type 2b change in chloroplasts is entire- 

ly eliminated by DCMU (specific inhibitor of system II) and has an 

action spectrum similar to typical system II photoreactions. Witt 

has suggested the chloroplast type 2b change is identical with the 

first phase of the biphasic signal in aerobic Chlorella (Müller, Fork, 

and Witt, 1963). His conclusion is based on kinetic information and, 

as will be pointed out below, is probably incorrect. 



22 

In 1964,Rubinstein and Rabinowitch presented an action spectrum 

for the appearance of the 520 nm change in Chlorella, assuming an- 

aerobic conditions (Rubinstein and Rabinowitch, 1964). They ob- 

served that system I light (710 to 720 nm). was most efficient in 

inducing the 520 nm change. Govindjee and Govindjee (1965) examined 

the absorbance changes at 480 and 520 nm. Under aerobic conditions, 

with Chlorella, they obtained action spectra for both changes which 

indicated system II was more effective than system I. in inducing the 

changes. Under anaerobic conditions, system I light was more effec- 

tive than system II light. Govindjee and Govindjee further found that 

the action spectra for the 480 nm change and the 520 nm change are 

not identical. DCMU inhibited the aerobic signal partially; it did not 

affect the anaerobic signal. They postulated three reactions to ac- 

count for their observations: 1) photoreduction by system II of a 

specific form of chlorophyll yielding an absorbance increase at 

520 nm; 2) photooxidation by system I of an unknown compound giving 

an increase at 520 nm and a decrease at 480 nm; and 3) photooxidation 

of chlorophyll b which induces only a decrease at 480 nm. 

Rubinstein (1965) obtained results similar to those of Govindjee 

and Govindjee, although he arrived at a different hypothesis to ex- 

plain them. He suggested that a semi- reduced compound (XH) 

accounted for both the absorbance increase at 520 nm and the de- 

crease at 480 nm. Photooxidation by system I of the fully reduced 
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form (XH2) and photoreduction by system II of the fully oxidized 

form (X) would then yield identical absorbance changes and would 

account for the participation of both photoreactions. 

Investigators at the Carnegie Institution at Stanford University 

have also demonstrated the participation of both photoreactions of 

photosynthesis in producing the 520 nm change (Fork, Amesz, . and 

Anderson, 1967). On the basis of evidence obtained from a chloro- 

phyll b -less mutant of barley, they have also suggested that two 

independent chloroplast components are responsible for the change 

(Fork, Amesz, and Anderson, 1966 and 1967). They demonstrated 

that at least part of the 520 nm change is not correlated with the 

change at 480 nm, as noted previously by Govindjee and Govindjee 

(1965). 

Recently, Chessin, Livingston, and Truscott (1966) described 

the formation of a metastable excited state of ß- carotene which was 

correlated with an absorbance increase at 518 nm. They noted that 

the negative change near 475 nm is correlated with the first absorp- 

tion maximum of ground -state 13-carotene and suggest that one possi- 

bility for the 520 nm change is the photosensitized formation of a 

triplet state of p-- carotene. 
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II. STATEMENT OF PURPOSE 

Since the development of the two light reaction hypothesis of 

photosynthesis (Figure 1) many laboratories have concentrated on the 

mechanism of the individual photoreactions themselves as well as the 

details of the electron transport chain connecting them. It is the 

purpose of this study to employ photosynthetic mutants of Scenedesmus 

obliquus, strain D3, in an examination of the two light reaction hypo- 

thesis. Hopefully, information obtained in this study will also result 

in more detailed knowledge of the biochemical defects in each of the 

mutants examined. This information will be interpreted on the basis 

of the two light reaction hypothesis as presented in Figure 1. 

Six mutants of Scenedesmus (8, 11, 26, 40, 50, and a') will be 

compared to the wild type strain in terms of their capacity to perform 

the following reactions, each utilizing a portion of the photosynthetic 

apparatus: chloroplast photoreductions, photophosphorylation, an- 

aerobic glucose assimilation, nitrite reduction, and the 520 nm light- 

induced absorbance change. As noted in the Introduction, little is 

known about the relationship of the 520 nm change to photosynthesis, 

although several hypotheses have been proposed. An important 

aspect of this study will be an attempt to elucidate this relationship 

through use of the photosynthetic mutants. 

To achieve the above objectives it was first necessary to 
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develop a dependable procedure for the isolation of photochemically 

active chloroplasts from Scenedesmus. Examination of the 520 nm 

absorbance change also required the construction of a single -beam 

spectrophotometer and the design and construction of a split -beam 

spectrophotometer, both of which are described below. Considerable 

effort was expended on both the development of the chloroplast isola- 

tion procedure and the construction of the spectrophotometers. 



26 

III. MATERIALS AND METHODS 

Algal Culture 

The algae were cultured heterotrophically on nitrate medium 

supplemented with O. 5% glucose and 0.25% yeast extract (Kessler, 

Arthur, and Brugger, 1957). Five -day -old cultures were used since 

they were found to be at an optimal stage both for in vivo measure- 

ments and for the preparation of chloroplasts. They were main- 

tained at 25 C in Erlenmeyer flasks kept in darkness on a rotating 

shaker. All cultures were examined on a Gilson Oxygraph before 

use to detect any possible revertants of the mutants. Only those 

mutant cultures which showed no oxygen evolution upon illumination 

were used in the experiments described below. 

The PCV of the algal cultures was determined by centrifuging 

the cells out of an aliquot of the culture medium. The collected 

cells were then transferred to a cytocrit tube with 0.06 N HC1 and 

centrifuged for five minutes at top speed in a clinical centrifuge. 

The HC1 dissolves inorganic precipitates which form in the culture 

medium and confound the PCV determination. Cell concentration 

in the five- day -old cultures was approximately 10 µl PCV /ml. 

Chlorophyll Determinations 

Chlorophyll concentrations were determined from the specific 
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absorption coefficients given by MacKinney for chlorophylls a and b 

in methanol (Holden, 1965, p. 466). Whole cells of Scenedesmus 

were boiled in methanol to extract the pigments and then brought to 

a standard volume with methanol. An aliquot of the boiled cells was 

centrifuged briefly to remove cellular debris and absorption measure- 

ments were then made with a Zeiss PMQ II spectrophotometer. To 

measure chlorophyll concentrations in chloroplast preparations, an 

aliquot of the preparation was suspended in methanol (normally 0. 1 

ml preparation was brought to 3 ml with methanol) and centrifuged. 

Absorption measurements were then made on the supernatant. The 

equations used to determine chlorophyll concentrations (in mg/ 1) are: 

total chlorophyll = 25. 5 A650 
+ 4. 0 A665 

chlorophyll a = 16. 5 A665 
- 8. 3 A650 

chlorophyll b = 33. 8 A650 12. 5 A665 

where A650 is the optical density at 650 nm and A665 is the optical 

density at 665 nm (Holden, 1965, p. 466). 

Chloroplast Preparation 

The isolation of active chloroplasts from a unicellular alga 

such as Scenedesmus is complicated by the presence of only a single, 

large chloroplast inside each cell. Since the chloroplast is almost 

as large as the entire cell, it is difficult to break open the cell 

- 

- 
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without also disrupting the chloroplast. Fragmentation of chloro- 

plasts commonly results in decreased photochemical activity and is 

a probable cause for the low activities obtained with Scenedesmus 

preparations - (see Results and Discussion). 

Two methods of cell breakage were attempted. One method, 

utilizing a French press, was found to provide inconsistent breakage 

and was used only in preliminary experiments. The second method, 

utilizing a Vibrogen- Zellmúhle (Edmund Bühler, Tübingen,. Germany), 

provided much more consistent breakage and was used to obtain the 

chloroplast preparations used in all the experiments described below. 

The algal cells were harvested by centrifugation and were 

washed twice in a buffer solution (0.02 M KPO4, 10-5 M EDTA, 

pH 7. 0, for chloroplast photoreductions; 0.4 M sucrose, 0.01 M NaC1, 

0.05 M Tris-HC1, 10-3 M mercaptoethanol, 5 X 10-5 M EDTA, pH 

7. 8, for photophosphorylation). Twenty milliliters of cell suspension 

containing approximately. 5 ml of PCV were placed in a stainless 

steel cup which was then filled to the top with 0. 35 mm diameter 

glass beads. The cells and glass beads were vibrated at full power 

on the Vibrogen- Zellmühle -for five minutes while ice -water was 

circulated around the stainless steel cup. The contents of the cup 

were then filtered through a coarse, . fritted glass filter to remove 

the glass beads. The beads were washed with additional buffer 

solution to recover all of the broken cells. The chloroplast fraction 



29 

was obtained by centrifugation between 1000 X g (10 minutes) and 

15, 000 X g (15 minutes) in a refrigerated centrifuge. The 15, 000 X g 

pellet was suspended with a small glass homogenizer in another buffer 

solution (O. 4 M sucrose, 0.01 M NaC1, 0.05 M Tris -HCI, pH 7. 8, 

for chloroplast photoreductions; 0.4 M sucrose, . 0.01 M NaC1, 0.05 

M Tris -HC1, 5 X 10 -5 M EDTA, pH 7. 8, for photophosphorylation). 

Enough suspending buffer solution was added to give a chlorophyll 

concentration of approximately 200 µg /ml for chloroplast photoredut- 

tions and 400 to 600 µg /ml for photophosphorylation. The :chloro- 

plasts were examined either immediately or following storage at 

-30 C. (The chloroplast preparations will be referred to as "chloro- 

plasts" even though they may have consisted largely of chloroplast 

fragments. ) Spinach chloroplasts for photophosphorylation experi- 

ments were isolated by the procedure described above for Scenedes- 

mus with the exception that the spinach cells were broken by grinding 

the leaves in a mortar and pestle with 0.35 mm diameter glass beads. 

Several experiments were performed to examine the parameters 

of the above chloroplast isolation procedure and the more important 

results of these preliminary experiments will be mentioned briefly. 

The pH of an unbuffered chloroplast preparation was 6.94, so phos- 

phate buffers near neutrality were used in preliminary experiments. 

It was soon apparent, however, that the presence of the phosphate 

anions resulted in lysing of the chloroplasts when they were stored 
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at -30 C. Tris buffers were found to be suitable for storage of the 

chloroplasts at -30 C and were therefore used as the suspending buffer 

solution in all of the experiments on chloroplast photoreductions. The 

phosphate buffer solution was still preferred as the breaking medium. 

Sucrose and Cl- were both found to yield increased chloroplast activity 

and were therefore included in both the breaking and suspending buffer 

solutions. The high sucrose concentration employed (0.4 M) was re- 
quired to maintain a favorable osmotic environment for the chloroplasts. 

