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ABSTHACT 

FraE~mentation of chloroplast lan1elL:te fro.'Tl Spin.-"lcia oleracea L. 

resulted intthe forrnation of a sub-unit \"lhich ivas active in the Hill 

reaction. The sub-unit sedirr,entation coefficient v,ras found to be 86 ·. 

x lo-13s and analysis of the boundary revealed that the preparation 

v;as polydisperse. T'ne molecular weif~ht i'las estimated as 18 x 106g-molc-l 

and the sub-unit contained 2000 chlorophyll molecules. By density 

gradient sedimentation equilibriu111 the effective buoyant density of 

the sub-unit ~·;as fou>·YJ. to be Ll75g=ec~1 and irL'1omoseneity l·ras not 

detected. From the sub-unit density and the volume of a quantasome 

l 1 'l ht f t t d 2 106 . l - 1 t 1e mo ecu ar 'iJeig o a quan asome was cornpu e as x g-1·no e • 

After removal of the lipid from lauellae by the use of. dodecyl 

sulfate and butanol, the lamellar protein fraction ~vas found to consist 

of two cytochromes and a large quantity (95~0) of non-heme protein. The 

sedimentation coefficient of the protein fraction v;ras observed to be 

dependent on concentration and, ac infin!te dilution, 1:1as estimated to 

be 2.3 x lo-13s.. The concentration dependence is interpreted as indica-

ting that the system exhibits an association-dissociation equilibriu'l1 

an.d that the ter>..dency for agp;regation is very high. T'ne diffusion 
( . 

coeflficient ;-ms found to be 9 .. 1 x lo-7 cm2-sec-1 and,~~ therefore,, the 

molecular vreight of the protein is about 22,000c;-mole-1 • It is suggested 
the . 

that/ fraction, by virtue of its physical properties, is ·instrumental in 

maintaining the structure of the membrane. 

A comparison·or the action spectra and quantum requirements was 

m-:1de for NADP reduction by chloroplasts and quantaso.11es t:·rith \'later and 

reduced indophenol as electron donors. Bet\'seen 550mu and 680nu, both 



systems were observed to occur with a requlre;1lent of tNo to three 

· einsteins/equivalent NADP reduced.· At \'Tavelengths longer than 680rnu, 

the reaction \·lith \'later. as electron donor sho11ed an increasing require- · . 

rnent for quanta, whereas with reduced indophenol as donor, the reaction 

~'las observed to approach 1.5 einsteins/equivalent NADP reduced. The 

results l"eflect the participation of two pipgnent systems for NADP 

reduction and suggest that the transfer of enerrs between the two 

systems does not occur 6 Some characteristics of the tv.ro pig;nent sys-

terns are discussed. 

lbe quantum requirements were foudd to increase linearly with 

increasing incident light intensity for both reactions. It is proposed 

that a photochemically generated intermediate of the photosynthetic unit 
I· 

v'lith an estimated lifetime of 50msec when 1'later is donors and ·150msec 

when reduced li1dophenol is donor, is responsible for this intensity 

dependence. 

The action spectrum for ferricyanide reduction by chloroplasts was 

found to be characteristi-c of the short wave photosystem of photosynthesis 

with a region of maximum quantum efficiency at 650mu and not sigr.Ltfic&~tly 

modified by the addition of catalytic amounts of indophenolo These data 

support the hypothesis that oxidized indophenol is inert and that ferri-

cyanide is the direct oxidant in this system. 

Lamellar frag;ments consistipg of about eight quantasomes are half as 

efficient as 1tthole chloroplasts in the photoreduction of NADP when reduced 

indophenol is donor and a method is described whereby their absorption 

spectrum can be used to determine the true chloroplast absorption spectrum. t 

Such a method eliminates the contribution of light scattering which 

seriously interferes with the calculat~.on of absorbed light intensities 

in the determination of quantum requirements. 
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.whom I collaborated in the investigations described 1n Part II of 

this studyo I am especially grateful to hL~ for tuition in precise 

physical techniques and for my introduction to photochemistry. It 

gives me great pleasure to thank hiin for his patience and for the 

principles he im[)arted throughout the invest~~ations. 
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Abbreviatl.ons 

ADP adenosine diphosphate 

ATP adenosine triphosphate 

Chl chlorophylls a and b 

3-(3, l!-dicl1lorophenyl) -1, 1- dir..ethylurea 

DPIP 2; 6-dichlorcphenolindophenol 

T~SR - electron spin resonance-

Fd ferredoxin 

flavin rrbnonucleotide 

GTP t~anosine triphosphate 

HOQNO 2-heptyl ... 4 - hydroxyquinoline - N - oxide 

NA.I) nicotinauide adenosine dinucleotide 

NADP nicotinamide adenosine dinucleotide phosphate 

NADPH 2 
II II " ff tJ reduced forrn 

PMS_, phenazine methosulfate 

R:TIC rotor temperature indicating and control 
) 

Tris 
f 

tris (hydroxymethyl) amino methane 

• 
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"He may therefore reasonably conclude that one great use of 

leaves is what has long been suspected by many, viz., to perform in 

some measure the same office for the support of vegetable life that 

the lungs. of·an~n~ls do for the support of ani~l life; plants very 

probably drawin~ throv their leaves some part of their nourishment from 

the.air.6 .................... And .ma.y not light al3o~ by freely entering 

the expanded surfaces of leaves and flo\..,rers contribute much to the 

· ennobling of vegetables." 

Stephen Hales, 1727 

General Historical Introduction 

Early viet'ls on photosynthesis, based on the classical experiments 

of Priestley (1776), Ingen-Housz (1779), Senebier (1782) and De Saussure 

( 1804) \'Jere that green plants 9 in the presence of sunlight, take up 
' 

carbon dioxide, evolve oxygen and make starch. This concept prevailed 

tl1rOUf"')l the ninete.enth century with the additional finding by Engeb11ann 

(1881) that the site of oxygen evolution in the cell is the chloroplast. 

Investigatiuns by Blackman (1905ll 1911) established that overall · 
j 

photosynthesis consists~of two. classes of events: photochemical events 

which are dependent upon light intensity but temperature independent; 

·and chemical events 9 which are tempE)rature sensitive but independent of 

il.ight ·:~:;· intensity.· Emerson and' Arnold (1932) elaborated earlier'···,, 

experiments by Brown and Escombe ( 1905), and 'VI!arburg and Negelein (1923) 

and ·showed that the photosynthetic yield per unit of absorbed energy of 

a continuously-illuminated system could be considerably improved if t!1e 

light is supplied in the form of flashes. Furthermore, the dark period 
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can be shortened in t:imc if the temperature is raised. Tnis suggested that 

some factor is rna.de in the light which is then used in subsequent tempera-

ture sensitive darl<: reactions. From these kinetic experiments they also 

introduced the concept of a physiological photosynthetic urlit containin:3 

about 2000 chlorophyll molecules. T'nis i·las later revised by Kok and· 

Businger (1956, 1957) ivho rr..ade stirrl.ilar kinetic experiments and sugsested 

tr.at the physiological photosynthetic unit contains 200 to 400 chlorophyll 

molecules. 

It l'.ras Vru1 Niel ii1 the early 1930's -v1ho laid the foundation upon 

i<Ihich much of the subsequent investig~ations ''~~re conducted. His compara

tive approach to the study of photosynthetic green and purple-sulfur 

bacteria led him to generalize a~d propose that the light reaction leads 

to a "photolysis" of water. The reducing moiety is then associated t-vith 

the mechanism for· the reduction of carbon dioxide, a.rir'i the oxidized moiety 

reacts to form oxygen ~.rhich is liberated as a gas. The photosynthetic 

bacteriaj.) ~·rhich do not evolve oxygen and require the a0-dition of an 

external reductant such as I~S, do not have the enzyrrJ.c mechanism for the 

rearrangement of the oxidized moiety to form oy..ygen bU:t, instead, use the 

outside hydrogen donor to 1-oeduce the moiety and refonn ·water and the 

oxidized donor. · At the time~ this formulation accounted for all the 

knovm facts of bacterial and hig."'ler plant photosynthesis. · 

Further confirmation of Van Niel' s formulation (1941)' carne from 

studies by Ruben, et ol. (1941) using enriched ~xygen (co
2
18and H

2
o18) as 

a tracer. They shOi'led that the source of oxygen liberated during photO.:. 

synthesis is 'i;J'ater rather than carbon dioxide. 

Jl' 
'• 
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Van riiel's formulation (1941) can be represented as follows: 

Oxidized 4[ottl higher plants ) 2H
2
0 + 0

2 
~Ioiety \ 4H2o - photolysis 

bacteria 
') 4H20 + 2A 7 

2H2A 

Reduced 4fH\ 7 > cellular products 
Moiety C02 

where H2A represents an external hydrogen donor~ 

By the use of radioactive carbon (c14 ) in conjunction with paper 

chrowatography, Calvin ru1d his collabor~tors completely mapped the. 

metabolic fate of carbon dioxide during photosynthetic assimilation in 

·green algae (see Bassham and Calvin; 1957 :~ for rev:tew). The path was 

shovm to be a cyclic process, the chief components being sugar phosphates. 

r~1any of the reactions in the sugar rearrangements were shmm to be 

sinular to those of the oxidative pentose cycle which was discovered 

shortly after~;rard (see f~elrod and Beevers, 1956, for revim1). Calvin 

defined the energetic·a~d reductive requirements of the carbon reduction 

cycle in met;abolic terms as 2NADPH2 and 3ATP per carbon dioxide assimilated. 

Hill (1939) '•'las the first to demonstrate a photochemical reaction 

related to photosynthesis outside the confines of the living cell •. H•~ 

found that isolated chloroplasts :Nould evolve oxygen when illuminated (i,~. 

photolysis of water) and supplied·with a su~table electron acceptor sucll 

H:3 t::--r'l':i.c ion. Howeverl> he was unable to show that carbon dioxide could 

act as the electron accepter. 

The demonstration of the light dependent formation of the cofactors 

NADPH
2 

and ATP, together wi~h evidencE: that the chloroplast is the cellular 

site f'or carbon assimilation, was achieved by Jl.rnon et !±_ (1954, 1957). 
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The production of ATP \fas sho':m to occur in .isolated chloroplasts in 

a coupled Hill reaction with NADP as the natural ppysiologicaloxida.'l1t 

(non-cyclic photophosphorylation). A11 additional photophosphorylation occur's 

in the presence of an added cofactor zuch as vitanin K~ P~B or ~~~. TI1is 

phosphorylation proceeds in the absence of gas evolution or uptake and is~ 

therefore, termed cyclic photophosphor:ylation. Later, 'Tr.ebst et .§!. (1958) 

demonstrated that the product:l.on of ATP and NADPH2 is associated with tt1c 

chloroplas1.; me:nbrane fraction (the "grC:J.r....:1.11 or lamellae) during the lir;t!t 

reactions, and th~t the carbon d.iox:ide assiinilation occurs by means of 

the soluble enzymic apparatus in the chloroplast stromae 

Investigations on the structure of the chloroplast began shortly 

after the discovery by Ene;el'113.nn (1881) that oxygen evolution occurs in 

the chloroplasts of ale;ae. Pringsheirr. (1881) and Schmitz (1883), in a 

series of-investigations using the light microscope~ found that chloro

plasts have a ,~anular or netlil<:e internal structure •. Meyer (1883) called 
•, 

such highly absorbing €-.,TEmular area::> "grana". A complete survey of all 

1najor plant taxonomic groups v:as made by Heitz (1936) who showed that 

grana are present in m~ny classes. 

With the· advent of ne-vrer tecrmiques in electron microscopy, such a:;; 

shado·wing and ultra-thin sectioning;, it soon became app::~.rent that the 
. . . 

intern-il struct~e of the chloroplast contains a bilarninate membrane sys-

tem. Localized grana areas ><te~ reco$I11zed as la'Tiellar sta.cl<:s 0.5u wide 

and 0.8u hip-)1 (SteiD.Jn.1.n 11 1952; Steinm:m and SjBstrand~ 1955) and connected 

ny s.mgle merr.branes 30 A thick to form a continuous la11ellar sys·tem·. 

Granick and I'orter (1947) 11 by means of shadmling techniques; found about 

40 to 60 p;rcma per chloroplast. 
. I . . 

Extraction of the material on the electro~ 

.. microscope grids v;ith mr2~l}anol ShOt•Jed that the residual fraction; preSUll!i..Xl 

to be protein, constituted less tlii:m half the. <Jriginal lipo-protein rrBss ~ 
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and still retained some structure. No sub-units v;ere identified in 

these investigations. 

Additional evidence for a lamellar system in chloroplasts was 

provided by Frey-\vyssling and Steinmm (1948), who obtained pure layer 

birefri~~nce curves that they claimed arose frQ~ protein inter

weaved Nith oriented lipids .. 