Chloroplast Photoreductions 

(Chloroplast photoreductions, which require the addition of an 

oxidant and occasionally a reductant, are to be distinguished from the 

cellular process of photoreduction utilizing hydrogen as defined above.) 

The specific reaction conditions for the various chloroplast 

photoreductions are given in Tables I and IL (PPNR was prepared 
from spinach leaves as described by San Pietro and Lang, 1958, ) 

The reactions were assayed spectrophotometrically at room tempera- 

ture with a Zeiss PMQ II spectrophotometer. The output of the 

spectrophotometer was fed into a Photovolt Varicord recorder, 

model 43. The optical density of the reaction mixtures at the desired 
wavelength was recorded continuously and reaction rates were deter- 

mined directly from the initial linear rate of the optical density 

change as a function of time. Actinic light was obtained from a 1000 

watt tungsten filament lamp focused on the top of a standard 1 cm 

cuvette containing the reaction mixture through a hole in the top of 

the sample compartment of the spectrophotometer. The light was 
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filtered through a Corning glass cut -off filter (2 -61) which passes 

only wavelengths greater than 600 nm. 

The coefficients used to convert absorbance changes (4A into 

moles substrate reduced are: 

µmoles cytochrome _g/m1 = 0.0510 AAS50 
mu 

(Miller and Evans, 1956) , 

jimmies NADPH /ml = 0.2029 DA 
340nm 

(Bergmeyer, 1963, p. 1030) , 

µmoles DCIP /mi = 0.0563 AA 
610nm 

µmoles ferrocyanide /ml = 0.962 AA410nm (Cowles, 1967) . 

The wavelengths at which the various photoreductions were assayed 

are indicated by the subscripts above. We determined the coefficient 

used for DCIP. Absorbance changes were converted to µmoles sub- 

strate reduced per mg chlorophyll per hour by the following equation 

(cytochrome c reduction is used as an example): 

rate 1000 
(µmoles /mg chlorophyll- hour) = (0.0510) ( (3) ( 

x 
) (60) , 

where X is the number of µgrams of chlorophyll in the 3 ml reaction 

mixture, (60) converts the rate to an hourly basis, and (3) accounts 

for the 3 ml volume of the reaction mixture. 

Photophosphorylation 

Chloroplasts for photophosphorylation experiments were always 

used immediately after preparation. Photophosphorylation assays 

were performed in 50 ml Erlenmeyer flasks on a- Gilson respirometer 

equipped with an adapter bar to hold the flasks. The standard reaction 

.min) / DA 
550nm 
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mixture (adapted from Avron, 1960) contained: 45 µmoles Tris -HC1 

(pH 7. 8), 12 µmoles MgC12, 60 µ,moles NaC1, 13 p, moles KPO4 

(pH 7. 8), 1.2 mmoles sucrose, 50 µ,moles sodium ascorbate, 

6 µmoles NaH2ADP, 0.09 µmoles PMS, 10 to 50 µcuries 32Pí, 40 µg 

chlorophyll in 0. 1 ml suspending medium, and enough water to bring 

the final volume to 3. 0 ml. The reactions were run for 10 minutes 

at 25 C. The actinic light was filtered through a sheet of red plastic 

passing wavelengths greater than 600 nm. The intensity was approxi- 

mately 1 X 105 ergs. sec -1 cm -2. 

The reactions were terminated after the 10 minute incubation 

period by the addition of 0.3 ml of 20% TCA. The assay for AT32P 

is identical to that given by Avron (1960), which removes all non- 

esterified Pi into a non - aqueous phase (benzene - isobutanol). Aliquots 

of the aqueous phase, which contains only organic phosphate, were 

then placed in planchets, dried, and counted on a Nuclear Chicago 

gas flow detector (model D 47). Two types of controls were exam- 

ined. One set of flasks contained the complete reaction mixture but 

received no light during the incubation period. A second set received 

light but lacked PMS. Duplicate samples were run in every instance. 

Both controls showed the same background activity and were there- 

fore averaged before subtraction from the complete assays. The 

rates for ATP synthesis shown in Table III are thus net rates of 

light- dependent, . PMS- catalyzed photophosphorylation. Each cell 
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type of Scenedesmus was assayed twice in two independent experi- 

ments. 

To convert cpm to µ.moles ATP synthesized, the cpm introduced 

into each reaction mixture had to be determined. Highly diluted ali- 

quots of the stock 32Pi were introduced into planchets prepared in the 

usual fashion except that 32Pi was not added to the reaction mixture. 

The count rates obtained for these planchets compensated for the 

combined counting efficiency of the detector and the sample geometry. 

Only one determination per stock solution of 32Pi was necessary 

because knowledge of the half -life of 32 P allows one to calculate the 

cpm introduced into each reaction mixture on any given day. The 

count rates were converted into rates of ATP synthesis by the follow- 

ing equation: 

rate(µmoles ATP /mg chlorophyll. hour) 

(sample cpm - control cpm) (6)(21.9)(13)(1000) 
added cpm X 

where X is the number of µ,grams of chlorophyll added, (13) is the 

number of µmoles of Pi added, (21.9) is the dilution factor in the 

preparation of planchets, and (6) is the factor required to convert 

the rate /10 minutes to the rate /hour. 

ATPase activity was tested by the addition of approximately 

1 µ,curie of AT32P in place of the 32Pi of the standard reaction mix- 

ture. A total of 0.25 µmoles ATP was added per reaction mixture. 
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The reaction mixtures were incubated for 10 minutes under - condi- 

tions identical to those for photophosphorylation assays. The only 

change was the substitution of AT32P for 32Pi. ATPase activity was 

assayed by counting the radioactivity present in an aliquot of the first 

benzene - isobutanol extraction of the molybdate- treated reaction mix- 

tures (Avron, 1960). Since no 32Pi was added, the only radioactivity 

in the benzene - isobutanol would be the 32Pi arising from ATP hydro- 

lysis. The cpm of AT32P introduced into each sample was deter- 

mined as above for the 32Pi. The experimental count rates, after 

subtraction of dark control count rates, were then converted into 

µmoles ATP hydrolyzed per mg chlorophyll per hour. 

Glucose Assimilation 

The algae were harvested by centrifugation and washed once 

with the reaction medium (0.03 M KPO4, pH 6. 8, 0. 0185 M glucose). 

Five Warburg vessels were prepared for each cell type; each vessel 

contained 100 µl PCV, 10 mg glucose, and approximately 0. 25 

µcuries uniformly labeled glucose -14C in 0.03 M KPO4 buffer, pH 

6. 8,. The vessels were placed on a Gilson Respirometer and gassed 

for 10 minutes with argon. Three vessels of each cell type were 

incubated in white light while two were kept in darkness. Oxygen - 

free argon was continually passed through the reaction flasks to 

remove any oxygen formed by photosynthesis. After two hours 
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incubation, at 25 C, the reaction was stopped by centrifuging out the 

cells. 

Subsequently the cells were washed twice with distilled water 

and then boiled in 80% ethanol. The insoluble portion was centrifuged 

onto planchets (precipitate fraction, Table IV) and the supernatant 

poured off. Aliquots of the supernatant fraction (soluble fraction, 

Table IV) were also placed on planchets. After drying, both sets of 

planchets were counted and the amount of glucose incorporated was 

computed. 

Nitrite Reduction 

One hundred microliters of thoroughly washed cells were sus- 

pended in 10 ml of 0.05 M KPO4, pH 7. 2, and 2. 5 ml of this suspen- 

sion were added to each of two Warburg vessels. NaNO2(3 p.moles 

in 0. 5 ml) was added to the sidearm of each flask. The cells were 

adapted for photoreduction in a gas phase of 96% H2, 4% CO2. Gas 

exchange was measured the following morning (see Figure 1), also 

under a gas phase of 96% H2, 4% CO2. 

Single -beam Spectrophotometry 

A single -beam spectrophotometer capable of making absorb- 

ance measurements in light scattering samples was constructed. 

The basic design of the instrument was obtained from Dr. David Fork 
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of the Carnegie . Institution of Washington, Stanford, California (de 

Kouchkovsky and Fork, 1964). Figure 2 is a schematic illustration 

of the spectrophotometer we constructed. For simplicity, the lenses 

used to focus the measuring and actinic light beams are not shown. 

The measuring light was obtained from a quartz- iodine lamp and a 

525 nm Schott interference filter. The lamp was operated from two 

12 volt lead storage batteries connected in series. Another 525 nm 

Schott interference filter, a blue Corning glass filter (4 -71), and an 

infrared absorbing filter were placed over the surface of the photo- 

multiplier tube (RCA 6217) so that only the measuring light would 

reach the photocathode. The sample holder was then placed directly 

over these filters for absorbance measurements. The actinic light 

was obtained from a prefocused, 500 watt, tungsten filament projec- 

tor lamp. Three red cut -off filters (2 Corning 2 -58 and 1 2 -59) plus 

an infrared absorbing filter were used to isolate the actinic wave- 

lengths. A 5 cm water bath was also placed in the actinic light path. 

The measuring light intensity was approximately 2500 ergs cm 2 

sec -1; the actinic light intensity was about 60, 000 ergs cm 2 sec -1. 

The photomultiplier high voltage was provided either by a battery 

pack or a Keithley 240 regulated high voltage supply. The photo - 

multiplier tube was normally operated at 1000 volts. 

The electrical circuit illustrated in Figure 2 functioned both as 

a filter (time constant) and as a "bucking potential." The "bucking 
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potential" served to nullify the current coming from the photomulti- 

plier so that small changes on a relatively large background signal 

could be observed. The output from the photomultiplier was dis- 

played either on an oscilloscope (Hewlett- Packard 140 A with 

Polaroid camera) or a high -speed strip chart recorder (BLH Meter- 

ite, BSA 250 with PR 301 B amplifier). 

Various sample holders were used. A small bottle with flat 

sides was used as a "cuvette" for measurements of leaf samples. 

The bottle was sealed with a rubber stopper containing two glass 

tubes so that the atmosphere surrounding the leaf could be controlled. 

Sample holders for algal or chloroplast preparations consisted of a 

central metal -walled cylinder with a clear plastic bottom. The algae 

(or chloroplasts) were placed in the central cylinder which was sur- 

rounded by a jacket through which water could be circulated from a 

temperature controlled bath (Lauda Ultrakryomat, model TK 30D). 

The two holders used most frequently had cross - sectional areas of 

1 and 10 cm2. The latter holder was equipped with a plastic top 

with two tubes passing through it providing a means for regulating 

the atmosphere above the sample. 

The single -beam spectrophotometer was used for absorbance 

measurements at 525 nm only. Cells of Scenedesmus and Chlorella 

and whole leaves of spinach were examined. Chloroplasts prepared 

from Scenedesmus and spinach were also examined; they were 
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prepared as described above for chloroplast photoreductions. Speci- 

fic details about the various assay conditions will be described in 

the Results and Discussion section. 