Early \v'ork on the co:nposition of the chloroplast <r·~nke 9 1938), 

"chloroplastic"matter (ChibnallJ 1939; Neish, 1939; Comar, 1942) and 

grana (Bot., 1942) sho~~d that these preparations contained 40 to 50% 

protein, 20 to 40% lipid, and 5 to 10% photosynthetic pigments, and 

the concept of a chlorophyll-protein complex as a chloroplast sub-unit, 

by analogy to hemoglobin, \>laS quite popular. 

Thus, in the late 1950's the concept of structure.and function in 

the higher plant chloroplast was that the internal la~ellae contain the 

photosynthetic pigments ~~d are responsible for light absorption, 

quantum conversion and electron transport with associated phospho~vlation. 

The stro~a fraction contained all the enzymes to catalyze the carbon 

recluqtion cycle in the presence of the ATP and NADPH2 formed durinr; elec;;.. 

tron transport o 

The purpose of the trmrk described here is twofold. Part I is a 

study of the molecular architecture of the chloroplast lamellae using · 
,:!·: 

biochemical techniques {'lhich have proved particularly useful in the 

study of the ·structure of the mitochondrion (Green, 1961). Part II is 

a study of some of the photochemical properties of reactions that occur 

dU.ring photosynthetic electron transport in the lamellae. In particular, 

emphasis is placed on qu,.'tntum efficiencies and ~1avelerigth dependences 

of the reactions in order to further characterize the pig]nent systems 

responsible for quantum conversion. 
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Part I. Studies·on the Structure of the Chloroplast Lamellae. 

·Introduction 

Chloroplasts of hlf)ler plants are located in the mesophyll of 

the leaves ~'1d)l as observed in the light microscope, appear as disc-

· sh~ped bodies approximately 5 u in diameter a~d about 2-3 u thick. 

The chloroplast i~ surrounded by a semi-permeable membrane which is 

osmotically active a'1d internally appears to consist of two main 

phases. A number of hip;hly absorbing areas containing the photosyn-

thet:lc p.igments, called "grana" are embedded in a matrix of soluble 

protein, the ttstroma" (\·leier, 1938; Vleier and Stocking 1952; 

RabinO\'litch, 1945; Granick, 1961). 

By means of the electron microscope and by virtue of the recent 

tremendous advances made in the preparation ·Of material for observa-

tion, the ultra-structure of the grana areas has been considerably 

amplified.· Notable work has been accomplished by Steinrna ... '1 (1952) 11 

Steinr:'l.an and Sj8strand (1955) 9 Granick and Porter (1947) ~ Hodge, et al 

(1955) ~ von vlettstein (1957 and 1959), Sae;er (1959), and more recently 1 

by Park a'1d Pon (1961) and Heierll et ~ (1963). 

·The grana Glre hi-laminated stacks aoout 0.5 u in diameter and 

0. 8 u hi£7')1 a."1d are connected· by sing,le, larger membranes (stroma 

lamellae) to form a continuous lainellar system within the chloroplast 

(see Fig .. 1). 

·Isolated chloroplasts ca."l be physically separated into the t1vo 
. • • I • 

· main' phases j the stroma and the lamellae, by osmotic rupture 1n dilute 

buffer follo~rod by ultracentrifugationa The lamellae are sedimented 

at about 10,000 g after 10 minutes' centrifug;ation, ~'lhereas the stro:na 

·proteins· remain 1ri the su,p~rnatant •. The"'strana protein fraction has 

, 
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Fig. 1. Ultrathin section of a chloroplast from Spinacia 
oleracea L. Fixed in 2o/o KMnO 

4 
and embedded m 

Epon. Magnification 392,000x. Kind courtesy Dr. 
R. P. Park. 
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·been studied from physical and enzyrrological vie,,.~points (Singer ~ ~ 

1952; Lyttleton and T'so," 1958; Pon, 1960; Racker, 1955; Hayaudon$1 1957; 

Rabin.· and Trown, i964) .. · The principal protei.'1 is a 16 Svedberg coinpo

nent o-1hich is also the major protein of the green leaf~· and has been 

designated Fraction I by Wildman. Carboxydismutase (Pon, 1960; Van 

Noort and Hildrnan,. i964) activity is associated \rlth Fraction I, but there 

is disag1~errent concerni~z the phosphoribulokinase and isomerase 

activities. It is possible that Fraction I protein is part of an 

· organized system of multifunctional enzymes in the chloroplast concerned 

with C02 assimilation as proposed by Bassha~ (1963)• 

Fraction II protein, the minor constituent of the stroma protein~ . 
is a mixture of many enzymes and is in the order of. 2 to 4 Svedbergs. 

Some forty enzyme.activities.'have been identified in chloroplast 

material and they are presumably associated vdth Fraction II (see 

Thomas, 1960, for review) o . In addition to the protein, DNA and R.L~A 

have been shown to be constituents ofthe chloroplast strana (see 

Granick, 1961:> · for revie;-J) • · Ribosomes have also been isolated from 

chloroplasts indicating that a fraction of the RNA is in the form of 

nucleoprotein (Lyttleton, 1962). 

The lamellar fraction of the chloroplast contains all· the compo

nents necessary for light ·absorption, quantu.'TI conversion and ~lectron · 
transport in photosynthesis. Very pure_ la~~llae, obtained by repeated 

v:ashing \'lith dilute buffer and centrifugation, \overe shcMn to be active 

in quantum conversion and were a"1alyzed by Park and Pon (1963) o • They 
' . ' ' 

shot .. red that the lamellae ar? about 50% protein and 50% lipid. The 

lipid fraction contains all the chlorophylls~ carotenoids and quinones • 
. . 

Park and Pon (1963) determined the distribution of the transition metals~ 

;i' 
J 
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Cu, Nn a:1.d Fe, which are likely to be involved in oxidation

reduction reactions ir: the two· fractions o They found that ali the 

meta1s are in the.: protein fract:ton apart from r·~':;, \•Ihich is present in 

the chlorophyll and Vtrl is present in the lm:est concentration. f\s 

t¥Jrl is essential for 6xygen evolution in photosynthesis (Kessler, 1957) , 

there mu.3t be at least one atom per photosynthetic unit.. Hence, they 

calculated a minimum molecular weir:y.'1t of a photosynthetic unit by 

calculating the material associated t.·Iith one atom of manganese. Such 

a minimum molecular weight based on the rna.nganese content is about · 

106 !?Jil~ mole-1 and contains 115 chlorophylls~ 
Park and Pen (1961) ,also investigated the structure of sonicated 

chloroplast lrunellae by electron microscopy., TJ:-.e lamellar fragments 

V>rhich were prepared for microscopy i'lere shown to be active in quantum 

conversion and to support co2 fixn.tion in the. presence of added stro:na~ 

~·lhen shadm-red, and viev;ed in the electron microscope, many fra.e,"ments v.rcrc~ 

seen to be granular in appeara.r1ce a.'1d:, in some cases, regular ·arrays 

of partj_cles were seem as in Fig. 2 o The particles '-'•'Cre particularly 

apparent in areas where the upper layer of the bilauinated membrane 

m.d been torn by sonication., exposing the inside of the membrane. T.'1e 

partj_cles vrcrc described as 200 A x 100 A oblate spheroids, a..~d Park and 

Pon · (1961) suggested that ti1is pal~ticle is a rr~peating sub-unit of the 

lamellaeo They later shovJed ·(1963) th<;lt, by eiiploying a suitable 

consist ant pacld.ng arrangeinent in the membrane, the lamellae of all 

photosynthetic arganclles in· green plants and algae could~0be composed 
d 

of this particle · (see Fig.o ·3) • 

As the . Ul11que feature of a~:w;regates of the parti.cle :is. the ab:i.li.t y 

to convert light enerr:S to chemical potentt•~,.· it TJvas subsequently nn;;nd 
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Fig. 2. Spinach chloroplast lamellae washed free of chloroplast 
stroma, sonicated and shadowed with chromium. Quanta
some arrays can be seen in areas where the upper mem
brane has been removed by the sonic treatment. Kind 
courtesy DT. R. B. Park. 

l 
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(a) 1so .& 

T 

(b) 

(c) 

MU-24325 

Fig. 3. Substructure of lamellar structures from photosynthetic 
organisms (Park and Pon, 1963). The particles, quanta
somes, are granular sub-units and are osmiophilic over one 
surface. The model shows how the quantasome may be a 
fundamental repeating sub-unit of a) blue -green algae,_ b) 
Euglena and c) higher plants. 
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·a "quantasome" (!'ark, 1962) and Park suggested that it may be the 

morphological expression of the physiological photosynthetic unit 
. 

first fonnulated by Emerson and Arnold (1932) and more recently by 

Kok and Businger (1956, 1957). 

Later \11'0rk showed that the quantasome exists in at least three 

different types of packing arrar.gements in larr.ellae; a para-ci"JStalline 

array, which permitted a more accurate detennination of the dimensions 

of the quantasome; a linear array and a random array \'lhich appears 

most frequently fPark and Biggins, 196'4) o The dimensions of the 

quantasome as seen in the para-crystalline array are 185 A x 155 A 

and 100 A thick., 

T'ne lamellar fragments obtained by Park and Pen ( 1961) by 
I 

sonication of the chloroplast lamellae are active in quantum conver-

siono Ho~rever, the fragments are heterogenous with respect to particle 

size and consist of up to 8 quantaso:mes.. Hence~ the integrity of the 

complete la~ellae is unnecessary for quantum conversion. 

Tne lipid fraction of the chloroplast la~ellae has, in the past, 

received a tren~ndous anount of attention owing to the considerable 

interest in the nature and state of the photosynthetic pig;nents. The 

most recent work on the CQnposition of the lamellae, and specifically 

. in relation to the quantaso~e. hypothes:::ts, is that by Lichtenthaler and 

Park (1963) and Lichtenthaler and Calvin (1964). 

Table l shovm the composition of a photosynthetic unit relative 

to one atom of manganese based on the results of the investigations at 
\ . 

Berkeley and elsewhereo 

. ·) 
./'( •' 

I! 
) 
! 

• 

.. r 
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Table L 

Representative distribution of substances in spinach 
chloroplast lamellae on the basis of a minimum molecular .·· 
weight of 960 1 000 per mole of manganese (Lichtenthaler 
and Park~ 1963). 

Lipid composition (moles/mole r~Tn) . 

115 chlorophylls 

24 carotenoids 

23 quinones 

58 phospholipids 

72 digalactosyldiglycerides 

173 monogaloctosyldiglycerides 
: 

24 sulpholipids 

sterols 

unidentifieo lipid 

Protein 

4690 N atoms as orotein 

lMn 

. 6 Fe 

3 Cu 

103,200 

13,700 

15r;900 

45,000 

67,000 

134,000 

20,500 

7,500 

879800 

461~ ,ooo. 

55 

336 

159 

Lipid and protein 

495,000 

465,000_ 

960,000 
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The protein fraction has received very little.direct attention 

other than the recocnition that it contains the ti·JO cytochro.11es f 

and b6 vlhich appear to be restricted to photosynthetic tissues 

(Hill a.'l'ld Bonner, 1961). The fact that the protein fraction in the 

absence of the lipids is insoluble at physiological pH; and the· 

absence of appropriate tools to cope vdth this problem are the most 

likely reasons for the lacl< of attention the protein fraction has 

received in the pasto 

Ho·.1ever, for a complete tL."lderstandin,g of the molecular archi-

tecture of the chloroplast lamellae, further J.mmrledge concerning 

the protein fraction is required - in particular, the total number 

of protein species per qu~'1taso11e and the~r molecular weights, shapes 

and prot:;t:1:~t:tic;~;r;rop.psJif;;~;y. As the integrity of the quantasome 

relies heavily upon the physical nature of the proteins, knm'llledge of 

their properties 't:ou.ld also be advantar;eous. 

Green a.11d associates (1961 a,b) have made notable contribl,;ttions 

to an understmlding of the structure of the mitochondrion using bile 

salts and deter6ents to great adv~1tage in the solubilization of the 

cristae. In addition, they have~' physically characterized all the 

cytochrome complexes and constituents of the mitochondrial respiratory 

u11it or elementarJ particle, in the presence of detergents (see 

Fernn.ndez-~-1oi'an ~ g_, 1964). Although there are licitation~ concern

ing the validity of such measurements, it is the only approach in 

'modern biochemistFJ available at this time. 

TI!e work presented here in Part I is a further study of the 

physical properties of chloroplast la-nellae (section A) and a physical 

characterlzation of the lamellar protein fraction (section B). 
' ' 
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IA.. Studies on the StructUre of Chloroplast Lamellae. 

1., Preparation of chloroplasts and membrane fractions 

t· · Chloroplasts v1ere prepared from spinach (Spinacia oleracea L.) 

···. ,. 

~· 

leaves by procedures according to Arnon, et al (1956), Park and Pon 

(1961) or Hoch and Martin (1963). Prior to homogenization, the de;:;. 

stemmed leaves were thoroughly washed and refrieerated in a sealed 

polyethylene bag for at least one hour. This treatment increased the 

tu...~ic'lity of the leaves and better yields of intact chloroplasts 

were obtained (klhatley and Arnon, L963) e Follmdng isolation, the 

chloroplasts were osmotically ruptured and the stroma fraction removed by 

high speed centrif~?,ation. The 1nembr~e fraction was sonicated and, 

after removal of large fraotJ"ffients, quantasome aggregates collected as 

outlined in Fig. 4. 

For some of the studies (see Sec. B) large quantities of lamellae 

were required and, for these purposes, chloroplasts were isolated by 

a continuous flow procedure~ Ten kg of spinach leaves were homogeni::::.:~d 

in 25 1 0.35 !:1-NaCl, ·0.02 M tris:-Cl pH 8.0 in 500 g, 1 &::portions, 

and strained through 8 layers of cheesecloth. The brei was centrifuged 

in a Servall RC.;.2 Automatic Superspeed Refrigerated Centrifuge equipped 

~.,rith a Szent-Gy8rgyi and Bluu a...;tube continuous flow system. ThG- centri-

fugation conditions fotmd to best compromise bet"Jeen yield and purity 

of chloroplasts vrere a flot·J rate of 60 ml/min and 4000 rpm.. The 

sediment fran 10 Jq1 leaves (about 300 IrJ. I'I.Tet-packed volu.'i1e) ;-ms suspended 
. -3 . . . 

in 10 1 0.035 !'2_-NaCl, 2 x 10 · ll-tris-Cl pH 8, stirred for one hour 

and then centrifuged at 17,000 rpm (34,000 g) at a flow rate of aproxi

rnately 10 ml/min., The sedimented green membrane fractd:P,~ was ttien 
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~· chloroplasts (isolated in isotonic buffer) 

/ 

repeat t~'lice 
/ 

/. 
! 

·sediment p 
1 

(membrane fraction) and starch 

semi-pure 1&-nellae· 

r 

horrog;enize in 0. 035 ift NaCl 11 

2 x 10-3 ~,1 tris-Cl, pH 8 

30,000 g; 10 rnin 

supernatant 

(stroma fraction) 

s 
1 

sonicate, 9 l{C, 90 sec Raytheon 100\1 mx:::;netostriction oscillator 
30,000 g,~lo min. 

sediment 

(unbroken lrunellae, la1;~e 
f'raE~nents and starch) 

r·r~-~t 

sediment P~ 
c. 

(purified chloroplast lamellae) 

Qu:mtasome aggregates 

supernatant S 

sme..ll l8T'le lla.r fmP1rients 

make 0.1 u with NaCl 
30,000 g, 10 ~in.· 

t 
supernatant 

(residual stro.ua fraction 
detached by sonication) 

Fig. 4; Sche~~ for the Isolation of Chloroplast Fragments 
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resuspended in 200 ml dilute buffer and the preparation continued in 

the usual fashion. The supernatant from the final continuous-flm-1 

centrL£ursation is an excellent source of carboxydismuta.se .. 

Prenaration of lwnellar sub-unit 

1ne preparation of quantasome aggregates as shown in Fig. 4 

yields a heterog:eneous system 1tlith !"'cspect to particle size. The 

preparation can be partially resolved by differential ultracentrifU

·gation by a procedure accordi:n.g to Park and Pon (1961), yielding , 

fractions of up to 8 quantasomes o 'l'hese preparations are satisfac-

tory for metabolic and spectroscopic studies, but their poly-dispersity 

iw.pedes certain physical stuC::ies. 

A survey of membrane fragnentation techniques v.ras made in an 

attempt to prepa....""e monomeric qu..3.ntaso:nes or a monodisperse sub-unit 

of the mambrane. It was found that detergents such as cholate, 

deoxycholate, Na-dodecyl sulfate and T\'{een were ineffective in the 

preparation of active sub-units·, ·tut ',•Ier~:: ·;,·::.:..""y ef'f'8~·:ive in removing 
I 

lipid from the membra11e. Finally, a technique based on principles 

previously employed by Smith (1960) for the preparation of proto-. 

chlorophyll holochrome from etiolated bean seedlings was used. This 

method, outlined belo~q, utilizes a lo~-: concentration of cysteine at 

hir)l pH and, in combination with sonic rupture, an active membrane 

preparation '.':as obtained Hhich, when partially characterized, appeared 

ultracentrifugally homogeneous. Rigorous analysis of the sedimentation· 

velocity data, however, revealed that the preparation is polydisperse 

but not to. a considerable extent. 

Procedure 

Quantasome agg;regates were prepared a."ld suspended in O.i f!-gl1Scine, 

0.05 M-KOH and Oe02 M-cysteine-HCL ((!').y-KOH-cys-SH) and homogm1ized 
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gently t:Jy,:;means of a Potter-Elvehjem homogenizer 'trith a Tenon 

pestle., Tnis treatment fraEJ-r.ented the membrane o The treated rnern-

branes v1ere then ul tracentrifuged at 105 ll 000 g for 15 minutes to . 
. . 

remove large fragments; the supernatant VJaS retained as the preparation 

for studye Pr~p~~tions were stored for periods of up to one week 

under nitrogen; but determ:tnations of activity in the Hill reaction 

VJCJ'e carried out irrmediately a.;fter preparatione 

2. Ab~>orption spectrum 

If the preparation is a representative sub-unit of the photosyn-

thetic m.~mbra..'1e, then the en~ ire pic~ment canplement should be present 

ru1d the absorption spectr~m should be identical to that of intact 

la"llelrae o 

Many investigators have re:,>orted the absorption spectra of 

sphotos:.mthetic systems (see French, 1960), t~.nd the most recent "tmrk 

for hlgher plants is that by Sauer and Park (1963) ~ They measured the 

absorption spectrum of sonicated spinach lamellae by rne~~s of a 

scattered' transm±ssion technique. They found that the absorption 

max.irm.lln in the red region of the spectrum is not shifted from 678.6 mu 

in the preparation of chloroplasts,. by sonication or by the separation 

'or the sma.ll la;neilar fratgnents by differential ultraccntrilli.'ugation. 

Fig.- 5 shOilS the absorption .spectrum of the sub-uriit preparation 

prepared by treatment with the gly-KOH~ys-SH buffer pH 9. The absorp-

tion !l".aximum in the red region of the spectrum is 677 muo T'nus, ' there 

is a shift of L 5 mu from the value in vivo and for untreated lamellae. . ' -- . 

It is highly probable that this shift is due to treatment of the 

lamellae· with the gly-KOH-cys...SH buffer. 

Treatmen't; of photosynthetic organelles 11r.ith organic solvents and 

detergents lead to similar shifts of this absorption maximuxn to shorter 



w 
u 
z 
<( 
CD 
Q:: 
0 
(/) 
CD 
<( 0.4 

300 400 500 

WAVELENGTH (m)J) 

Fig. 5. Absorption spectrum of chloroplast lamellar sub-umts 
prepared by sonication and treatment with gly-KCH-cys -SH 
buffer. The absorption maximum in the red is 677 mu. 

700 

MUB-1117 

I 
N 
lJ,l 

I 



. \ .. 

2~ 

wave1engthsG Tne magnitude of the shift depends upon the concentra

tion and type of additive and; eventlli~lly$ extraction of the pigments 

occurs. Smith (1941) fi.)und that 2.5% digitonin)) 3% bile salts such 

· as Na-taurocholate and Na-r).ycocholate and 0 o 5 to 0. 25% deoxycholate 

lea.G. to a shift . of the red rr.aximum to· 675 mu vd th a concomitant · . 

increase in fluorescence. Sodiu~ dodecyl sulfate (Oo25%_ led to a 

much greater shift to 670 mu.. a-Picoline and dioxa.."'l.e (Takashima, 

1952) 9 1% Dup~'1ol and 1% Span (Chiba, 1960) and dodecylbenzene sulfone 

(Itoh, ~~ 1963) also lead to simil~ shifts. 

A thorough study of such absorption rrn.ximu"!l shifts induced by 

organic solvents and deterg:ents was made by Sauer a..'!d Park (1963) in 

a~ investigation of the pos~ibility that such shifts be directly 

·,. dorrela~:<;rJ -v::tth thG lons of photochemical activity a.11.d.~> thus, permit-

ting use of the position of the absorption nk"l.XirrnJ.11 as a sensitive 

measure of the structural integrity of the photosynthetic apparatus. 

Although the results Nere complex$ in general they found that !~here 

v.ras a loss in photochemical activity at solvent concentrations lo,..rer 

than vms required to produce · a measurable spectral shift. From this 

v1ork~ then, one i'lOuld anticipate a loss of photochemical activity if 

a shift is detectable~ 

3.. Activity of the lamellar sub-unit 

A further prerequisite thc-.t the sub-u.""lit truly represents a 

fragment of the photosynthetic membrcw~e is that it be active in 

quantun conversion and 9 for this purpose, the Hill reaction was used 

as a criterion~ Ferricyanide Nas used as an oxid.oq.nt and oxygen was 

measured manometrically. 

. '. 

.... 
' 
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Procedure 

Th?! sub-unit preparation tr.ras subjected to exclusion chroma-

to~1phy on Sephadex G-75 (coarse) in order to remove excess 

gly-KOH-cys-SH buffero Three ml pr·epnration (1 r.1g chlorophyll/ml) in 
column 

gly-KOH-cys-SH was placed on a Seph.:'!dex/2. 0 x 50 em equilibrated 

it.rlth lo-2 f,1-phosphate buffer pH 7 ,01') 10-3 fJf KCL. Elution was carried 

out vlith the svrne buffer and~ in this v:ray, the preparation \'ras 

rapidly tra'1sferrcd to the reaction buffero Control quantasome 

aggres;ates 1-1erc treated similarly except that they were not exposed. 

to the fi,ly-KOH-cys-SH buffer .. 

The 1:larburg: vessels contained 2 ml of the eluted preparat-ions 

(0 .. 8 m,9; chlorophyll) with Oo5 ml potassium ferricyanide (30 U'TI.oles) 

. in the side arms. The reaction v:as carried out in an Amlnco \,!arbur;; 

Apparatus (!unerican Instr. Co.~ i'Iaryland) ado.pted for illurnlnhtion. 

from below with white Tungsten lir:.,ht and at 15° c. 
After an equilibration period of 5 minutes the.ferricyanide was 

added from the side P .. rnlS atld the SG!!tples illuminated (10,000 ft 

candles , >-Jh:i.tc lis~ht) • 

Results 

'l'reatment 

1 

2 

None 

11 

3 · . f.!ly...:f\QH-cys-SH » excens 
re:npved 

4 

u:\Toles o2 evol ved/ms chlorophyll/hr 

35.8 

14~5 

15.75 

Table 2. Hill reaction of quantasome ac;E;regates (#1 ¢: f/2) and ar.;(;re-

gat.es treated ~·;ith gly-f~OH-cys-SH buffeJ•s for '30 min and then 

. subjected to· exclusion chranatography on Sephadex to ronov:~ 

excess buffer ( #3 t lf.IO. 
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Tne results in Table 2 shovv that the sub-unit is active in quantum 

conversion but 60% of the activity is lost by treatment vdth the 

gly-KOH-cys-SH uufferb The loss in activity in the preparation 

suggests that either the photosynthetic process is inhibited in the 

enzymological sense or, more likely, tb.at the unit for quantum conver-

sion is structurally modified. The fact that the preparation of the 

sub-unit also leaQ.s to a spectral shift of the red absorption 

maximu~ (see IA2) ve11r strongly sugr,ests a change in the structural 

integ.':"ity of the photosynthetic unite 

Several active chloroplast sub-units or chlorophyll-proteins 

have been described previously. \{olken (1963) .sho;ved that "chloro-

plastin" photoreduces dichlorobenzenone indophenol and forms "labile 

phosphaten in the presence of a mixture of many cofactors ( a-ket(}.. 

glutarate, ascorbate .s cytochrorne c; riboflavin 5-phosphate, Ivrg++). 

Crlioroplastin is prepared from Eug~ena by a 2% digitonin extraction 

of the cells (Holken and Schwertz, 1956) 1,/fhich leads to the formation 

of a pienent-protein of fi'fi'i=290 ~OOOo This 1s in good agreetr.ent trlth 

Sniith and Pickles ( 1941) VJho shmved that 2. 5% digitonin extracts of 
' 

spinach leaves yield a pi~ent-protein complex of i<1\IJ=265,000. However, 

Smith (1941) shmred that a spectral shift of 3.5mu to 675 mu \'JaS 

associated \11th ~he addition of digitonin. 

Kahn (1963) treated spinach chloroplast fragments t-tith Triton 

X-100 and separated a chlorophyll protein of unspecified molecular 

.dir11ensions but contai.ning 0.8 to 1.2 mts p .. ~otein/mole chlorophyll. 