A theoretical discussion of in vivo absorbance measurements 

is given by Butler (1964). It should be understood that the absorb- 

ance values given in the Results and Discussion chapter are highly 

dependent upon sample size and geometry and are not equivalent to 

values obtained by more conventional spectrophotometric methods. 

Split -beam Difference Spectrophotometry 

There are three principal disadvantages to a single -beam 

spectrophotometer such as the one described above. First, the 

measuring light is strong relative to the sample density used. Low 

measuring light intensity is desired to prevent it from having actinic 

effects. Second, preventing the actinic light from reaching the 

photomultiplier while allowing the measuring light to reach it is a 

serious problem because small absorbance changes are being 

measured and even a very slight actinic light "leak" would confound 

the results. Third, there is no way to compensate for wavelength - 

independent scattering or absorbance changes. To overcome these 

objections, a split -beam difference spectrophotometer was con- 

structed using many of the components of the single -beam instru- 

ment. However, the split -beam spectrophotometer we used has a 
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serious drawback itself --a long time constant (0. 1 second) is neces- 

sary to convert the alternating current input of interest (see below) to 

a direct current output, thereby making impossible kinetic measure- 

ments of rapid absorbance changes. The single -beam spectrophoto- 

meter was operated with a time constant of less than 10 milliseconds. 

Hence, the split -beam instrument was used to make quantum yield 

measurements and to determine difference spectra, while the single - 

beam instrument was used for kinetic measurements and routine 

assays at 525 nm. 

Two measuring wavelengths are used in split -beam operation 

(Figure 3). The machine is a difference spectrophotometer, not 

because it measures the absorbance difference between two samples, 

but because it measures the difference in absorbance at two wave- 

lengths in the same sample. A 6 volt, 18 ampere tungsten filament 

lamp, powered by a Sorenson model QSB 6 -30 power supply, provided 

the measuring light which was first divided into two beams by a beam 

splitter. One light beam was passed through an adjustable diaphragm 

and a 571 nm interference filter. This will be referred to as the 

reference wavelength, X.2. The other light beam was passed through 

a Bausch and Lomb High - intensity monochromator with adjustable 

slits (Xi ). The exit slit was always maintained at 1 mm in width; 

the entrance slit was varied as needed to adjust light intensity. The 

two measuring beams were then recombined by a second beam 
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splitter and passed alternately through a 600 cps chopper. The light 

chopper thereby produced a 600 cps alternating current signal in the 

photomultiplier tube (RCA 6217). 

The actinic light source was a 150 watt high pressure xenon arc 

with various filters used to isolate the desired wavelengths. The 

lenses used to focus the light beams are not shown in Figure 3. 

Corning glass filters were placed between the sample holder and the 

photomultiplier tube so that the two measuring wavelengths were 

passed but the actinic light was blocked. The high voltage (1000 

volts) was supplied by the Keithley model 240 regulated high voltage 

supply. 

The 600 cps output of the photomultiplier was fed into a lock -in 

amplifier (Princeton Applied Research) tuned to the 600 cps frequency. 

Since the amplifier measured only the signal generated by the chopper, 

non - alternating current, such as that generated by leakage of actinic 

or room light, and random current, due to mechanical and electrical 

noise, was rejected by the tuned amplifier. A 0. 1 second time con- 

stant was applied to convert the output of the amplifier to a direct 

current signal. A "bucking potential" was used to adjust the output 

voltage so that it could be viewed on the oscilloscope or on a recorder 

(Photovolt Varicord, model 43). The sample holders used with the 

single -beam spectrophotometer were also used for the split -beam 

instrument. 
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In operation, both 
X1 

and 
X2 

were adjusted in intensity so that, 

with the sample in place, the 600 cps current generated by the photo - 

multiplier is "balanced, " in that it will produce a zero direct current 

voltage in the output of the tuned amplifier. Equal absorbance changes 

at the two wavelengths would then be represented by equal, but oppo- 

site, changes in the ac signal and would thus produce no change in the 

dc output. For this reason, wavelength independent absorbance 

changes would not be observed. Only a change unique to one of the 

two measuring wavelengths would be observed. The reference wave- 

length (571 nm) was chosen because no specific absorbance change is 

known to occur at that wavelength. 

The split -beam spectrophotometer was able to operate at much 

lower measuring light intensities than was the single -beam instru- 

ment as a result of the increased gain (9000 X) provided by the tuned 

amplifer, thereby decreasing the actinic effects of the measuring 

light. 

Specific assay conditions varied considerably and will therefore 

be described in the Results and Discussion section. 
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IV. RESULTS AND DISCUSSION 

Chloroplast Photoreductions 

Three types of photoreductions may be obtained with chloroplast 

preparations: 1) those that require only system II activity; 2) those 

that require only system I activity; and 3) those that require both 

activities (Table I). Classes (1) and (3) are . "natural" photoreductions 

in that they utilize water as the reductant. Class (2) is an "unnatural" 

photoreduction because it uses an artificial electron donor. Examina- 

tion of these three types of photoreductions in chloroplasts isolated 

from photosynthetic mutants should provide a means for classifying 

the mutant organisms in relation to the two light reaction hypothesis 

as presented in Figure 1 (Bishop, 1966). 

Table I summarizes the information obtained on these three 

classes of chloroplast photoreductions in the normal and mutant 

strains of Scenedesmus. The rates of photoreduction are expressed 

as µmoles oxidant reduced per mg chlorophyll per hour. . DCIP re- 

duction represents type (1) above, cytochrome c and NADP reduction 

represent type (3), and DCIP -ascorbate -NADP represents type (2). 

DCIP -ascorbate replaces water as the electron donor in the latter 

type of photoreduction while NADP serves as the oxidant. Chloro- 

plasts from the wild type strain are the only ones to possess all 

three types of activity. The three photoreductions utilizing water as 



Table I. Reductive activities of Scenedesmus chloroplasts. 
All reduction rates are expressed as µmoles oxidant 
reduced per mg chlorophyll per hour. 
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Chloroplasts 
(source) 1 DCIP cytochrome ç 2 NADP 

DCIP- 

3 
Ascorbae- 

NADP 

wild type, fresh 61 117 52 31 
frozen 42 98 35 20 

mutant 8, fresh 16 18 <5 <5 
frozen 15 15 <5 <5 

mutant 11, fresh 0 2 <5 24 
frozen 0 2 <5 21 

mutant 26, fresh 1 2 <5 16 
frozen 3 2 <5 17 

mutant 40, fresh 2 7 <5 22 
frozen 1 0 <5 18 

mutant 50, fresh 1 0 <5 14 
frozen 1 3 <5 12 

mutant a', fresh 0 1 <5 25 
frozen 0 3 <5 27 

1. Reaction mixture contained 0.12 µmoles DCIP, 3 µmoles KCN, 
40 µg chlorophyll, brought to 3.0 ml with 0. 5 M sucrose, 0.05 
M tris -HC1 buffer (pH 8.0), and 0.03 M KC1. 

2. Reaction mixture contained 1 mg cytochrome c, saturating PPNR, 
150 µmoles phosphate buffer (pH 6. 7 ), 6 µmoles Mg C12, and 
40 µg chlorophyll. It was brought to 3.0 ml final volume with 
distilled water. 

3. Reaction mixture same as (2), but 0. 8 moles NADP in place of 
cytochrome c. 

4. Reaction mixture same as (2), but 0. 1 µmole DCIP, 10 p.moles 
sodium ascorbate, and 0. 8 µmoles NADP in place of cytochrome 
c. Wild type chloroplasts were assayed in the presence of 5 X 

10 -6 M DCMU. 

- 
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the reductant (DCIP, cytochrome c, NADP) all indicate the rate of 

electron flow as about 100 µequivalents per mg chlorophyll per hour 

(DCIP and NADP reduction are two electron processes). Freezing 

and thawing of the chloroplasts was found to have little effect on their 

activity. 

Five of the six photosynthetic mutants were found to be incapa- 

ble of utilizing water as an oxidant. However, these five mutants all 

possess sytem I activity, as indicated by the DCIP - ascorbate -NADP 

photoreduction. The rates exhibited by mutants 11, 40, and a' 

approximate that of chloroplasts from wild type cells while the rates 

obtained for mutants 26 and 50 are decidedly lower. The significance 

of this distinction will be brought out in the Conclusion. (Negligible 

rates of NADP photoreduction are expressed as <5 µmoles per mg 

chlorophyll per hour because such low rates are difficult to distin- 

guish from background noise as well as from light independent 

changes in absorbance at 340 nm. ) These data verify the earlier 

observation that mutants 11, 40, and a' are oxygen (system II) 

mutants and help to clarify the classification of mutants 26 and 50 

which could not be classified on the basis of earlier in vivo measure- 

ments (Bishop, 1964) since they lack the ability to perform photo- 

synthesis, the p- benzoquinone Hill reaction, and photoreduction. 

The data in Table I indicate that mutants 26 and 50 are defective in 

the electron transport chain connecting system II to system I. 
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Further information supporting this hypothesis will be presented 

below. 

Of the mutants examined, only the chloroplasts of mutant 8 

possess Hill reaction (system II) activity (Tables I and II), verifying 

earlier results of Kok and Datko (1965) using this mutant. These 

chloroplasts photoreduced DCIP and ferricyanide but not NADP, even 

when DCIP -ascorbate was the reductant. DCIP photoreduction oc- 

curred at only about one - fourth to one -third the rate found for wild 

type chloroplasts while ferricyanide reduction occurred at approxi- 

mately one -half to four - fifths the wild type rate (Table II). Gorman 

and Levine (1966) found that both plastocyanin and cytochrome 553 

are required for DCIP reduction by isolated chloroplasts of Chlamy- 

domonas. Since plastocyanin and cytochrome 553 are kinetically 

close to the reactive center of system I (Chance, 1967; Fork and 

Urbach, 1965), it is possible that the depressed rate of DCIP reduc- 

tion with chloroplasts from mutant 8 is due to a requirement for 

system I activity (or at least system I integrity) in order to obtain 

maximal rates. Previous work has shown mutant 8 to be lacking 

P 700, an integral part of photosystem I (Butler and Bishop, 1963). 

The slightly higher rates of reduction found with ferricyanide may 

be attributed to a lesser dependence of the latter oxidant on system I 

for maximal reduction rates. The chloroplast photoreduction data 

of mutant 8 are entirely consistent with the earlier findings on 
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whole cell reactions (p- benzoquinone Hill reaction and photoreduction) 

which indicate that it is a system I mutant (Bishop, 1964). 