The chlorophyll ·.,.;as chlorophyll.·§. only • The particle photoreduced 

ferricyanide but oxygen was not ~volved a~d boiled preparations 

behaved -similarlyo 
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Allen, et .e1:. (1963) prepared a particle from Chlor-clla pyrenoidosa 

by treatrn0nt of the cells by ·freezing in 10/~ methanol, grinding, 

sonication and differential centrifugation. The particles are fro:n 

70 X to 300 ~ dia. and have a chlorophyll a/b ratio of one, and, the . 
red absorption m:1.ximum is 673 mu (ie. a chlorophyll £. enrichment). 

The part.icle generates a single line ESR signal upon illumination 

vthich is mi:milar to th<lt induced by long red light in nonnal p.'lotosyn~ 

thetic systems. Hov;ever, it does not decay in the dark and can only 

be discharged ~-;hen ferricyanide is added. T'ne particle photoreduces 

DPIP but not qu4lone. 

Both Viessels ( 1962) and Boardr&'1n and Anderson ( 1964) sho·..:ed that 

the treatment of ~pinach chloroplasts vdth lm'l concentrations of 

digitonin (0.2 to 0.5/n does not impair the photoreduction of !~ADP 

1:1hen DPIP and ascorbate are present. However, when v1ater is electron 

donor, NADP reduction does not occur. Wessels also shoNed that 

photosynthetic phosphOF.flation of the ~yclic type (Amon,~ al, 

i. 1955) occurs and, hence, lov! concentrations of digitonin appear to 

act like D01U, as observed experirnontally. No reports on p!3-rlicle 

size were given, but Boardman and Ander:3on indicate that the treatment 
,· 

results in a shift of the absorption maximurn of 2 mu to shorter 

wavelengthse 

other preparations of chlorophyll-proteins or particles from 
. . 

photosynthetic tissues reported by Chiba (1960), Takaxniya ~ ~ (1963), 

Takashima (1952) 9 Itoh:, et al (1963) 2nd Nishimura and Takamatsu (1957) 
. . --

· v1ere either photochemically inactive or the measurements ~-;ere not 

attempted~ 

. ( 
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4e Sedimentation coefficient and, analysis for polydispersit:v, 

Quantasome aggregates which have been ciarified by differential 

ultracentrif~~ation ara polydisperse on the basis of measurements 

r..ade in the electron microscope, and the particles· consist of up to 

elght quantasaneso These preparacions do not give a discrete boundary 

·in the a~alytical ultracentrifuge even after extensive differential 

preparative ultracentrifugation (Pon, 1962). The preparation described 

here vms investigated by analytical ultracentrifugation and \'Ias found 

to sediment as a single component '~th a broad boundary. The boundary 

was analyzed for polydispersitye 

Procedure· 

P~alytical ultracentrifugation was carried out ~n a Spinco 

r1odel E ultracentrifuge equipped •dbh a rotor temperature indicating 

and control systemo· The. ultraviolet absorption optical system was 

modified for the purpose of measuring pi€J11ent absorption of the sub-

unit preparation in the blue region of the· spectru1n. This 111as acccxn

plished by removing the chlorine-brornine filter from belo~T the 

centrifuge charnber and replacing the housing. A cut-off filter. 

absorblr'lt-; all t,;ravelengths belOi-.r 300 mu Has then attached to the 

. bottom of the housing with masking tape. The focus of the ·optical 

system did not appear to be radically modified as very sharp meniscii 

were obtained on the absorption photographs., . Exposure times cf 2. 5 

sec ~·1ere found to be satisfactory when the absorbance of the prepara-

tions under stud,_v \"Jere in the order of unity and blue sensitive, 

medium speed Kodak cowJnercial safety fil:n was used., 

By virtue of the very high extinction of the photosynthetic 

pigments and us_e of the absorption technique, it \ovas possible to 

•· 
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a11alyze very diillute solutions of the preparations, i.e~, about 

10-~~1-quantasomes. Experiments were carried out in 0 .. 1 t·1-glycine,. · - .. 
0.05 N-KOH and 0.02 f'·1-cysteine-HCL. An fu'IJ-D rotor and 12 mrn, Kel-F, 

4° single sector cell 1-.rere usedo. Absorption photographs were scanned 

by me~s. o( a reco~ding m~crodensitometer. 

~Je deqsito.~eter tracings of the sedimentation velocity experi
·"'-

ments show the concentration of sub-units in the centrifugal field. 

The log radii of the 50% concentration points 1·1ere plotted against . . 

tLLe and a straight line was obtained, the slope of which was related 
I . ' ! 

to the sedi'11entation coefficient by the expression:' 

1 s = 0 

2 
w' 

dx -, 
dt. 

w:r.erc; s ., sedimentation coefficient, crr./sec/dyne/g, ie. sec,· 

w·2 = angular velocity, rad:ans/sec, · 

x = distance of the 50% concentration points in em from the 

, axis of re.tat:ton and 

t = time ·in sec. 

Hence!) 

.. ' 

Results. 

Fig. 6 shows a'1 example of an absorption photograph taken during 

a sedimentation velocity experL~ent,·and it can be seen that the 
. . ·. . ' 

bou.r,.dary spreads·. quite cons ·.derably. Fig. 7 shows the superimposed 

·densitometer tracings of such· an· absorption photog,raph anci Table 3 

· sh0\11S the sedimentation coefficient of the lamellar sub.;.unlts at three 

concentrations. The preparations \'!ere sufficiAntly dilute to be in 
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the linear rallge of film sensitivity a.11d the sedL11entation coeffi-

cient is independent of concentration. 

Table 3~ Sedimentation coefficient of the lamellar sub-units at 

three concentrations. 

·.sub-unit concentration 

A675 
· ·· rotor speed sedL11entation coefficient 

rpm Sved~ergs 

~-. ----~4---~----~---
0.8 24,630 87~1 

0.71 39~460 86oO 

0.33 39,460 86 .• 8 
'. 

-~ ~ ' 

Full use of the sedimentation velocity data was used by ana+ysis 

. of the boundary for polydispersity. The function 

. g(s) = dc/dX 
co 

was computed for several values of s for a bo~~dary position during 

a sedimentation velocity expe~lment by a procedure accordL11g to 

Schumaker and Schachman (1957)o Fig. 8 ·shows the weight distribution 

of sedL11entation coefficients in a sa'Tiple of lamellar sub,.;,units, and 

it can be seen that the preparation is polydisperse. How~ver, the 

buD{ fraction lies t-dthin 15% of the rrean. Account of the contribution 

to bou11dary spreading due to diffusion \'lould lessen the extent of this 

apparent polydispersity but this \'l'ould be small for such a large sub-ur.it. 

Tnese results show that the sub-unit preparation is polydisperse 

and the mean sedimentation coefficient is 86 Svedbergs. The analysis 

for polydispersity used by analysis of the boundary during a sedimentation 

-. 
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ZN-3545 

6. Sedimentation velocity of lamellar sub-units. Absorption 
photograph taken at two-minute intervals at 439 mu. Rotor 
speed 39, 460 rpm, O. 1 f.LNaCl, 200 C, sub-unit absorbancy at 
675 mu is 0. 71. 
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SEDIMENTATION VELOCITY 
' 

Spinach Chloroplast Lamellae Sub-units 

Speed; 39,460 rpm 

Cone • [ A675 = 0. 71] 

Ill 
:::J 
0 

.!!.? 
c: 
Q) 

E 

' 5.9 6.1 6.3 6.5 

1/10 Ionic strength.NaCI 

Temp• 18.8°C 

6.7 6.9 

0 
2min 

4min 

Smin 

10m in 

12min 

14min 

16min 

18min 

7.1 

Radius, em 
MU-27714 

Fig. 7. Sedimentation velocity of spinach chloroplast lamellar 
sub-unit. Superimposed densitometer tracings of absorp
tion photographs taken during an experiment at 39,460 rpm. 
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20 
SEDIMENTATION COEFFICIENT, Svedbergs 

MU-33778 

Fig. 8. Weight distribution of sedimentation coefficients in a 
preparation of lamellar sub-units. Analysis of a boundary 
during a sedimentation velocity experiment. 



\ 

34 

velocity expe:::-iment 9 is ve~J sensitive and \·ras used by Shunaker 

and SchachTJan (1957) in t~e aP4lysis of DNA. The criterion of 

purity previously employed \'Tas the appearance of a single peak in 

the ultracentrifugeo However, treatment of sedi~entation data of 

very dilute solutions of DNA,. in the rnnner described, shm·;ed that 

DNA 1'ias quite polydisperse. Hence, casual inspection of a boundary 

in a sedimentation velocity experiment is li1sufficient in deciding 

the purity of a single macromolecular species. For a multimacro.~ole-

cular complex the proble~ is even more acute. It is anticipateq 

that if other large cellular particles such as electron transport 

particles (Green, ·1961; Fernandez-Maran ~ ~ 1964), ribosomes (see 

Arnstein, 1963 for revimv') ~> chranatophores (Schachman ~ al, .1952) 

are inves·dgated similarly, then a comparable distributiorl of sizes 

1.-rould be seen 0 

5• DensitY, gradient sedimentation equilibrium 

The sub-units ..-.rere investigated by· density gradient sedimentation 

equilibrium in order to determine the density of the material and 

to ascertain the extent of possible heterogeneity by ru1 additional 

technique. 

Procedure 

Sucrose \\ras chosen as the low molecular \'ieight solute for centri-

fugal redistribution and formation of the density gradient as irlgh 

concentrations of electrolytes such as CsC12 led to aggregation of 

the lamellar sub-units. 

T1.1enty . microliters of a sub-unit preparation (A
677 

= 0 e 7),. Y.tas ~ 

added to 1 ml of Oo45 g sucrose/ml and centrifuged at 50 11740 rpm at· 

3°C. A single 4° sector, 12 mn~ alu11inum centerpiece cell was usedo 

r 
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The approach to. sedimentation equilibriu~ for sucrose was observed 

by the standard schlieren optical system of the ultracentrifugeo · 

T'nis tool<: 72 hours, and durin~ this time the sub-units mir:.r.,rated 

centrifugally from the meniscus and centr1jY~tally frcm the cell 

bottom vntil, at equilibriw~, they fonned ~ discrete band close to 

1bhe cell ceriter '~';here the net buoyancy term was zero. 

A 439 mu ·interference filter (Corning) was placed belolf.r the 

lower collimating lens of the schlieren optical system.in the ultra-

centrifuge J) and photographs i-rere taken using Kod.£t.l{ spectroscopic 

. plates, type 1-Do T'nus it v1as possible to sinn.lltaneously record the 

.density gradient by schlieren optics and the sub::r.unit band by ltgemu 

absorption on the san-:e plate" Fig., 9 shoivs an example of such a 

photograph a.t equilib!.'ium after 72 hr.; 

Results 

Fig.. 10 shows the sedimentation eqUilibrium distribution of H 

the sub ... units and it can be seen that there is one band.. Fig. ll 

shm~;s a plot of the log relative. sub-unit concentration versus square 

of the band width~ and the relationship is linear.!) indicati~~ that 

the band is a Gaussian distribution. Hence, the preparation is likely 

to be homogeneous with respect to density. The density of sucrose 

. at the r~~us corresponding to the peak of the sub-unit band is . 
·. -~ . 

1.,175 g-ee o· This is the point where the sum of the forces acting 

on the sub-units is zero end is the effective density of the macro-

molecular solute (fYleselson ~ ~' 1957) • 

. ·The real density of the lamellar sub-units is likely to be less 

than the effeCtive density as measured in the sucrose gradient as 

·.the experiment was conducted in a sucrose solution of high osmotic 
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Fig. 9. Density gradient sedimentation equilibrium of lamellar 
sub-units. The sub-units are banded near the center of the 
cell at a point in the sucrose density gradient where their 
effective buoyant density is equivalent. The sucrose is at 
sedimentation equilibrium. Rotor speed 50, 740 rpm, time 
72 hr, sucrose 1. 315 M and 4°C. 
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Sedimentation Equilibrium Distribution 
Of Chloroplast Lamellae Sub-units 
In A Sucrose Oensit y Gradient 

Speed= 50,740 rpm 
Sucrose= 1.315 M 
Time= 72hr 
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Fig. 10. Densitometer tracing of an absorption photograph taken 
at density gradient sedimentation equilibrium of lamellar 
sub-units. · 
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Fig. 11. Plot of log relative sub-unit concentration versus band 
width of the lamellar sub-units at density gradient sedimen
tation equilibrium. The linear plot is indicative of a Gaus
sian distribution and highly suggestive of· density homogeneity 
in the preparation. 
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pressure and .. the degree of dehydration of the sub-tmits is unkncnm. 