Table II. Comparison of Hill reaction activities in wild type 
and mutant 8 chloroplasts. 
Rates of reduction are expressed as moles oxidant 
reduced per mg chlorophyll per hour, Reaction 
mixtures are as described for DCIP in Table I except 
that 2 µmoles K3Fe(CN)6 are substituted for DCIP 
where indicated. 

Chloroplasts 
(source) 

Hill oxidant 
Experiment 1 Experiment 2 

K3Fe(CN)6 DCIP K3Fe(CN)6 DCIP 

wild type 182 55 154 49 

mutant 8 85 15 125 15 

wild type 
activity in 
mutant 8 47 27 81 31 

Table I indicates that chloroplasts from mutant 8 will reduce 

cytochrome c at approximately 15% the rate obtained with chloro- 

plasts from wild type cells. Thus, it is suggested that system II 

alone may be capable of photoreducing cytochrome c, although at a 

much reduced rate over that obtained with both systems I and II. 

The lower reducing potential generated by system II (Kok and Datko, 

1965; Kok, Rurainski, and Owens, 1965) would account for the lower 

rate of cytochrome c reduction by mutant 8. 

Oxygen evolution in chloroplasts from wild type cells was 

% 

- 
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examined to verify that the above chloroplast photoreductions requir- 

ing system II activity were true Hill reactions. The chloroplasts 

were assayed with a Clark electrode on a Gilson Oxygraph in the 

presence of ferricyanide as the Hill oxidant. Approximately 160 

moles of oxygen were evolved per mg chlorophyll per hour in red 

light. This rate of oxygen evolution (640 µequivalents /mg chloro- 

phyll/hour) is much higher than that found for any of the photoreduc- 

tions (maximum of 182 wequivalents /mg chlorophyll /hour with ferri- 

cyanide) but still supports the claim that the photoreductions are 

coupled to the oxidation of water and the release of oxygen. Higher 

light intensity on the Oxygraph than that on the Zeiss spectrophoto- 

meter was found to account for part of this discrepancy. No further 

explanation, however, can be given for the large difference observed 

between the rate of oxygen evolution and the rate of oxidant reduction. 

The photoreduction rates observed for chloroplasts isolated 

from Scenedesmus (Tables I and II) are low in comparison to those in 

the literature for other systems (e. g. , Gressel and Avron, 1965). 

Numerous attempts were made to improve these rates by altering 

the constituents and the pH of the reaction media. Since no improve- 

ment could be obtained in this manner, it was assumed that the rela- 

tively low rates resulted from the fragmentation of the chloroplasts 

during the isolation procedure. 

Although spinach PPNR was generally used to stimulate all 
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NADP and cytochrome c photoreductions, a water soluble extract of 

Scenedesmus was obtained which could serve as a substitute. PPNR 

from Scenedesmus prepared according to the procedure of San Pietro 

and Lang (1958) was inactive in catalyzing light- dependent NADP re- 

duction with Scenedesmus chloroplasts. However, light- dependent 

NADP reduction was obtained with Scenedesmus chloroplasts in the 

presence of a 144, 000 X g supernatant of disrupted algal cells. The 

supernatant had to first be dialyzed since it also produced a light - 

independent NADP reduction with chloroplasts. After dialysis, how- 

ever, it promoted only a light- dependent reduction which was com- 

parable in rate to that obtained with spinach PPNR. Since spinach 

PPNR was easier to obtain in sufficient quantity, it was used in place 

of the algal preparation.. 

Photophosphorylation 

Measurements for both cyclic and non - cyclic photophosphoryla - 

tion were attempted with algal chloroplasts prepared by a variety of 

procedures. Non -cyclic photophosphorylation was never obtained, 

either with ferricyanide or NADP as the oxidant. This failure to 

obtain a non - cyclic photophosphorylation does not necessarily suggest 

its absence in Scenedesmus chloroplasts, but more probably its relgä. 

tive lability to the extraction and assay procedure. 

All chloroplasts but those obtained from mutant 8 exhibited 

. 
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PMS- mediated cyclic photophosphorylation (Table III). Ascorbate, 

in preference to reduced glutathione, was necessary for activity. 

Since cyclic photophosphorylation is generally considered a system I 

photoreaction, these data support those obtained on chloroplast photo - 

reductions. Mutant 8 was shown to be defective in photosystem I 

(Table I) which agrees with the absence of cyclic photophosphoryla- 

tion activity. It is of interest that mutants 26 and 50 possess cyclic 

photophosphorylation activity since they are thought to be defective 

in the electron transport chain. It is apparent, therefore, that the 

site of re -entry of electrons into system I is more removed from 

photosystem II than the site of the mutations in 26 and 50. 

Table III. Cyclic photophosphorylation and ATPase activities 
in Scenedesmus chloroplasts. 
Photophosphorylation rates are expressed as µmoles 
ATP esterified per mg chlorophyll per hour. Rates 
of ATP hydrolysis are expressed as µmoles ATP 
hydrolyzed per mg chlorophyll per hour. Reaction 
conditions are given under Materials and Methods. 

Chloroplasts (source) 

Assay wild type 
Mutant strain 

spinach 8 11 26 40 50 a' 

Phosphorylation 

11 8 

21 15 

ATP hydrolysis 

1 1.2 

0 

0 

1.2 

8 4 

5 

20 

12 

11 

17 

16 

90 

1.4 

1Assays 1 and 2 are independent and replicate experiments. 

9 5 
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The rates of photophosphorylation in cell free preparations of 

Scenedesmus (4 to 20 µ,moles /mg chlorophyll /hour) are extremely 

low in comparison to those presented in the literature. Avron and 

Shavit (1965) reported fixation rates of up to 1200 µmoles ATP per 

mg chlorophyll per hour with preparations from spinach. One assay 

was attempted using chloroplasts from spinach and the rate obtained 

is presented in Table III. Although a rate of 90 µmoles per mg 

chlorophyll per hour is still much lower than those in the literature, 

it does indicate that our assay procedure is not the only reason for 

obtaining weakly active chloroplasts from Scenedesmus. The frag- 

mentation of chloroplasts during the isolation procedure probably 

accounts in large part for the low activities obtained. Kahn (1966) 

reported similar frustrations in attempts to obtain higher rates of 

photophosphorylation in isolated chloroplasts of Euglena gracilis. 

ATPase activities with chloroplasts from wild type Scenedes- 

mus, mutant 8, and spinach were assayed to determine whether the 

absence of photophosphorylation in mutant 8 was a result of enhanced 

hydrolytic activity. As may be seen in Table III, this was not the 

case. The rate of hydrolysis in chloroplasts from mutant 8 was no 

higher than that in wild type or spinach preparations and was low 

enough that it could not serve as an explanation for the lack of cyclic 

photophosphorylation activity. 
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Glucose Assimilation 

Light - dependent, anaerobic glucose assimilation has been pro- 

posed as an assay for in vivo cyclic photophosphorylation (Kandler 

and Tanner, 1966). Anaerobic glucose assimilation was - therefore 

examined in mutants 26 and 50 to test the hypothesis that the only 

function of the light reactions in photoreduction is the generation of 

ATP. The reducing potential required for carbon dioxide fixation 

would then be produced by non- photochemical reactions. This hypo- 

thesis is plausible since hydrogen gas has sufficient reducing poten- 

tial to reduce pyridine nucleotide without the assistance of photo- 

chemical energy. Since mutants 26 and 50 will do in vitro photophos- 

phorylation ( Table III) but will not perform photoreduction, it was 

desirable to determine whether they would perform in vivo cyclic 

photophosphorylation. If they were found capable of in vivo cyclic 

photophosphorylation, then it could be concluded that photoreduction 

requires system I for the production of reduced pyridine nucleotide 

as well as for the synthesis of ATP. However, Table IV shows that 

neither mutant is capable of light- dependent, anaerobic glucose 

assimilation. Thus, the hypothesis for photoreduction outlined above 

is neither supported nor rejected by these data. Unfortunately, the 

question as to the function of system I in photoreduction remains 

unanswered. It is apparent, however, that under our experimental 

:. 
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conditions in vitro and in vivo cyclic photophosphorylation are not 

identical processes. 

Table IV. Anaerobic glucose assimilation. 
The figures given are counts per minute of radioactive 
glucose incorporated into the indicated fraction after 
a two -hour incubation at 25 C. The cpm in dark and 
in light incubated reaction mixtures are given. Light 
dependent assimilation is represented by the "light - 
dark" values. 

Cells 

wild type 

mutant 8 

mutant 26 

mutant 50 

Fraction Dark Light Light -dark 

precipitate 4022 12674 8652 
soluble 610 2119 1509 

precipitate 4628 7277 2649 
soluble 628 886 258 

precipitate 3882 3756 - 126 
soluble 567 612 45 

precipitate 2737 2382 355 
soluble 505 550 45 

The rates of glucose assimilation in Table IV are expressed as 

cpm since the combined counting efficiency of the detector and the 

sample geometry was not determined. If a counting efficiency of 10% 

is assumed, the light -dependent glucose assimilation with wild type 

cells is equivalent to a rate of glucose uptake of approximately 1 mg 

per hour per 100 N,1 PCV. This rate is comparable to that obtained 

by Tanner, . Zinecker, and Kandler (1967). for the same strain of 

Scenedesmus. 

- 
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Mutant 8 accumulated glucose at about 30% of the wild type 

rate. No explanation can be given for this light stimulated uptake by 

mutant 8 since it has already been shown to be lacking system I acti- 

vity and in vitro cyclic photophosphorylation. It is also evident from 

Table IV that the glucose which is taken up is quickly converted to an 

alcohol insoluble form, presumably polysaccharide. 

A second experiment was performed, similar to that presented 

in Table IV except that no attempt was made to separate alcohol solu- 

ble and insoluble fractions. The absence of a light- dependent glucose 

assimilation in mutants 26 and 50 was confirmed. Mutant 11 was 

examined and was found to exhibit a rate of light- dependent glucose 

uptake equal to about one -half the wild type rate confirming the 

results of Tanner et al. (1967). 

Nitrite Reduction 

Non - photochemical nitrite reduction by chloroplasts may be 

used as a measure of hydrogenase activity (Kessler and Maifarth, 

1960; Stiller, 1966). The reaction measured is: 

HNO2 + 3H2 > NH3 + 2H2O. 

The manometric determination of hydrogen uptake is used as the 

assay for NO2- reduction. 