HoiiJever, in spite of this possible error, the meastL.""ement is 

probably good to ~% accuracy~· 
- ' ~ 

TI1e value obtained here for the density of the sub-units is 

expected .for material o~ composition 50% lipid and 50/~ protein, 

assuming the density of a pure protein to be about 1.4 glee and·that 

of pure lipid to be about 0.8 glee. Bergeron (1959) measured the .. . 

density of a preparation of chra.natophores from Chromatium and 

obtained a vlue of 1.2486 glee. TI1e chromatophore he prepared 

contained 66% protein and therefore one would expect a slightly 

higher density o 

6• Electron mier~scopy 

The sub-units were. investigated by electron microscopy in 

collaboration vvith Dr. R. B. Park to determine the tnolecular size, 

shape a~d polydispersity. 

Procedure . ' 

I 
Single dtops ( 50ul) of a very dilute solution of a preparation 

of· sub-units were placed on 200 ·mesh copper grids with formvar fihas, 

the excess liquid drawn off \'l"lth an absorbant tissue and air dried. 

·One per cent. phosphotungstate pH .. '7\..;as then applied to the grids 

similarly. · Gric1s prepared in this way "rere then vievred by. means of 

an Akashi Tronscope. 

Results 
~ 

Fig. 12 is an exarnple • of a photograph taken at high magnifica-

tion. The particles appear spherical but of a large range of dlla'Tietcrs. 
0 0 

The range is from 300 A to 700 A, but there appear to be a majority 
0 

of particles v;ith a diameter of. about 500 A.. In some cases the 
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Fig. 12. Electron micrograph of spinach lamellae-sub-units 
negatively stained with i~o phosphotungstate. The white 
line is 0.1 u. 
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b i . . ncn . • d ............. ,~· t d mc1.tE.n·ial appears to e broken, g v1.gg a -snape J..l.-,~~~(1;::n , an , 

in general, the particles seem hollmv. 

7 • SlJ.mlllc'lrY 

Chloroplast lamellar fragments '\';ere treated v1ith gly-1\oH..:,cys-SH 

buffer pH 9 and a sub-unit 11as isolated by differential ultracentri-

fugation vihich is active in the Hill reactiop. The absorptiori 

spectru;n .l.s similar to that of tuJ.fragrrented larnellae but the red 

o.bsorption m3Ximum has shifted 1.5 mu. 

Tne sedirnentation coefficient of tr.te preparation vms found to 

be 86 Svedbergs 2nd analysis of the boundary showed the preparation 
I 

to be polydisperse. As determined in a sucrose density gradientj 
I 

' I 

the effec'Cive density of the sub-unit is 1.,175 g cc-lo The sub-units 

are largely spherical in shape and appear hollm·;~ The size r~ge is 
0 0 0 

from 300 A to 700 A~ the majority in the order of 500 A. 

8. Discussion · 

Fran the sedimentati~n coefficient, density and dia~eter·of 

the sub-unit it is possibleto compute the molecular Neight of the 

pa..vticles t:ming ·the expressions: 

/ 
and 

·where· 

~1 = (1-Vp) ~ 
Nfs · 

f = frictional coefficient, 

s · = sedir;18ntation coefficient, 

n = viscosity,. 

r = radius, 

p = solution density, 

v = partial specific volune, 

N "" Avogadro:.; number, 

and M = rnolecular weight .. 
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tJ • 86 · 10:..-13 - o ·as· -
1 '"' 300 A

0 

th 'h 1 SJ.n£: S = 1 X , V = • CC-1';; · Mu r = . . , en C e mo e-

8 6 , -1 C\tlar t-Jeip;ht of the sub-lL'1it is :ln the\order of 1 x 10 ... g-mo_e ~ 

Such a. U11it contains 2000 chlorophylls and 9 quantasomes e The partial 

specific volume, v, used here is estima.t.ed f1·om the reciprocal of 

the measured effective buoyantJ:1density and, therefore, the calculations 

based upon this are considered vrith. caution. 

On the basis of electron microscone measUL~ments, the qu~~tasane 

aggregates described by Park and :Pon (1961) C'l...re particles cont.:lintng 

up to about 8 quantasomes (Parl<, personal co:nmun.) e Hence, the sub-

unit prcparat:'Lon described here and. the quantasome a.zgregates described 

by Pe.rk a:1d Pon a...""'e in the sa--:w s:Lze ra.r.:I:e but the tv1o pr-eparations 

havc (]Uite diffe?ent hydrodynamic pro~erties.. Pon. (personal com11un.) 

shm~-ec tbat the quan'casc;:T:e ?...;:'?;;;re~~ates do not exhibit a discre-te 
the 

boundary ii1/analytidt3. ultracentrifuge, \'{here as the sub-unit described 

here does. A possible explanation of the fact that the t"L"lO prepa.ra-

tlons are hydrodynamically different is that they are of (luite different 

shape. This ~·iould affect the frict:tonal coefficient \1hiCh 't-;ould result 

in different sed:Lu.entation characteristics. 

T'nat the t'iJO prc-parntions are· different in shc..'l.pe has been confinned 

by obs~rvations in the electron microscopeo The quru1tasQu.e ad~egates 

&."'e elongated (Parkp personal co:rrnun") whereas 'che sub-units here are 

more sphericaL Such a difference in the shape of the ti'iO types of 

particles is likely to be dll.e to either the methods of preparation or 

the condition of the starting rrL~terialo It is possible that sonication 

at a certain f·lxed frequency leads to fra.g:nen.tation of the laT.ellae 

along linear arrays of quantasomes in the horizontal plane of the men~ 

bra.ne., These arrays could then b0 further fragmented until a critical 

size is a'cti=J.ined (wh:lch C01J].d well bt'! a .. f'uncttcn of the oscillator 

·. 

' • 
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f_'requencyo 

Pn additio~al factor that could influence the pattern.of 

fra@llentation of the 'la11ellae is the physlolor:?.ca.l condition of the 

pla'1t from· vrhich the chloroplasts are prepared. Park and. Biggins 

( 1964) observed varyinr; degrees of quantaso:·ne crystallinity in 
\ 

lamellae prepared from spinach gro'"m during summer and vJinter condi-

tions. The ex-tent of crystallinity could possibly be an important 

factor in the final size and shape of the lai1lellar fra.gnents e · ·· It 

i·rould appear that greater control over the condition of the plant 

material ~'rould be profitable in future ffi1alytical investigations. 

Tlx~ difference in pH or presence of .the sul::'hyd..ryl in the case 

of the sub-unit preparation could lead to excessive charge repulsion 

on the proteino r.t'his, to[r,ether ~·.rith the hydrophobic properties of 

the lipid on the other surface, could lead to a curling of the frag-

mented array in order to distribute the c~arGes and, ultL~ately, 

form a sphere 1'11th lipid ir1 the center and protejn on the outsidee 

This mechanism for membra,p..e frag}TI'~ntati.on described . above could 

also explain the fonnation of spherical chro;r.a.topbores by sonication 

of the bacterial photosynthetic membrane. BerFeron (1959) proposed 

a model for the sub~>tructure of a preparation of chromatophore fro.ll 
0 

Chroiit8.tiumo He obtaJ.ned 300 A diameter holloN parttcles by sonication 

and suggested that they viere spheres with an inner layer of lipid 

and a1'1 outer layer of protein. Hov;ever, such particles have not been 

observed in sections of "~>Thole cells and Cohen-Bazire suggeats that 

. chrom::ttophorcs nre fra2)1lents of an initiallv continuous membrane 

(Cohen-Bazire & Kunismm"' 1961; Cohen-Bazir.e, 1963). T'ne dimensions 

·of the preparation of lamellar sub-un:tts descr:lbed here are larger 

. th.:":l.n those of' Berg:cron' s chrw.atophore but similar to tho::;e of chro:nato-
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pho~ .... s isolat<::d by Scha.ch'Th:lll et al (1952). It is possible that · 

the final form of both particles in vttro is strictly a function 

of the mode of p;repcu.;ation. 

Use of the value obtained L'"l this study for the density of the 

lamellar sub-units, i.~ conjunction with the molecul?,..r size of a 

qu::mtasome as determined from electron microscope mec1.su.renH~nts of 

shadov;ed preparations of sonicated lam2llae, show that the molecular 

i'<eig;ht of the quantasooe is about t'tro mlllion (Park and Big;;ins, 1964) • 

This is tvlice the minirrnm molecular \·.,reit:;ht bE!..sed on the \;'eiL~ht of 

material a.sso::;iated ':lith one ato.11 of r~n .. ganese., Hence, a quantasome 

contains 225 rr:electlies of chlorophyll, 1 cytochrome f and 1 cyto-

clli'"'Ql';1e b6 (see Pnrt I, seco .o). The total composition is given in 

Table 4. 

Tnis chlorophyll content per quantasome is surprisingly close 

to that of the physiological photosynthetic unit as deterrn.ined by Kok 

and Businger (1956). IbtJever; only the isolation of a homogeneous 

active particle containing; 200 chlorophylls \liould represent unequivocal 
' . 

evidence th2.t the quantasome is the photosynthetic unit. A further 

restriction Nould be that such a p;"rticle is ind.i. visible 1...'1 tenns of 

photochemical activityo 

I 
I 

\ 

"' 
-

"' 



~ ! '' I ! ' ~ \ . '" 

45 

'l'able 4 

· Comp~sit~on of the Quantas6rr...e (Park -f;. Biggins, 1964) 
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Table 4 ( Cont • ) 

Protein 

9,380 N atoms protein 

10 non-heme iron 

2 cytochrome-iron 

6 copper 

Total 

· . Total ·lipid plus protein 

L, Holf 11 ~ ~ (1962); Debuch (1962) •. 

2. Lichtenthaler &.Calvin (1963). 

3e Park & Pon (1963)a 

4. Henninger~ £!. ~ (1963) .. 

5. \'Jintennans ( 1960) • 

6. ltiintermans ( 1962) • 

7 .. Benson,·~·~ (1959). 

8. Menke & Jacob (1942). 

928,000 

560 

112 

110 

218 

930,000 

1,920,000 
. "·-·· . 

' '·. :-- . ·. '. ~ 
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Part L Bo Studies on the Lamellar Protein Fraction .. 

Introduction 

rl'he la"'Tlellae fro;r. the chloroplasts of hfcf!;her plants have 

received considerable attention as far as composition and enzymic. 

activity is concerned. (see Granick, 1961, for review). The most 

recent 1:1ork on co:nposition by Park and Pen (1961) shov-Ts that the 

m~brane is 50% protein and 50% lipid. TI1is is in agreement with 

:r:;:.my other ;..rorkers although the lip:td content is slil!)ltly h:tgher. 

They n.ttribute this difference to the fact that the lamellae they 

. a11.alyzed 'tJere absolutely free of the soluble proteins. of the. stroma. 

~1e presence of the stroma protein leads to a~ exceptionally high 

protein content. 

Of the ti'!O fractions; the lipid fraction has been studied the 

most extensively due to the considerable interest in the photosyn-

thetic p~f.:~ents o 'I'his lipid fraction contains the chlorophylls, 

carotenoids, quinones ~ phof3t1hblif:ld:c1§, di- and mono-galactosyldi-

glycerides a~d sulpholipids· (Lichtenthr:,.ler and Park, 1963) .. 

The protein fraction contains the t1,1o photosynthetic cytochromes 

f and b6 and the transition metals iron (non-hem-3)' manganese and 

.copper. The protein fraction has rect~ived very little direct.:atten

tion, p~suna.bly owing to the extreme insolubility of the material at 

physiological pH and the lack of appropr:t .. 2.te enzymological tools to 

cope_ with the problem. 

. ' 

Davenport and lUll (1952) purified c.{tochrome f fran an amoniacal 
I . 

etr.ta'1olic extract ot" the fresh leaves of parBley by a.<nnonium sulfate 

fractionation and calcit.m phosphate gel adsorption., The pure protein. 

was shmm to be !·!f:l r.: 110,000 and containe:~d tv:o heroes. The heme-

•.•'D, 
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protein linka~~c vras found to be sim5.l~ to that of cytochro."ne £. and 

the r2dox potential v.ras est:irnated as 
,,,1 
0 

B 
= 0.365v. 