Since mutants 26 and 50 are unable to perform photoreduction, 

it was necessary to check the possiblity that they lacked the adaptable 
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hydrogenase. Figure 4 demonstrates the presence of an active hy- 

drogenase in both mutants 26 and 50 after 12 hours of adaptation in 

an atmosphere of 96% H2, 4% CO2. The curves are adjusted after 

nitrite addition to compensate for an immediate uptake of gas which 

appears to be a direct result of the addition of the sodium nitrite to 

the main well of the Warburg flask. Mutant 50 exhibits a rate of 

hydrogen consumption similar to that of wild type cells while mutant 

26 has an enhanced rate double that of wild type. The inability of 

mutants 26 and 50 to perform photoreduction is thus not due to a 

deficiency of the hydrogenase itself. 

The results presented in Figure 4 were confirmed by a second 

experiment which yielded curves identical to those presented. 

Single -beam Spectrophotometry (Whole Cells) 

Examples of light -induced absorbance changes at 525 nm in 

wild type Scenedesmus are given in Figures 5 and 6. The time and 

absorbance (oI /I) scales are indicated by the intervals shown in each 

figure. The point at which the actinic light is turned on will always 

be indicated by the vertical line beneath each oscillograph trace. 

The vertical line at the top of each trace will always indicate when 

the actinic light is turned off. The dashed line is the baseline repre- 

senting zero absorbance change. The 10 cm2 cuvette with tempera- 

ture and gas phase control was used for all in vivo measurements 
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Figure 4. Time course of nitrite reduction in wild type 
Scenedesmus and in mutants 26 and 50. Sodium 
nitrite was added at time = 40 minutes. The 
rates of gas uptake are corrected for those 
prior to the addition of nitrite. The initial 
linear rate is given for mutant 26. 
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subsequent trace, DCMU 

Time, seconds 

Figure 5. Light- induced absorbance changes at 525 nm in suspensions of wild type Scenedesmus 
under one atmosphere of oxygen. One hundred microliters PCV were washed and 
then suspended in 0.1 M NaHCO3 and assayed in the presence or absence of 
5 x 10 -6M DCMU at 25 C. The final volume was 6 ml. (See text for details. ) 
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Figure 6. 

Time, seconds 

Light- induced absorbance changes at 525 nm in suspensions of wild type Scenedesmus 
under one atmosphere of argon. One hundred microliters PCV were washed and then 
suspended in 0.1 M NaHCO3 and assayed in the presence or absence of 5 x 10 -6 M 
DCMU at 25 C. Final volume was 6 ml. (See text for details. ) 
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(except spinach). 

Examination of the oscillograph traces in Figure 5 will reveal 

at least three absorbance changes occurring under oxygen in the 

"initial" traces at 525 nm. (The initial traces represent the response 

of the cells to their first exposure to actinic radiation after a long 

dark period. Subsequent traces are those obtained after repeated 

exposure to actinic light. ) There is a sharp absorbance increase 

with a lifetime of about 0.1 second (first phase) followed by a slower 

increase with a lifetime of about 1 second (second phase). In the 

initial trace only, the second absorbance increase is followed by an 

absorbance decrease (third phase) with only a slightly longer rise 

time than that exhibited by the second phase. Repeated actinic 

flashes (subsequent traces) result in an apparent loss of the third 

phase of the signal. DCMU, a potent and specific inhibitor of the 

Hill reaction (Bishop, 1958), inhibits only the second phase of the 

520 nm signal. It has little or no effect on the first and third phases. 

Figure 6 shows the response of wild type Scenedesmus to 

actinic radiation under an atmosphere of pure argon. The first and 

third phases of the absorbance change are still apparent in the initial 

trace, while the second phase is missing. Repeated illumination 

results in the loss of the third phase with a slight change in appear- 

ance of the first phase. DCMU has no appreciable effect on the 

absorbance change under argon; the third phase is present in initial 
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traces with DCMU although it is not apparent in the trace chosen 

for Figure 6. The magnitude of the first phase of the absorbance 

change is greater in the presence of argon than in the presence of 

oxygen. 

Since much research on the 520 nm absorbance change has been 

done with chloroplasts isolated from spinach, it was desirable to 

determine whether the response to actinic illumination is the same in 

spinach as in Scenedesmus, under oxygen and argon as well as in the 

presence or absence of DCMU (Figure 7). A comparison of Figures 

5 and 6 with Figure 7 demonstrates the similarity of the two systems, 

including the similarity between the kinetics of appearance of the 

first two phases of the signal. The characteristics of the 520 nm ab- 

sorbance change were also examined in Chlorella and found to be 

identical to those obtained with Scenedesmus. 

Early investigation of the 520 nm signal revealed that it con- 

sisted of at least two phases (Chance and Strehler, 1957; Witt and 

Moraw, 1957), corresponding to the first and second phases dis- 

cussed above. Chance and Strehler also observed the effect of an- 

aerobic conditions on the signal. They found that the aerobic signal 

was biphasic while the anaerobic signal was uniphasic. More recent- 

ly, Govindjee and Govindjee (1965) determined action spectra for 

the absorbance change under aerobic and anaerobic conditions. 

They found that system II light was most effective in producing a 
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Time, seconds 

Figure 7. Light- induced absorbance changes at 525 nm in a 
spinach leaf at room temperature in the presence or 
absence of DCMU and under one atmosphere of 
oxygen or argon. DCMU was added to the leaf by 
vacuum infiltration in 3 x 10 -5 M DCMU. (See text 
for details. ) 
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light- induced absorbance change at 520 nm under aerobic conditions, 

while system I light was most effective under anaerobic conditions. 

Hence, the first phase of the signal was correlated with system I 

activity, while the second phase was correlated with system II acti- 

vity. Govindjee and Govindjee postulated that the system I activity 

was a photooxidation, while the system II activity was a photoreduc- 

tion. Rubinstein (1965) arrived at a similar conclusion, although his 

hypothesis differed from Govindjee and Govindjee's in many details. 

Fork, Amesz, and Anderson (1966) have also suggested the participa- 

tion of both photoreactions of photosynthesis in producing the 520 nm 

change. 

On the basis of the results of Govindjee and Govindjee (1965) 

and Rubinstein (1965), it is probable that phase one of the absorbance 

change is a system I photooxidation, while phase two is a photoreduc- 

tion by system II. This interpretation agrees with the observation 

that DCMU inhibits the second phase of the signal but not the first 

(Figures 5 and 6 and Govindjee and Govindjee, , 1965). No suggestion 

is made as to the nature of the third phase described above, although 

it is possible that the third phase represents a wavelength nonspecific 

absorbance change due to scattering changes. 

Witt and his coworkers have described the chemical nature of 

the 520 nm change in some detail (Witt et al. , 1965). However, his 

evidence as to the agents responsible for the absorbance change 

. 
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(chlorophyll ai and chlorophyll b) is primarily suggestive and not at 

all conclusive. Therefore, the absorbance changes described in 

Figures 5 and 6 will not be related directly to those defined by Witt; 

instead they will be discussed in terms of Witt's observations in the 

Conclusion. 

A series of inhibitors, including at least four uncouplers of 

photophosphorylation (Avron and Shavit, 1965; Gromet - Elhanan and 

Avron, 1965); were examined for their effects on the 520 nm absorb- 

ance change (Figure 8). The presence of photophosphorylation un- 

couplers (NH4C1, atebrin, DNP, CCCP) had little effect on the ab- 

sorbance change except possibly to increase the magnitude of the 

second phase of the signal in the presence of oxygen. The third 

phase was present in initial traces although this is not shown in 

Figure 8. The inhibitors and uncouplers had no effect on the signal 

under argon. If the second phase of the signal is a photoreduction by 

system II and dependent upon electron flow as suggested by Witt et al. 

(1965), the addition of phosphorylation uncouplers should enhance it 

due to the increased electron flow caused by the uncouplers. These 

observations are in contradiction to those of Witt et al. (1967),and 

R umbe r g et al. (1966) who observed that the inhibition of the 520 nm 

signal by increasing concentrations of desaspidin paralleled the inhi- 

bition of non -cyclic photophosphorylation and not the inhibition of 

electron flow. The reason for this discrepancy is not apparent, but 
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Time, seconds 

Figure 8. Light- induced absorbance changes at 525 nm in wild 
type Scenedesmus in the presence of a series of 
inhibitors. One hundred microliters PCV were 
washed and then suspended in 0.1 M NaHCO3 and 
assayed at 25 C in the presence of: 5 x 10-4M 
NH4C1; 5 x 10-5 M atebrin; 10 -3 M DNP; 10 -5 M 
CCCP; and 2 x 10 -6 M antimycin A. Final volume 
was 6 ml. (See text for details. ) 
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it is suggested that the, 520 nm change is correlated with electron 

flow and not photophosphorylation as stated by Witt et al. It is possi- 

ble that Witt's correlations were merely a matter of coincidence and 

not a cause -and- effect relationship. 

An examination of the 520 nm change in Scenedesmus adapted 

for photoreduction would offer a means for testing the hypothesis 

relating to the different roles played by the two photoreactions in 

producing the 520 nm change. Figure 9 illustrates the signal ob- 

tained in adapted Scenedesmus in the presence of DCMU and under an 

atmosphere of 96% H2 and 4% CO2. A comparison of the top trace 

with those obtained from non -adapted algae under oxygen and argon 

(Figure 9) reveals the similarity of the signal in adapted algae to that 

in non -adapted algae under oxygen. Apparently, the second phase of 

the signal is dependent upon system II, not for a photoreduction of 

the substance providing the change, but only for a source of electrons. 

Algae performing photoreduction in the presence of DCMU obtain 

electrons from hydrogen and have no system II activity and yet they 

produce a biphasic signal. The significance of this observation will 

become apparent in the Conclusion. 

Another means for examining the role of the two photoreactions 

in producing the 520 nm change is provided by the photosynthetic 

mutants of Scenedesmus. The absorbance change produced by mutant 

8, which possesses only system II activity, was examined under 
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96% H2 + 4% CO2 

oxygen 

'I' argon 0.005 

-.__^- ,...__ 
l 

Time, seconds 

Figure 9. Light- induced absorbance changes at 525 nm in wild 
type Scenedesmus at 25 C. Upper trace: 100 ill PCV 
were washed and then suspended in 5 ml 0. 05 M KPO4 
(pH 6. 7) with 2 µmoles /m1 MgC12. DCMU (1 ml) was 
added to give 5 x 10 °6 M DCMU in 6 ml final volume. 
The cells were adapted overnight in 96% H2 and 4% %. 
CO2 and assayed under the same atmosphere the 
following morning. Lower traces: 100 µl PCV were 
washed and then suspended in 0. 1 M NaHCO3 and 
assayed under one atmosphere of oxygen or argon. 
Final volume was 6 ml. (See text for details. ) 
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oxygen and argon and in the presence and absence of DCMU. Very 

little difference was seen in the signal under these conditions (Figure 

10). Only the first and third phases of the signal are evident, although 

the rise time of the first phase is somewhat slower (about 0.5 sec) 

than in wild type Scenedesmus (about 0.1 sec). The third phase is 

not apparent in these traces but was observed in initial traces.. 