Indirect evidence concerning the properties of the protein frac-

tion comes from \·.rork pr.ima.rily designed to itwestigate the nature of. 

the chlorophyll-protein link in attempts to elucidate. the state of 

chlorophyll !:l v:t,io (Srni~~h, 1940, 19lll)., For this purpose a variety 

of detergents and org;anic solt:ents "I·JCre used to solubilize the membranes 

c..nd led to the for.na:t;ion of a nclea.r11 ::-;olution. It v;as decided th2t 

a si.i'IrUar use of detergents for th2 removal of lip:l.d from the lamellae 

and solubilization of the protein would be a fruitful approach to the 

study of the chloroplast prote:tn fraction, as tr:~:.';e method3 r·:.d also 

been shm:n to be of great v-alue in the study of the mitochondrion, 

where similar problems of.protein insolubility prevail (Green~ 196l)o 

This section describes the pre:::Hration r.l.-rld properties of the, 

prote::~.n fraction in &'1 at tempt to dE:rl vc infm'IT~c'ltio~1 pertinent to 

the molecular architecture 1:1f ehl<Yt\"lplast l2mellae ~· 

1. Preparzttion of the chl~roplast la:::ellar protein fraction 

Que.ntasor:l'.; ag2,-ree;ates were prepared in lan~e quantities by the 

continuous flm1 procedure, solubilized in 0.2% sodlum dodecyl sulfate 

pH 7.1 cmd allowed to st2 .. nd at 4°C fo:::· one hour i'l'ith gentle stirring. 

During this process, the men1brar1es dispersed and a clear "solution" 

was obtained. 

Lipid 'tlas most effectively rcmoved fro>n the detergent-dispersed 

solution by· the t.lo·~; addition of snfficie;1'c butanol at -5°C to give 

a. fJ:m~J. volume 28% &.:rea.ter than the o:l:'iginc:..l cleterc;cnt solution. 

After rapid stirTing for about 30 min:> the solution was centrifuged 

at 1000 g for 15 min and the upper orr.~anic l.s.yer removed by careful 

aspi:ra.t:lon. Complete removal of lipid 11:as achieved by one v~· more 
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repetitions of· this proceduree · Tne c:o..queous phase was then dialyzed 

exhaustiv~ly against 10-2 M-tris-Cl pH 8o0 to remove as much butanol 

and determent as possible. 

An additional method of extracting lipid from the detergent-treated 

quantasome a&~e~~tes was by -l0°C acetone precipitation. The protein 

v;as precipitated at 80-85% acetone and 1-vas sho~m to be lipid-free 

after several washes \'lith cold -l5°C acetone e After removal of the 

acetone by evacuation, it was possible to dissolve 75% of the protein 

· :in Oo02% soc;iium dodecyl su:t'fate 0.05 M-tris Cl pH 8.0 by extraction 

·. overnight~ During this pro~edure the washing and removal of acetone 

was cond:.tcted as rapidly as possible nnd at -10°C to minimize protein 

denatw.""ation. 

The protein t-fas concentrated by ammonium sulfate precipitation 

or lyophilization after dialysis against lo-4 
J'v1 tris-Cl pH 8. Tne 

protem fraction Nas, yellov;-bro·Nn in color and v;as stored at 4°C. 

2. Absopption spectrum and oxidation-reduct,ion difference spectra 

Procedure 

A Gary Model lL! Automatic Recording Spectrophotometer with a 

Scatter Transmission Attachment Nas used. Oxidatiom~and reduction 

difference spectra were obtained using the 0 to Oo2 optical density 

slide illire on the spectrophotometer. Difference spectra of the protein 

fraction in sodium dodecyl sulfate vvere compared v.'ith those of 80% 

acetone - extracted lamellae and an acetone pov-rder solubilized by a 

large quantity of sodium chelate. 

i) 80%. acetone extraction~ Qua"ltasome ag;,_q;regates (ie. 500 mg dry 

weight) 'l:fere prepar-ed and suspended in 40 ml lo-2 M tris-Cl pH 8. 

This suspensionwas poured into 160 ml -l0°C acetone,Md stirred 

vigorously. After about 5 min stirl"ing the suspension was rapidly 
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filtered by means of a medium glass sinter and BUchner attach~~nt . 
rJith th8 ·aid of a ~rater p,)mp. The brmm-yellm.J" resiclue i..ffi.s \'lashed 

tV'ith cold· acetone ( 80%) and never allm..-ed to d...ry (this avoided cracl{-

ing the pad of protein on the sinter funnel, prevented chann~lling 

and also made the final aqueous suspension considerably easier). 

After I'lashing i'.rith cold 80% acetone until the vm.shinr;s i-vere colorless, 

the pad was covered 1r1ith 5 ml ice-cold 10-l H-tris-Gl pH 8 and, as 
. . - . 

soon as the acetone was displaced from the pad (ca 1 ml), the filter 

\"laS disconnected from the PU.11P. The v;et residue vras then scraped 

from the filter ~~d suspended in 10 ml ice-cold 10-l ~-tris-Cl pH B. 

The suspension v;as then sonicated using a Brom;ell Biosonik Sonicator . ' 

(Blackstone Ultrasoniqs, Bromv-ell Scientific, Rochester, N. Y.); 

operated at full . poitJer for 5 min. Tbc sonicate vva.s then c.entrifuged 

to rem~ve particles large enough to settle and cause anomalies . 

during the spectrophotometric measu:rementse 

ii) Chelate solubilization.. Quantasome ap;grcgates were pt'epared 

(ie. 500rre dry weig;ht) and suspended in 10-2 M-tris-Cl pH 8.. Tne 

suspension i-.ras then poured into a volu11e of' -20°C acetone one hundred 

times greater than the volume of the suspension, yigorously stirred 

f'or 2 min and then filtered en a large BUchner funnel through \\hatman 

ffl~ filter papere The filtering was accelerated by the use of a '\llater 

pump and Nns conducted a~ rapidly as possible. The residue t.;ao washed 

with -20°C acetone and the filter paper plus residue placed in a larg;e 

desiccator and evacuated to !\:.."'mOVe acetone o 

The· dr-.t acetone pm-.rder was then suspended in lo-1 I\1 tris-Cl pH 8 

by means of a glass pestle ~~d hon1ogenizer ~~d 2·~1 cholic acid per mg 

pot¥der added$ The pH vJas carefully controlled and maintained at 8 

by the addition of base (Oel N NaOH). The suspension ''~'as stirred · 

·-· 
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gently overnight at about 4°0 and tben ultracentrif'uged at 105t000 g 

for 30 min in a Model L. Spi.l'lco preparative ultracentrifuge with a #40 

rotor to remove insoluble matter. i\l:)out 70% of the material was 

solubilized by this treatmento 

iii) Difference snectr•ophotometry. Cytochrome contents of the 

protein fraction and other la11ellar prepaFa.tions 111J'ere measured by 

difference spectrophotometry~ Identical samples Here introduced into 

both reference and sample bea-ns of the Cary r·~1odel 14 Autorr.atic Recordin::; 

Spectrophotaneter equipped with a Scatter Transmission Accessory am1 

full-scale expansiono A base line lvas run. of nuntreatednmaterial 

versus "untreated" and then the samples were either oxidized or reduced 

by the addition of very srnall quanti ties of solid potassium ferricyanide 

or sodium dithionite.. The spectral region of tl-~e ~ and. e bands of 

the ferrocytochromes vvas studied (ieo 500mu to 600mu). In later t'lork, 

the split canpartment cuvettes described by Yankeelov (1963) obtained 

from P.y,..,...,cr..ll ( 'C.·ro"'C·',, T·~"'n Co 1'1"' ... Yo-1'" r,T v ) ,,.,. ... e· U""C-'~ .:... J. v \,;.;. J. :t '"' ..a-J.. ~'l.(.l.J. o· e' 'w\,;...V'i ..L. .tt...' .~t • J..o 11W'-J. ' oJ uo Ferri-

cyanide a.."ld. ditllioni te both absorb in the far ultraviolet, but, the 

use. of these cuvettes pennitted accurate» ur1a11biguous !l'leasurernent of 

the Soret region of.tne cytochrome a~ the concentration of oxidant or 

reductant.in both analyzing·beoos. was.identicalo 

The underlying assu'llptions during the determination of. the cyto

chro:ne content of the lamellar protein fraction were that the autoxid:i.

zable cyto~hronle. b6 vms. present in aerated solution as the. ferri,cyto

chrome '· and tr1at cytochrome f was present as the ferrocytochrane 

(:Hill and Bonner., 1961) .. Owing to this difference. in oxidation states 

in air at pH 8, the m2asurement of the t~>vo cytochromes in ·th~ presence 

of each other was considerably sirnp lified. 
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.l\11 the samples· v1cre finally adjusted to 0.1 rli-tris-Cl pH 8 9 

a.'1d, when the split compartment cells \'Jere used~ ferricyanide and 

dithionite solutions \'/ere 10-5 H and in the sD<ile buffer. 

Results 

Fig •. 13 ·shows the· absorption spectrttil of tl:ie la11ellar protein 

fraction in 0.002% Tnere is a 

lar(;e ab~mrption band at 279mu and a shoulder at 290mu. The difference 

spect!"'rn, oxid:tzed minus reduced, in the visible rzgion shoi'!S the n~ 

. s and ~3oret absor-Ption ba>·1.d3 of the ferrocytochromes f and b6 • T'ne 

density of the absorption ba'1d in the ultraviolet is seven t:Lues 

. greater than that of the co:nbinecl Soret bands, L"'ldicatin,r, that the 

greater proportion of the protein is not hemoprot0in .. 

Fige 11~ is a difference spectrum, ox.-1.dized minus untreated 

la11ellar protein. This s..hows the absorption spectrum of .ferrocyto

chrome f. · The absorption ba.'1ds are a = 55L1, BJ) = 530, B = 524 and 

y = 421. T'Dis is 1n vcry good agree;11ent vlith the absorotion maxima . \ 

reported by Hill and Donner (1961). Hovrever, in this t'l'ork, the s band 

1 is split whereas Hill and Bonner only found the f3 · band at lo·~r tempor.:1.-

'ture~ The absorption maxima ratios a/13 and y/r:J. are also in good 

ag;reement and 1dth the data on highly purified ferrocytochrome f 

(Davenport and Hill, 1952). 

Pig., 15 is a difference spectrum of untreated lamellar protein 

. minus reduced protein and sh01'lS the absorption spectrum of ferrocyto-

cr~rr~ b6o The absorption maxi~a are a = 561, G = 530 and y = 43lo 

This result is in ae;reement with the values given by Hill and Domer 

(1961) for 80% acetone-extracted laznellae althou;;h it appears that in 

the iSolated lamellar protein the bands &.""'e shifted slightly to 

. : 
I 

·• 
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sl)orter \'lave lengths. T'ne ratio et/13 is very· similar. 

Fig a 16 shO\'lS difference spectra of the region of the a· and ll 

bands of an 80% acetone pm·Jder of pure chloroplast lamellae for 

comparison; and in an at~empt to repeat the d~ta of Hill and Bonner 

(1961). Tne agreement is good in both cases, shmring that the low 

detergent concentration does not further modify the spectrao 

Fig .. 17 shows difference spectra of the lipid-free lamellae 

solubilized in chelate (2 mg/mg protein). The absorption m:'1Xi111a of 

the ferrocytochromes do not appear to ·be shifted, but the density of 

the band of the ferrocytochrome b6 is lesso 

Table 5 summarizes the spectrophotometric data in.this studyfl 

together V"rith that of Hil~ and Bonner, Davenport ar1d Hill, Sironval 

and Engelert-Dujardin and Lundegardho 

The cytochrome content of the chloroplast lamellar protein vias 

detennined frau these spectrophotcnetric rneasurements and l<nowledge 

of th~ weig..-,t of protein in solutione Using the a band extinction 

coeffic~ents of 2.5 x 104 for cytochrome f and 2.0 x 104 for cyto-
. 6 

chrome b5~ then the cytochrome b6/f ratio is 0.92. lel x 10 g of the 

protein 'l'lOuld contain molar amounts of the tto~o cytochrornes, and, hencell 

there is one of each cytochrome per quantasome or ~ppro:dmately 230 

chlorophylls~ 

These values for. the cytochrome concentration are lovrer· than 

the ~oncentrations r;,easured by Da,renport and Hill for cytochrome f ln 

parsley and elder (1952)~ and Lundegftrdh (1962) for spinach• However» 

tho... a;;~eement vJ"ith Sironval and Engelert-Dujardin (1963) and Hill and 

Bof)l1er (1961) is fairly good. Sironval and Engelert-Dujaroin reported 

the b6/f ratio as 1 but Hill and Bonner did not state the extinction 

coefficients thGty usad in tha:S.r calculationso 
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Table 6 swrrrarizes the data in this study ru1d the literature 

·values for c0i11parison.. The variation in values is quite high and 

it is suggested that variation _in the physiological condition of 

the starting materials could contrlbute to such discrepancies. 

These results show that the larnellar protein fraction contains 

the two ph~tosynthetic cJ~ochromes f a1d b6 in approximately equal 

concentrations and about 9 ul'-'L. T'nis is the same concentration as 

deterrnined in intact lamellae suggesting that all the cytochra:ne is 

.recovered in the protein fraction when solubilized by detergent. 

The absorption maxima of the ferrocytochranes are very similar to 

those described previously for lamellae extracted 1.11ith acetone o It 

·appears that very low concentrations of Na-dodecy: sulfate and pro-.·. 

portionately high concentrations of·Na-cholate do not radically 

1:1odify the absorption spectra. 