DCMU has little effect on the signal, under either oxygen or argon. 

The appearance of the signal is somewhat different under the two 

gases, but not fundamentally altered. Even though mutant 8 has 

system II activity, the "system II change" is not seen. Again, it is 

suggested that system II merely supplies electrons which may result 

in a 520 nm change, but does not produce the change directly. Also, 

since system I is absent in this mutant, the appearance of a "system 

I signal" (first phase) was not expected, although it is present. Addi- 

tional evidence, to be presented below, will clarify these observa- 

tions and support the suggestion that the absorbance change observed 

is the first phase and not the second. 

According to the hypothesis that the first phase of the signal is 

a system I photoreaction and the second phase a system II photo - 

reaction, it would be expected that mutants lacking system II activity 

would exhibit only the first phase of the signal. Figures 11 and 12 

clearly demonstrate that this is the case. The absorbance changes 

are the same :(uniphasic) under oxygen and argon; DCMU has no effect. 



Time, seconds 

Figure 10. Light- induced absorbance changes at 525 nm in suspensions of mutant 8 under one 
atmosphere of oxygen or argon. One hundred microliters PCV were washed and 
then suspended in 0. 1 M NaHCO3 and assayed at 25 C in the presence or absence 
of 5 x 10 -6 M DCMU. Final volume was 6 ml. (See text for details. ) 
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Time, seconds 

Figure 11. Light- induced absorbance changes at 525 nm in sus- 
pensions of mutant 26 under one atmosphere of 
oxygen or argon. One hundred microliters PCV 
were washed and then suspended in 0.1 M NaHCO3 
and assayed at 25 C in the presence or absence of 
5 x 10 °6 M DCMU. Final volume was 6 ml. (See 
text for details. ) 
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Time, seconds 

Figure 12. Light- induced absorbance changes at 525 nm in sus - 
pensions of mutant 11 under one atmosphere of 
oxygen or argon. One hundred microliters PCV 
were washed and then suspended in 0.1 M NaHCO3 
and assayed at 25 C in the presence or absence of 
5 x 10 -6 M DCMU. Final volume was 6 ml. (See 
text for details. ) 
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Figure 13 presents a comparison of the absorbance change 

obtained under argon in all five of the system II and electron trans- 

port mutants examined and compares them with that obtained in wild 

type Scenedesmus under argon. Two classes of oxygen mutants are 

observed. Mutants 11, 40, and a' exhibit kinetics similar to the wild 

type signal while mutants 26 and 50 are distinctly different in appear- 

ance. The latter two mutants have a slower rise time for the signal 

and do not exhibit the spike observed in the other mutants and in the 

wild type strain. A comparison of Figures 11 and 12 will indicate 

another difference. The dark decay of the absorbance change in 

mutant 26 is slower under argon than under oxygen while in mutant 11 

it is slower under oxygen than under argon. 

Although all five of these mutants (11, 26, 40, 50, and a') are 

system II mutants based on their chloroplast reactions (see above), 

mutants 26 and 50 were considered to be defective in the electron 

transport chain connecting the two photoreactions rather than in 

photoreaction II itself. The slower appearance of the first phase of 

the absorbance change in mutants 26 and 50 correlates with the place- 

ment of the defects of these mutants in the electron transport chain. 

It is apparent that the defects must be related to system I activity 

since they influence the appearance of the absorbance change in- 

duced by this system. Mutant 8 exhibits similar kinetics for the 

phase one change and is known to be defective in 'system I. Data on 
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DCIP -ascorbate mediated reduction of NADP (Table I) also indicate 

that 26 and 50 are partially defective in system I activity. Since 

mutants 11, 40, and at are defective at the site of photoreaction II, 

it would be expected that they would have no influence on a system I 

photoreaction. This is verified by the data in Table I as well as the 

520 nm changes in Figures 12 and 13. 

In vivo observations, therefore, indicate that in Scenedesmus 

system I is responsible for both the first and second phases of the 

absorbance change. The second phase requires system II only as a 

source of electrons (reductant) for system I. The hydrogenase sys- 

tem may substitute for system II in providing the system I reductant. 

Single Spectrophotometry (Chloroplasts) 

The 520 nm absorbance change in chloroplasts suggests different roles 

for the two photoreactions in producing this change than do in vivo 

measurements. Figures 14 and 15 illustrate the types of absorbance 

changes obtained in chloroplasts prepared from wild type Scenedes- 

mus. The 1 cm2 cuvette was used for all chloroplast assays; meas- 

urements were made at room temperature. The addition of a Hill 

oxidant to chloroplasts (trace b in Figure 14) stimulates an absorb- 

ance change at 525 nm which is presumably the result of a photo - 

reduction by system II; 5 x 10 -6 M DCMU completely inhibits this 

change (trace c). Other Hill oxidants (NADP, DCIP, p- benzoquinone) 
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Time, seconds 

Figure 14. Light -induced absorbance changes at 525 nm in chloroplasts from wild type 
Scenedesmus at room temperature in the presence of the following additions: 
trace a --no addition; trace b --2 lànoles K3Fe(CN)6; trace c --as in trace b + 
30 nmoles DCMU; trace d--0. 2 !moles DCIP, 20 14'1ioles ascorbate, 24 nmoles 
DCMU; trace e --as in trace d + 0. 2 'moles DAD; trace f --as in trace e + 60 
nmoles CCCP. All preparations contained 0.3 ',moles KPO4(pH6. 7), 12 !moles 
MgC12, and 250 ¡g chlorophyll in a final volume after additions of 6 ml. (See 
text for details. ) 
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DCIP-ascorbate, DCMU 

DCIP-ascorbate, DCMU, CCCP 0.02 

DAD (aged) -ascorbate, DCMU 

d DAD (aged) -ascorbate, DCMU, CCCP 

e DAD (fresh) -ascorbate, DCMU 

/N f DAD (fresh) -ascorbate, 
0.02 DCMU, CCCP 

I 

Time, seconds 

Figure 15. Light - induced absorbance changes at 525 nm in chloroplaste from wild type Scenedesmus 
at room temperature, in the presence of the following additions: trace a --0.2 µmoles 
DCIP, 20 µmoles ascorbate, 24 nmoles DCMU; trace b --as in trace a +60 nmoles 
CCCP; trace c --0.2 µmoles DAD (aged), 20 µmoles ascorbate, 24 nmoles DCMU; 
trace d --as in trace c + 60 nmoles CCCP; traces e and f are identical to c and d except 
that a fresh solution of DAD was used. All preparations contained 0. 3 mmoles KPO4 
(pH6. 7), 12 µ moles MgC12, and 250 ;Lg chlorophyll in a final volume after additions 
of 6 ml. Note the different time scale in trace e as compared to traces a through d. 
(See text for details. ) 
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The sensi- 

tivity to DCMU indicates that this absorbance change is analogous to 

the second phase of the in vivo signal, in contrast to the proposal by 

Müller, Fork, and Witt (1963) that it is analogous to the first phase. 

Müller, Fork, and Witt based their suggestion on kinetic data which 

is probably not valid; one should not a priori expect that the kinetics 

of an in vivo photoreaction will be analogous to those obtained in 

vitro. 

The addition of a reductant (DCIP- also results in an 

absorbance change at 525 nm (trace d). The change is the same in 

the presence or absence of DCMU but was commonly assayed in the 

presence of the system II inhibitor to insure that the only change 

seen was a result of system I activity. The further addition of DAD 

(trace e) increased the magnitude of the change. CCCP partially 

inhibited the DCIP- DAD -ascorbate stimulated absorbance change 

(trace f). The absorbance change induced by reductants is analogous 

to the first phase of the in vivo signal and is most likely a photo- 

oxidation since it is evident only in the presence of reducing agents. 

The application of DAD as a coupling agent for the use of 

ascorbate as an electron donor to system I is complicated by the 

observation that fresh and aged solutions of DAD behave differently 

in producing a 525 nm change (Figure 15). CCCP greatly inhibits 

the DCIP- ascorbate generated change (traces a and b) but does not 
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alter the magnitude of the ascorbate induced change when an 

aged solution of DAD is used (traces c and d). The use of a fresh 

solution of DAD results in an absorbance change which is completely 

inhibited by the addition of CCCP (traces e and f). The implications 

of this difference in sensitivity to CCCP are not apparent; it is possi- 

ble that the absorbance change generated by the aged DAD (which is 

yellow rather than clear as is a fresh solution) is due to an absorb- 

ance change of the DAD itself rather than some chloroplast compo- 

nent. We were unable to check this possibility with the available 

equipment. If the absorbance change induced by an aged solution of 

DAD is the same as that generated by reduced DCIP, then it is 

apparent that the two reductants provide electrons for system I at 

different sites since CCCP affects the two changes differently. 

Chloroplasts isolated from photosynthetic mutants of Scenedes- 

mus provide a means for examining the hypothesis that the absorb- 

ance change stimulated by Hill oxidants is a photoreduction by system 

II and that stimulated by reductants is a photooxidation by system I. 

Mutant 8 is capable of generating a normal absorbance change with 

oxidants, but only a minimal change with reductants (Figure 16). 

Since mutant 8 possesses only system II activity (Table I) and since 

the change is inhibited by DCMU, the change produced at 525 nm 

must be a result of system II activity. Also, since it is obtained 

only in the presence of oxidants, it is most likely the result of 



A
b
s
o
r
b
a
n
c
e
 a

t
 
5
2
5
 
n
m
 

80 

Time, seconds 

Figure 16. Light- induced absorbance changes at 525 nm in 
chloroplasts from mutant 8, at room temperature, 
in the presence of the following additions: trace 
a - -no addition; trace b - -2 µmoles K3Fe(CN)6; 
trace c --0.2 p, moles DCIP, 0.2 µmoles DAD, 
20 moles ascorbate, 24 nmoles DCMU. All 
preparations contained 0.3 µ-moles KPO4 
(pH 6. 7), 12 µ,moles Mg C12 and ;250 µg 
chlorophyll in a final volume after additions of 
6 ml. (See text for details.) 
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a photoreduction. 

Oxygen mutants, on the contrary, show evidence of an absorb- 

ance change only with reductants (Figure 17). Figure 17 is an exam- 

ple of the changes produced by the chloroplasts of all five oxygen 

mutants. Since these mutants possess only system I activity, the 

change at 525 nm must result from system I activity. Also, since 

the change requires the presence of reductants (DCIP -ascorbate or 

DAD -ascorbate) and not oxidants, it is probably a photooxidation. 

The inhibition obtained with CCCP is illustrated again in Figure 17. 