The rrajority of the protein fraction is non-heme protein a.nd 

the physical properties described in the next secti?n suegest that 

it contr-lbutes to maintaining the structure of the membrane. 

,,·. 

•; 

,.. . 
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CHLOROPLAST LAMELLAR PROTEIN FRACTION 

w 
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WAVELENGTH, miJ 

MUB-4347 

Fig. 13 •. Absorption spectrum of the chloroplast lamellar protein 
fraction. The spectrum in the visible region is a difference 
spectrum, oxidized minus reduced. 
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CHLOROPLAST LAMELLAR PROTEIN 
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oxidized (ferricyanide) minus 
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Fig. 14. Chloroplast lamellar protein fraction. Oxidized (~erri
cyanicie) minus untreated. This shows the absorption spec
trum of cytochrome f. 
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CHLOROPLAST LAMELLAR PROTEIN 
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15. Chloroplast lamellar protein fraction. 
oxidized) minus reduced (dithionite ). This 
tion spectrum of cytochrome b 6• 

Untreated (ie. air 
show·s the absorp-
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SPINACH CHLOROPLAST LAMELLAE 
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Fig. 16. Difference spectra of an 80o/o. acetone ?owdC:1 of pu~e 
chloroplast lamellae. Powder suspended 1n 10 M tns -Cl 
pH 8.0. -
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Fig. 17. Difference spectra of li~id free chloroplast lamellae 
solubilized in cholate (2 mgjmg protein). 
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Table 5 

Spectral Data. of Chloroplast Cytochranes * 

- l Absorntion r-hxirns. Ratios 
I I ,. 

material Cytochrome (l 8 So ret .I a.f S ! Soret I Reference 

I 
I o(.. I ! i 

I ' I 561 431 I 4 lauellar protein b6 I 530 ! 4.4 I I. Tl1is work 
I 

f I 554 ,::s?o<c:;?4 421 ! 2~1 I 7.1 ·"" :..J ... ~..,c l ! 
' I ; 

80% I I l acetone ex- I 

13.9 I i tractcd lamellae b6·. 560 . 530 - - i IT II 

I 
I ' l i 

f 554 530,523 - !1..9 ! -
j '! ! 

Is 
i i 

cholate treated b6 56~ 532 -- I -
I· 

IT tl 

I f 551~ 531,523 -- i 2.2 I - " If 

I ! ' I 
' ! l 

I 

14 
I ., 

80% acetone ex- i 

I 
! 

' I 

tra(~tr:?E!l tJ.Bm2llae b6 563 534 429 I ·- !Hill and 
20°C I ! 

! ··!Bonner 
-190°C 

f 55 1~ .5 524 422 12 7 I {1961) 
b6 557 530 427 1 -

I 
- I 

' 
f 552,548 529,524. 420.8 I -· - I 

·~'~-r;:,":'..r.~;:;;:.l.? 
I ! 

I i 
' 80% acetone ex- I 

I 
I 

tracted larnellae b 560 530 - - - 1Sironval e, 6 Engelert-f 554 530 I 
I Du,jardin 

I (1963) 
.. 

'.< l. 

I i 

pure cytochrome f 554.5 524 421 2 7 Davenport f< 
from parsley Hill (1952) 
....... .., ... .,,. •• ..,. .• ".,.'""'''ol.' ! 

*In the .computation of these. ro.tios the absorptioz:~ minima bett'leen the 

a and B b~J.ds wa.s taJ.cen as a 11base line". t'~'iany spect.r=t reported in 

the literature were not absolute ana did not show a true base line. 

Hence, these values were computed for canparison only and do not · 

reflect the absolute absorption rnaxima densities. 

..... 
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Table 6 

Cytochro:ne content of chloroplasts -
this study and literature values 

molar ratio 
cytochrome chlorochyll Author ratip cytocl:.ro:nes 

b6/f f and b6 

,. 

- 380' (f only) Davenport and Hill 
(1952) 

-- 1+30 ( f only) 

1 200 to 300 Si:r:'Onval and Engelert-
Du,iardin (1963) 

-- 400 Lundegardh (1962) 

L3 - Hill and Bonner (1961) 

0.92 this work 

. . . . . 

*calculated on the basis of the composition of a qlliLntasome of 50% 

protein and containing 230 chlorophyll molecules (Park and m.@.6ins, 

1964). 

•· . 
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3., Sedimentation coefficient 

Procedure 

A Spinco Model E analytical ultracentrifuge \iaS used with an 

RTIC system. An AN-D rotor with thermistor ansembly and a standard 
\ 

single 1-t0 section cell with Al centerpiece ;:.rere used., Schlieren 

O!'Jtics and Kodak spectroscopic plates type 1-D vrere employed. 

The protein solution in 0. 02% sodium. dodecyl sulfate was exhaus

tively dialyzed a;:;ainst 10:
2 

tv! tris-Cl pH 8.0 fer 48 h<?ur.':> a'1d 

centrifuged at 110,000 g for 30 min ln a Spinco Model L ultracentri

fuge!'. t/40 rotor. The supernatant ,Jas then dialyzed to equilibrium 

against 500 ml 0. 002% sodiu.lTI dodecyl sulfate, 5 x 10-3 rvr tris-Cl pH 8 

a.•1d 0.1 H NaCl •. The dtalysatc t·:cs svbsesuently used f.")r dilution . · 

of the protein solution in order to produce'varyi~~ protein concen-

trations., Sedimentation velocity studies ...,;ere carried ·out at 59~480 rpm 

at 20°C as a function of 6 concentrations over a tenfold range of 

diht'ciono Plots of log dc/~1.x versus time vrere made· and the slope 

related to the sedimentation coeff5.cient as descr:tbed in Section IA4o 

. Pigo 18 shm·ro a schlieren photograph of the protein fraction 

during such. a sedi111entation velocity determination. The material 

appears as a sinf).e boundary and the color, due to the tvm cytochromes 

f and b6P is cle~ly associated-.Jv~ith this boundary o Furthenrtare, the 

color r-.... >ma:tned associated v.rith the boundary througtout the sed:lmentationo 

Fig. 19 shovm a plot. of ":he boundary position with time during a 

sedi;-r.~entation velocity determinationo The ·positions are measured from 

the schlieren photograph directly and as measured by scanning the 

photogr'aph ,.,ith a. densitometero. 'I'he points are virtually coincident 

showing that the heme prote:uns are of very similar s~dimentation 
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coefficient to that of the major. component in the boundary. Fige 20 

(i '1 I ::;~;. , ) shows the dependence of sedimentation coefficient of the 

lamellar protein on co!1centrations. At hir;h concentrations (3 mg/ml 

to 10 IT'yml) there appem's to be a linear dependence of sedimentation 

coefficient on concentration, iee., the higher the concentrationS> 

the lovmr .the sedimentation coefficient.. TI'1j.s behaviour· is typical 

of many proteins ru1d is largely due to the increase.in solution 

viscosity at higher concentrations 8.11~ centripetal flow of solvent. 

At lower concentration, the reverse behaviotu ..... is P.pparent. Scb·:ert 

( 1949) noted this type of anomaly for a-chyrnotrypsi.l'l and Sup'£,ested 

th:'l.t the system v.ras UJ1dergoing a rapid c.ssociation-dissociation equiU-

briun. It is likely that this interpretation could apply here in 

the lamella;c;<cp~:>otein system, for the bulle of the m:1terial is struc-

tural in nature ood, as evj_oenced by tts lnsolubility at physiological 

pH, the tendency for agr;regation is ve!"; hit::,h. 

By extrapolation of the linear portion of the data to infinite. 

dilution~ the sedim~ntation coefficient,:of the "dimer" here is 

4.5 x l0-13s. Extrapolation of the loNer concentration points to 

infinite dilution permits an estimate of the sed~nentation coefficient 
. 13 

of the 11monomeric" form as 2.3 x 10- s. Ovling to this anomalous 

behavJour of the protein fraction, both these extrapolations are 

f.lhzardous and the results are .cons:tde:r·ed vdth caution. 
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Fig. 18. Schlieren photograph of the chloroplast lamellar protein 
fraction during a sedimentation velocity determination. The 
color due to the cytochromes is clearly associated with the 
boundary. P~2tein 7 mg/ml in 0. 1 M-NaCl, 0.002% Na-dodecyl 
sulfate, 5 X10 M tris pH 8. Rotor speed 59, 780 rpm, 4• C. 
Phase plate 60°. Photograph taken 12 min after reaching speed. 
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SED I MENTATION VELOCITY OF CHLOROPLAST LAMELLAR PROTEIN_ 

0.820 

o- Schlieren 

0- absorption 
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log x 
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0.805 ~--~---~,4=------2=-':2::-------::3=-L:0::-------::3:"':8:------' 

TIME 1 min. 

MU 8-4588 

Fig. 19. Boundary position of the chloroplast lamellar pro
tein fraction during a sedimentation velocity experimento 
The 50o/o concentration points were obtained from the 
schlieren photograph directly ( -o-) and by scanning 
with a densitometer ( -•- ). 
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Fig. 20. Dependence of sedimentation coefficient on concentration 
of the lamellar protein fraction. All experiments conducted 
in 0.1 M-NaCl, 0 0 002o/o Na-dodecyl sulfate and 5X10-
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4o Diffusion coefficient 

Procedure 

The apparent diffusioh coefficient of the protein fraction·was 

determined in the analytical ultracentrifuge in a layering experiment 

by a procedure according to Er~enberg (1957). 

The. protein w-as dialyzed to equilibriu:n against 0 .l !"! NaCl 9 

o.002% sodium dodecyl sulfate and io-2 M tris-Cl pH 8.o. A capillary-

type, double sector, synthetic boundm"'f cell (Spin co No• 306075, 

filled-Epon) \llas used vlith a1·1 AN-D rotoro After careful layering of· 

the buffer at low speed~ the centrifu.z;e vms adjusted to 10,580 rpn 

to stabilize the boundaryo The boundary then spread due to diffunion. 

and the experiment •vas concluded after one hour.. Photo::~ra.phs \'/ere 

taken duri:;~~. tiJ,:_) exper).tnent by means of the schlieren optical system 

and Kodak spectroscopic plates type 1-Dl Flg.s. 21 and 22 .show 

' photographs of the boundary shortly ·after layering and after 48 min 

diffusion. 

Tne data were evaluated b:v the "maximum ordinate" method, where 

the relation 

•r.3.s used. Here diis the distance along the baseline (rotational 

radius) bet"viecm the points on the gradient curve having 

·'··. ':. 

• k is the rna,c;nification factor and t, time. The diffusion coefficient~ 

D11 was obtained fro.11 the slp?e of a plot of d2 versus t as sh<rwn in 

Figo · 23e The diffusion coefficient of the protein fr0.~tion is 
. 7 . -1 

9ol x 10- em sec • It •,,:a.snalso noted that during the experi.11ent 

the area under the gradient curve remained constant~> indicating that 
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Fig. 21. Synthetic boundary of chloroplast lamellar protein 
fraction during a determination of the diffusion coefficient 
in the analytical ultracentrifuge. The buffer, 0. 1 M-NaCl, 
0.002% Na-dodecyl sulfate, 0.05 M-tris - Cl pH 8. was 
layered over the protein solution (6 mg/ml) at low speed. 
The rotor speed was then increased to 10,580 rpm and main
tained to stabilize the boundary. Photograph taken 30 min 
after layering, phase plate 70°. 
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Fig. 22. As in Fig. 21 but 48 min after formation of the synthetic 
boundary. 
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2.0 CHLOROPLAST LAMELLAR PROTEIN 
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Fig. 23. Spreading of a synthetic boundary of the chloroplast 
lamellar pro~ein fraction at low speed in the analytical 
ultracentrifuge. Conditions as described in the text and 

. Fig. 21.. 
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no large aggregates forrned and sedimented from the synthetic 

bounc1::1.ry ~ 

. 5. SuJTWc1.ry of data on the protein fractj_on 

Treatmr~nt of purified chloroplast lamellae \liith dodecylsulfate 

a.11d butanol effectively strips the protein free of lipid~ The lipid-

free protein fraction 'l·ms studied by npectrophotametry and analytical 

ultracentrifu_sation. 

'The protein fraction was found to consist of a large quantity 

of heme-free protein and the tv;o photosynthetic cytocl"L'!"Qmes f and b • 

The absorption maxima of the a and B bands of the furrocytochromes 

do not appear to be modifled by lo~r condehtrations of detergent o 

In the analytical ultracentrifuge, the protein fraction behaved 

as a. singlf.· co1n~1ommt exhib5.ting an associat:l.on-dissociation equj_li-

bri6m:r, ~he n::e2"''! secUrnentat:lon coefficient at infinite dilution 1.1as 

found to be 2.3 S a.nd the diffusion coefficient 9ol x 10-7 em sec 

Hence, th0 average molecular weie;ht of the proteins is about 22~000 g

mole -l.. J.nis va.lue can onl:v be com;ide:r'<?ci approximate, owing to the 

hazardous extrapolation of the sedimentation velocity data' and that 

a partial specific volume of the proteins is assuuedo Ass~uL~ the . 
0 

:oroteins to be spherical$ the radius of the proteins is about 20 Ac 

It is suggested tll.at these comprise a fundamental repeating structural 

unit in the lamellae. 