The DCIP -ascorbate induced change is inhibited completely; the DAD- 

ascorbate signal (using a relatively fresh solution of DAD) is also 

almost completely inhibited. 

The results obtained with chloroplasts are not in complete 

agreement with those obtained in vivo. The first phase of the in vivo 

signal is representative of system I activity as discussed above. 

However, mutant 8 (which lacks photosystem I) possesses only the 

"system I" signal. The first phase of the in vivo signal may be 

equated with the chloroplast signal induced by reductants. In con- 

trast to the in vivo results, mutant 8 no longer possesses the "sys- 

tem I" signal when its chloroplasts are isolated. The second phase 

of the in vivo signal is the same as that produced by chloroplasts in 

the presence of oxidants and identified as a system II photoreduction. 

Mutant 8, although it does not clearly indicate the presence of this 
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c DCIP-DAD-ascorba , 

i 
DCMU 

b IDCIP-ascorbate, DCMU 

d DCIP- DAD- DCMU, CCCP 

e DCIP-ascorbate, DCMU 

g DAD- ascorbate, DCMU 

0. 02 5 

f DCIP-ascorbate, DCMU, CCCP 

h DAD -ascorbate, DCMU, CCCP 

Time, seconds 

Figure 17. Light -induced absorbance changes at 525 nm in chlcroplasts from mutant 40 at room 
temperature in the presence of the following additions: trace a --2 µmoles K3Fe(CN)6; 
trace b --0, 2 pmoles DCIP, 20 µmoles ascorbate, 24 nmoles DCMU; trace c --as in 
trace b + 0.2 pmoles DAD; trace d --as in trace c + 60 nmoles CCCP; trace e -- 
0.2 moles DCIP, 20 /moles ascorbate, 24 nmoles DCMU; trace f - -as in trace e 
+ 60 nmoles CCCP; trace g--0. 2 µmoles DAD, 20 ;moles ascorbate, 24 nmoles DCMU; 
trace h --as in trace g + 60 nmoles CCCP. All preparations contained 0.3 µmoles KPO4 
(pH6. 7), 12 µmoles MgC12 and 250 µg chlorophyll in a final volume after additions of 
6 ml. (See text fcr details.) 
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"system II" signal in vivo, does possess it in vitro. The oxygen 

mutants behave as expected since they produce only the "system I" 

photooxidation, both in vivo and in vitro. An explanation of the con- 

flicting results obtained with mutant 8 will be presented in the Con- 

clusion. 

Split -beam Difference Spectrophotometry 

Govindjee and Govindjee (1965) and Fork,. Amesz, and Anderson 

(1966) have postulated the involvement of two pigments in producing 

the 520 nm signal. It therefore was desirable to examine the differ- 

ence spectra of these signals in the photosynthetic mutants of Scene- 

desmus using a split -beam difference spectrophotometer. The refer- 

ence wavelength (X ) was 571 nm; the measuring wavelength (Xi) was 

varied by means of a monochromator. The actinic light was obtained 

from a 150 watt high pressure xenon arc filtered through two Corning 

glass filters (2 -59, 2 -63) and a 5 cm water bath. The actinic inten- 

sity was approximately 1. 3 x 105 ergs. cm -2 sec -1. 

The difference spectra, from 500 through 550 nm, obtained for 

wild type Scenedesmus in the presence of oxygen and argon are given 

in Figure 18. The spectrum under argon was obtained either with the 

algae suspended or settled to the bottom of the cuvette. There is a 

slight difference in the two spectra under argon which may be attri- 

buted to the differences in optical properties resulting from settling 
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Figure 18. Difference spectra of the 520 nm light- induced 
absorbance change at 25 C in wild type Scenedes- 
mus under one atmosphere of oxygen or argon 
(the cells under argon were assayed in suspension 
or settled on the bottom of the cuvette). The cells 
(250 µl PCV) were washed and then suspended in 
6 ml of 0.05 M KPO4 (pH 6. 7) with 2 moles 
MgC12 /ml. (See text for details. ) 
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of the cells. The difference spectrum for the 520 nm change exhibits 

a peak at 520 nm under argon. In the presence of oxygen, the peak 

is shifted toward shorter wavelengths. This wavelength shift was 

observed on four occasions and seems quite consistent. The differ- 

ence between the spectra under oxygen and argon is suggestive of the 

presence of two pigments, each resulting in a 520 nm change. The 

first phase of the signal, present under argon, has a peak near 520 

nm; the second phase, present under oxygen along with the first 

phase, has a peak at a somewhat shorter wavelength (about 510 nm). 

The difference spectra obtained for photosynthetic mutants of 

Scenedesmus (8, 11, 26) are presented in Figure 19. Previously, it 

was shown that the mutants possess only the first phase of the 520 nm 

change in vivo and this observation is verified by their difference 

spectra. All three have similar spectra and exhibit peaks at 520 nm. 

They are comparable to those obtained for wild type cells under 

argon (Figure 18). The presence of the "system I" photooxidation in 

mutant 8 is thus confirmed. 

Since it was suggested above (Figure 9) that H2 adapted Scene- 

desmus yields a biphasic 520 nm signal similar to that of wild type 

cells under oxygen, it was desirable to examine the difference spec- 

trum for this change. Figure 20 represents the spectrum obtained 

for Scenedesmus adapted for photoreduction in the presence of DCMU. 

The spectrum exhibits a peak at 515 nm and is comparable to that 

- 
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Figure 19. Difference spectra for the 520 nm light- induced ab- 
sorbance change at 25 C in three mutant strains 
(8, 11, 26) of Scenedesmus. The cells (250 µl PCV) 
were washed and then suspended in 6 ml of 0.05 M 
KPO4 (pH 6. 7) with 2 µmoles MgC12 /ml; they were 
assayed under one atmosphere of argon after settling 
to the bottom of the cuvette. (See text for details. ) 
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Figure 20. Difference spectrum for the 520 nm light- induced 
absorbance change at 25 C in wild type Scenedesmus 
after adaptation for photoreduction. The cells 
(250. µl PCV) were washed and then suspended in 
5 ml of 0.05 M KPO4 (pH 6. 7) with 2 µmoles 
MgC12 /ml; they were kept in suspension and 
assayed under an atmosphere of 96% H2 and 4% 
CO2. (See text for details. ) 
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obtained for wild type cells under oxygen (Figure 18), confirming 

the interpretation made above that the signal in hydrogen adapted 

algae is the same as that in wild type Scenedesmus under oxygen. 

Thus, the "system II" signal does not involve photoreduction by 

system II; it only uses system II as a source of electrons and is 

most likely a photoreduction by system I. This hypothesis will be 

discussed further in the Conclusion. 

Quantum efficiency determinations for the 520 nm absorbance 

change were made to examine the roles of the two photosystems in 

producing the change. The quantum efficiency determinations were 

obtained by using thick suspensions of algal cells and weak actinic 

illumination. The reference wavelength (X2) was again 571 nm; X 

was 520 nm. The actinic illumination was obtained from the 150 watt 

high pressure xenon arc and narrow band pass Schott interference 

filters. The actinic intensities were in the range of 3 to 5 x 103 ergs- 

cm -2. sec -1. Absorption of actinic light by the algal suspensions 

exceeded 99 %. 

Figure 21 presents representative relative quantum efficiencies 

for wild type cells under oxygen and argon from 630 to 722 nm. Under 

argon, where the absorbance change is dependent solely upon system 

I activity, the quantum efficiency remains constant throughout the 

region where both photosystems are absorbing (630 to 686 nm) and 

approximately doubles in the region where only system I pigments 

I 
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Figure 21. Relative quantum efficiencies for the 520 nm light - 
induced absorbance change at 25 C in wild type 
Scenedesmus from 630 to 722 nm. The cells 
(250 µl PCV) were washed and then suspended in 
6 ml 0. 05 M KPO4 (pH 6. 7) with 2 µmoles MgC12 /ml; 
they were assayed under one atmosphere of oxygen 
or argon. (See text for details.) 
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absorb (704 to 722 nm). Under oxygen, however, the quantum effi- 

ciency remains constant to about 704 nm, where a typical "red drop" 

is observed (Emerson and Lewis, 1943). It is suggested that the 

absorbance change under oxygen requires the activity of both photo - 

systems, since light absorbed only by system I ( > 704 nm) is not 

active. Results obtained with mutant 8 have already indicated that 

system II activity alone is not sufficient to produce the change. The 

quantum yield determinations also verify that system I is responsible 

for the absorbance change under argon. 

The three mutants examined (8, 11, 26) all exhibit quantum 

efficiencies similar to those obtained for wild type cells under argon 

(Figure 22). Again, it is evident that the photosynthetic mutants 

possess only the first phase of the 520 nm absorbance change. 
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Figure 22. Relative quantum efficiencies for the 520 nm light - 
induced absorbance change at 25 C in three mutant 
strains (8, 11, 26) of Scenedesmus from 630 to 722 
nm. The cells (250 µl PCV) were washed and then 
suspended in 6 ml of 0. 05 M KPO4 (pH 6. 7) with 
2 µmoles MgCl /ml; they were assayed under one 
atmosphere of argon. (See text for details. ) 
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V. CONCLUSION 

The examination of several partial reactions of photosynthesis 

in six photosynthetic mutants of. Scenedesmus obliquus has provided 

information which allows one to reach conclusions with respect to 

three subjects: 1) the locations of the mutational defects are more 

clearly defined, 2) the nature and significance of the 520 nm absorb- 

ance change is partially clarified, and 3) the extent of the physical 

structure of photosystem I may be estimated. Figure 23 is a sche- 

matic illustration of the two light reaction hypothesis which arises 

from the results presented in this study. The path of electrons from 

water to NADP is indicated along with the redox potential (E ' ) of 
0 

the various intermediates in the electron transport pathway. The 

specific chemical nature of the intermediates have been omitted 

since they may not be located precisely with respect to the mutational 

defects on the basis of this investigation. 

Location of Mutational Defects 

Mutant 8 has earlier been shown to be missing P 700, a central 

component of photosystem I (Weaver and Bishop, 1963a and 1963b; 

Butler and Bishop, 1963). Cellular reactions (p- benzoquinone Hill 

reaction and photoreduction) also indicated that it was defective in 

system I activity (Bishop, 1964). The data presented in Tables I 
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to III on its chloroplast reaction capabilities support this classifica- 

tion. Therefore, the defect in mutant 8 has been placed within the 

structure of system I (Figure 23). 

Mutants 11, 40, and at have already been classified as system 

II (oxygen) mutants on the basis of their cellular reactions (Bishop, 

1964). Results of chloroplast reaction studies (Tables I and III) and 

examination of their 520 nm absorbance changes (Figures 12, 13, . 17) 

support the placement of the defects close to the site of system II 

activity (Figure 23). 

Mutants 26 and 50, however, could not be classified with 

respect to their cellular reactions since they perform neither the 

p- benzoquinone Hill reaction nor photoreduction. Evidence of their 

ability to perform DCIP -ascorbate -NADP photoreduction (Table I) 

and PMS- mediated cyclic photophosphorylation (Table III) prove that 

they are not defective in system I activity. Except for their inability 

to perform either photoreduction with hydrogen as the reductant or 

in vivo cyclic photophosphorylation (Table IV), they are typical oxy- 

gen mutants. The defects of these two mutants must therefore be 

placed in the electron transport chain between the two photosystems, 

following the site of entry of electrons for photoreduction and in vivo 

cyclic photophosphorylation and preceding the site of entry of elec- 

trons for DCIP- ascorbate mediated photoreductions and .for PMS- 

mediated cyclic photophosphorylation. 
. Since they do not perform . 
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the Hill reaction (Table I), Hill oxidants must accept electrons be- 

yond the site of the defects as indicated in Figure 23. It becomes 

apparent from the results obtained with mutants 26 and 50 that in vivo 

and in vitro (PMS-mediated) cyclic photophosphorylation require 

different cofactors of the electron transport chain. This difference 

may be interpreted by some investigators as evidence for two sites 

of photophosphorylation, as has most recently been suggested by 

Black (1967). 

Nature of the 520 nm Absorbance Change 

Previous investigators have postulated that at least part of the 

520 nm absorbance change results from a photoreduction by system 

II (Witt et al. , 1965; Govindjee and Govindjee, 1965; Rubinstein, 

1965). Their suggestion has been based on action spectra determina- 

tions which indicate the participation of system II under aerobic con- 

ditions and the influence of system II inhibitors, notably DCMU. The 

results obtained in the present investigation suggest, however, that 

the entire absorbance change is dependent instead upon system I 

activity. System II is required only as a source of electrons for 

system I and it is not responsible for the direct photoreduction of a 

chloroplast component producing a positive absorbance change at 

520 nm. The absorption spectra for the 520 nm change under aerobic 

and anaerobic conditions, as well as in the photosynthetic mutants 

.. 
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of Scenedesmus, indicate that two separate pigments are responsible 

for the 520 nm change. These two pigments are identified by their 

520 nm and 510 nm absorbance change peaks (Figure 23). Rubin- 

stein's proposal that one substance is responsible for both phases 

of the absorbance change cannot account for the observations made 

with Scenedesmus. 

The absorbance change peaking at 520 nm was shown to be a 

photooxidation by system I. It is not necessarily correlated with 

photosynthetic activity since mutant 8, which lacks system I, pro- 

duces the change. Mutant 8 exhibits the 520 nm change apparently 

because the latter is a photooxidation not involving P 700, although it 

does involve other long wavelength absorbing pigments (Figure 22). 

Since this phase (first) of the absorbance change is exhibited by all 

of the system II mutants, as well as mutants 26 and 50, and is not 

sensitive to DCMU, its appearance obviously does not require sys- 

tem II activity. This portion of the absorbance change is equivalent 

to the photooxidation by system I as postulated by Govindjee and 

Govindjee (1965) to account for part of the 520 nm absorbance change. 

This photooxidation is not the one described by Witt et al. (1965) 

involving a specific form of chlorophyll (chlorophyll aI), since it is 

not sensitive to the presence of paramagnetic gases in the oxygen 

mutants (Figures 11 and 12). 

The second phase of the absorbance change is indicated in 
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Figure 23 as a photoreduction by system I yielding an absorbance 

change with an estimated peak at approximately 510 nm. The ab- 

sence of this phase of the absorbance change in mutant 8 (Figures 

10, 19, and 22) indicates that system I activity is required for its 

production, at least in vivo. The presence of the second phase of 

the change in Scenedesmus adapted to perform photoreduction (in 

the presence of DCMU) (Figures 9 and 20) verifies the hypothesis_ 

that only system I activity is required to produce the photoreduction. 

If it is assumed that the appearance of the second phase of the ab- 

sorbance change is a result of a substrate -level photoreduction, 

then the dependence of the signal on system II under normal condi- 

tions is explained, since system II would be required to supply elec- 

trons to system I. None of the system II or electron transport mu- 

tants exhibit this phase of the signal since they are unable to provide 

electrons to maintain system I activity. In contrast to the suggestion 

made by Witt et al. that this portion of the 520 nm absorbance change 

is dependent upon photophosphorylation activity, the evidence pre- 

sented in Figure 8 indicates that the entire absorbance change is 

independent of photophosphorylation. 

If the second phase of the absorbance change were the photo- 

reduction of some chloroplast component in the electron transport 

chain between the two light reactions (Witt et al. , 1965; Govindjee 

and Govindjee, 1965; Rubinstein, 1965) then one would expect to 
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observe negative changes induced by system I light as well as the 

positive changes induced by shorter wavelength (system II) light. 

Such negative changes have never been reported and it is suggested 

that this is further evidence for the hypothesis that system I is re- 

sponsible for the photoreduction yielding the absorbance change at 

510 nm, at least in vivo. 

Results obtained with chloroplast preparations are difficult to 

explain on the basis of the hypothesis presented in Figure 23. It was 

not possible to investigate the difference spectra for the absorbance 

change in chloroplasts due to technical problems. The DCMU- 

sensitive signal in chloroplasts (analogous to the second phase in 

vivo) is mediated entirely by system II, since mutant 8 (but not 

mutants 11, 26, 40, 50, or a') exhibits it. The DCMU- insensitive 

signal in chloroplasts (analogous to the first phase in vivo) is con- 

sistent with the in vivo results except for the observation that mutant 

8 is missing it in vitro (Figure 16). Data not presented in this thesis 

show that chloroplasts of mutant 8 can exhibit a DCIP- ascorbate sig- 

nal although it has a much slower rise time than in chloroplasts ob- 

tained from wild type Scenedesmus. Further work needs to be done 

to fully explain these discrepancies, but it may be suggested that they 

are due, at least in part, to the disruption of the photosynthetic ap- 

paratus during the isolation procedure for obtaining the chloroplasts. 

The results obtained in vivo are more significant than those obtained 
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in vitro, since the former does not involve the addition of any artifi- 

cial cofactors or the physical disruption of the photosynthetic appa- 

ratus. In this regard, it is significant that Levine and Gorman (1966) 

have recently reported the complete absence of a 520 nm change in 

Chlamydomonas chloroplasts, in the presence of both oxidants and 

reductants. 

The reason for the effect of anaerobic conditions on the 520 nm 

absorbance change in vivo remains unexplained. Two possible ex- 

planations can be suggested: 1) under aerobic conditions, the magni- 

tude of the photooxidation (first phase) is decreased because the sub- 

stance being photooxidized has already been partially oxidized by 

molecular oxygen, while under anaerobic conditions the absorbance 

change resulting from photoreduction is absent because the substance 

responsible for the change is maintained in the reduced form in the 

dark; or 2) the flow of electrons (i. e., system II activity) in photo- 

synthesis is inhibited by anaerobic conditions (Kessler, 1960; Urbach 

and Fork, 1965; Vidaver, 1965) and a substrate -level photoreduction 

is thereby prevented. Further research will be needed to investigate 

these two possibilities. 

Several pigments have been suggested to be responsible for the 

520 nm absorbance change (Govindjee and Govindjee, 1965; Witt et 

al., 1965; Ches sin, Livingston, and Truscott, 1966). In addition to 

the pigments suggested, many other chloroplast components are 

e 
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known which produce absorbance changes when undergoing reversible 

oxidation-reduction reactions. Ferredoxin is one such chloroplast 

component which has a distinct oxidized - reduced difference spectrum 

(Tagawa and Arnon, 1962). I observed that the presence of ferre- 

doxin in chloroplasts obtained from Scenedesmus or spinach would 

yield a reversible light- induced absorbance decrease at 525 nm. 

Although the difference spectrum of ferredoxin does not exhibit a 

peak at or near 520 nm, it is quite possible that it influences the 

magnitude of the 520 nm absorbance change in vivo. Similarly, other 

chloroplast components are known to exhibit an absorbance change at 

520 nm upon oxidation (and reduction). For example, the oxidized - 

reduced difference spectrum of rubimedin exhibits a peak at about 

470 nm with a significant difference at 520 nm (Henninger and Crane, 

1966). Plastocyanin also has a broad difference spectrum with an 

appreciable change at 520 nm, although the peak is close to 600 nm 

(Katoh, Shiratori, and Takamiya, 1962). It is probable that chloro- 

plast components, such as those mentioned, are involved in produc- 

ing the total in vivo 520 nm absorbance change. However, they 

clearly cannot be the pigments primarily responsible for the absorb- 

ance change since none of them have a clearly defined 520 nm differ- 

ence peak. 

- 
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Extent of Photosystem I 

Evidence obtained from the photosynthetic mutants of Scenedes- 

mus on both system I and system II photoreactions suggests that the 

physical structure of photosystem I encompasses much more than 

just the light- absorbing pigments directly responsible for photo- 

chemical activity. Mutants 26 and 50, although they are not system 

I mutants, exhibit lower DCIP- ascorbate -NADP reduction rates than 

either wild type Scenedesmus or the system II mutants (Table I). 

Also, the two electron transport mutants (26 and 50) exhibit a much 

slower rise time for the system I photooxidation resulting in a 520 

nm absorbance change (Figure 13). It is apparent, then, that these 

two mutants somehow affect system I activity even though they are 

not system I mutants. . Also, mutant 8, which is a system I mutant, 

consistently demonstrates a much reduced system II activity over 

that obtained with wild type cells, both in the p- benzoquinone Hill 

reaction (Bishop, 1964) and chloroplast photoreductions (Tables I 

and II). It is apparent that mutant 8 affects a wider range of reac- 

tions than just those supposedly catalyzed by P 700. 

Observations on both the electron transport mutants and the 

system I mutant suggest that all three are defective in one or more 

components of "system I, " where "system I" is now defined as indi- 

cated by the large, enclosed area in Figure 23. Apparently, all of 

- 
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the various reactions indicated (DCIP -ascorbate -NADP reduction, 

Hill reactions, 520 nm absorbance change, etc. ) involve the same 

physical unit, although the different cofactors interact at different 

locations along that physical entity. Consequently, defects anywhere 

within system I, as defined by Figure 23, would be expected to dis- 

rupt the functioning of the entire system with the result that those 

reactions most closely associated with the defect would be entirely 

absent while others less closely associated with the defect would be 

inhibited by an intermediate amount. 

It is emphasized that the conclusions presented in Figure 23 

are merely tentative and that further work will be required to exam- 

ine the various hypotheses that have been made. 
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