D:lscussion · · 

From the measured physica.l constants of the chloroplast larnellar 

prutei..YJ. fraction it j_s por,sible to compute the averoge molecular V".reic;ht.. 

Ins~rtion of the sedimentation coefficient, s = 2.3 x lo-13sec, diffu-
. -7 2 -1 - . 

sion coefficient, D = 9.1 x 10 em sec 9 and v = 0.722 (assu-ned) 
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into the Svedberg equation, M = ~ • 
D 

weight ::: 22,000 g mole -l. 
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~ g1 ves the molecular 
1-vp 

The behaviour of the protein fraction in the a~alytical_ultra-

centrifuge is typical of a system exhibit:i:gg,san association-dissociation 

. equilibrium a>"'ld the tendency for a.&"<;!'egation is very higho Tnis is 

expected for a protein fraction derived from a cell membrane, where 

structural integrity is rrundatory for biochemical activity. The 

insolubi::..ity of the protein fraction at physiological pH and the 

process of solubilization by detergent leads one to conclude that 

the protein species are not covalently bound. The proteins. are hydro

phobic iri natttr:~ and the membrane structurt; is possibly maintained · 

through the repulsion of "rater rathe:r th3.n by other attractive forces 

or covalent bondso 

The properties and molecular dimensions>of this chloroplast 

lmnellar protein fraction bear a striking simi_larity to the structual 

protein of m1 tochondria described by Criddle et aL ( 1962) • Hm·rever, 

they found that the sedtmentation coefficient of the structural protein 

' is not dependent upon concentration~ in contrast to the result·rotind 

in this study. A possible explanation of this discrepan9y is that the 

two studies \~re conducted in different concentrations of detergent. 

Criddle, et al. used 0~2% Na=-dodecyl sulfate, >'7hereas the sedi:nentation 

velocity determinations described in this stUdy were conducted in 

0.002% Na-dodecylsulfate.; It is likely that the higher ccn1centration 

of detergent used by Criddl~ ~ al sufficiently eliminated interaction 

of the protein~ even at hiP,")l protein concentrations;; . Low detergent · 

concentrations 111ere used in this study i..'1 order to avoid possible 

a~biguities aris~1 from operating above critical micellar concentrations. 
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From the sed:tmentation velocity stucltes it can be concluded 

that all the molecular species in the lamellar protein fraction have 

a sti1ilar sedimentation coefficient, as only one boundary was detected. 

Assuming that other hydrodynD.miC para.mete:;."';:; are also similar, then 

the proteins are of approx:L11ately the sam~ rnolecular \'reight, Le., 

about 22,000o 

If the mol:;cular v1e;J;ght of a quantasome is two million and is 

c:amposed of 50% protein; then there are about lW of the lamellar. 

proteins per quantaso:ne, two of them being the t\'lO photosynthetic 

cytochromes f and b0• The radius of a sphere of molecular d:L."Tlensions 
0 

· sL'ililar to those of the la'"fi,ellar protein f: .. action is about 20 A. 

Hence:) the total volume of protein in a quanta.so:ne is ap1::>ro1::imately 

6 °3 . 6 °3 
1.34 x 10 A •. 'fne quantasome volume is in the order of 2.4 x 10 A o 

~ere have been other reports of pre;')?-rations of proteins . from. 

the lamellae of chloroplasts. Criddle and Park (1964) prepared a 

proteL'1 from· an acetone po,.;der. of ll:amellac by solu~ilization t'Vith 

large quantities of c1;olate a'1d deoxycholate follovred by salt fractiona-

tion., The protein is heme-free 11 ·the sedimentation coefficient is 2.2 S 

and the ~nlecular weight 23,000 in good agreement'~rlth t~e results 

reported here.. 'Ii'1e binding properties of the protein were studied and 

it i'las found that the protein forms complexes 1·dth ATP, phospholipid, 

chlorophyll and myor~lobin. By aJ'J.alog",y to the protein isolated from 

mitochondria (Criddle et ~ 1962) it "ttJas termed "structuraJ. protein". 

Heber (1963) solubilized chloroplast lan~llae in fonnic acid 

and extracted the lipid with ether. After fractionation, he isolated 

a protein with a sedimentattion· coefficient of 6 s. A Gimilar protein 
. . . . 

Has isolated fran lamellae by Thornber, et al. (1964) by treatment 

with 70% acetic acid followed by dialysis against 3% acetic acid. 

··:, 



The soluble fraction after dialysis contained 20% lipid and v:as sho,.m 

to r.ave a scdi..'11entation coefficient of 6 S and to consist of six 

ccmponents ·on electrophoresis on polyacryla11ide. gel. Neither relative 

concentrations of the six components nor detailed behavior of the 
/ 

protein in the ultmcentrifU(?;e \vere given. 

Pertinent information concerning lamellar sub-structure comes 

from observations on the effect of detergents on the chloroplasts 

and the formation of pJfJTient~:protein complexes., Treatment of chloro

. plast la:nellae Nith digitonin or bile salts (2 ·to 3%). leads to the 

for:::ation of a part:lcle with a sedimentation coefficient of 13.8 
' 

Svcdgergs a.'1d a molecular \;,reight of about 265,000 (Smith and Pickles, 

1941). Itoh, et al. (1964) shov~Ted that treatment of grana w-dth -- . 

3 x 10-3 M dodecylbenzene sulfonate forrred a p~;ment-protein with a 

. sedimentation coefficient of 2.9 s, and. higher concentrations led 

to the forrr.ation Qf 1.2 S component., This effect is very similar to 

that induced by dodecyl sulfate vThere a 2. 5 S component is· formed 
I . 

~>'itt. OG25% detergent ,1; a11d higher concentrations yield a 1.69 S 

component (Smith end Piclr..les, 19iU) o Furthen:1ore, ~n both cases the 

pigrrent remains bouJ1d to the protein in the presence of these anionic 

detergentsp VJhereas bile salts a..'1d digitonjn extract the pigjJients 

(.Smith~ 1941). 

Tnus 1,·· it appears from this stun:;· of the properties of the 

protein fraction of chloroplast lamellae, other reports in the liter

ature and the effect of detergents on la..~ellae,that the principal 

. ·protein in the me:nb:::'ane 1..'1 the chloroplast is in the order of 22 ;000 
0 

molecular vteight and 40 A in di?.metero T'nat this is a i'ULJ.darnental 

repeating sub-unit is also sur,sested by the vmrk of Nenke (1963L 

He studied the lo':r U!1;;le X-ray scattering of chloroplast l;:;.rnellae 
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. 0 0 
and found a 36 A to ltO A periodicity in the plane of. the lamellae~ 

It also appears that various complexes of the la.mllar protein 

can be isolated. Unfortunately, there are no ahalytical data on 

the 13.8 S complexGs formed by treatnent of the lamellae lJdth 

digitonin or bile salts, but. they represent one-fourth of the 

quantasome protein •. Park and Biggins (1964) showed electron 

micrographs of :::;hadowed lamellar sonicntes which clearly indicated 

that the quantasome could comprise of four sub-un:!.ts. ·· It is possible 

that these may represent specific complexes of the cytochromes and 

the, as yet unknown, enzymic r:pparatus responsible for oxygen evolu-

tion • 
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I. c. G-eneral ccrrments on the structure of chloronlast la."nellae 

Ir;.vestigations by a large nunber of workers du... .... ing th;: last 

decade have demonstrated the importance of membranes L"'1 energy trans-

foramtions ivithin the living cell. One notable feature of cell 

membranes that has em2rged fro;n these lnvestigations is the inextri-

cable association bet,.;een membrane structure and enzymic fu."1ction to 

the extent that the loss of one invariably results in the loss of the 

other. This is true of ;nitochon:lrial cristae and chloroplast la'llellae. 

Both are structural mosaics of protein and lipid and their electron 

tr21sfer mechanisr;1s are facilitated by the participation of several 

Ul'li:.;_:;.e electron carriers operating ~n a sequential fashion.; It is 

presumed that th2 geometric relationships of these intermediates are 

critics~ in the mechanism and are determined by the structure of the 

membrcine itself. 

Chloroplac;t l:.:1:n(::llae and mitochondrial cristae are very similar 

in ca11position and functiono. Both contain cytochromes ».structural 

prctain, quinones, non-heme iron, copper and phospholipid (Green, 1961; 

Pa.rk and Pon.o '196~)., Both have electron transport steps coupled to 

the transport of electrons bet\,~een oxyg·2n and NJ\D or NADP., Hmvever .s> 

mitochondrial cristae catalyze a series. of exergonic reactions v1hereas 

chloroplast lamellae.· catalyze the reverse process by means of energy 

derived fran t:be quantum converston process., 

The apparatus responsible for the absorption of qwmtaj) their-. . 

migration to a reaction center and conversion to chemical potential, 

is a further conpJ.:lcation of chloro;::>last lamellar Gtru.cture. Apart 

from the intimate geometric configuration de~anded by the electron 

... 
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tr:u."lsport system in the photosynthetic unlt > one important requisite 

possibly facilitated by structure is the spatial separation of 

oxid.:ized and reduced sites :tn the primc,.r;y qu.:mtu11 conversion act (Calvin, 

1959). Such a spatial separation 1'IO.lld r0:2.ke :t..'rrnediate back reactions 

unlikelye 

Goedheer (1955) and Sauer and Calvin (1962) showed that the 

majority of the chlorophyll in cr.J.oroplast larr:ellae is unoriented, but 

C;;lvin (1959) has sut-.;gested that the porphyrjns co1.1.ld he tilted on 

three a..\:es by a'1n.logy to the c~;stal structure of nickel phthalocya-

nine~ Such an ore:am.zation i'Joulc1 accou.nt for the lo1~ dichroism 

obszrved by Go~dheero S~uer e~d Cnlvin (1~62), in a more detailed 

study of the electric dicl"LT'Oism Md electric bir-efringenr.(': cf quanta

scmes!! dc-t~;aonstrated a dichroism anomaly at 695mu. They interpreted 

the dichroism as resulting fran a sm£1ll ~::v~tion of chlorophyll ~ 

i!ill.ich is oraented at a particular sit(~ in the quantasome. They 

su&r;estecl the possibility of. its equivalence with the long v-rave frac

ion (5%) of chlorophyll a absorbing in the same spectral region (Brov.rn 
' ·. .: - . ; ' . 

and French~ 1959) o . Sauer and 9alvin proposed a mechanisrn 1trhereby such 

an oriented fraction of chlorophyll a participates in the collection 
. . ' . ; .. -· ' · .. 

. and trapping of quanta absorbed by pi,gments in the photosynthetic unit 
·.J . 

a.'1d conversion to chemical potenttal. . A.bnorbed quanta migrate by 

.resonance trar'lsfcr to. the quantum conversion site, the. quantatropel' 

which contains the orj.ented chlorophyll~ 8J1 orienteQ. cytochrome and 

an acceptor molecule~~ The excited state transfc:r0 an electron to 

the acceptor molecule a.t1d the hole ~IThich remf.l.:L.'1s on the chlorophyll 

then mie;;ra.tes through a conduction band of the or5:ented pLz;.1ents until 

it ·reaches a molecule adjacent to the oriented cytochrome e Here the 

C;irtochl"'vme transfers Cl..''l. electron to the chlorophyll and is converted 

... ,,l'fi 

,, 
t 
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to its ox.:i.dized· form. T'ney support their model by pcinti.'1g out 

tho.t Guch events co:1ld occur at ve'!"'J low ter.1pcrtures ( -150°C) 

s:i.nce the ni.gr().tion of chemical species is not involved and the re-

ver~'3tU of th= pr-ocess is rendcrc~d improbable b,y the spatial separation 

of the acceptor molecule and the cytoch:;-omee ATter such_,a-charge 

,:,eparation, subsec;.uent electron transfer reactions are chemical and 

hav·c a temperature· coefficient e :\s yet there is no evidence for the 

existence of an orie:1t.e·1 cy'coch:r:Dme or acceptor molecule. Ho..,.;ever !OJ 

it does a;,rypear possible that P700 (Kolc and Hoch, 196l)is the oriented 

chlcrophyll §... adjacent to the cytocr..ro11e J) and cytochrome f oxidation 

in leav-es has nmT been demonstra.ted at very lm; temperatures (Chance 

and Bonner~ 1963). 

T'ne qua11tasome J) as dsscribed by Park (1962), is a fundamental 

morphologic2.1 repeat in,;.:: u11it of chloroplast lamellae. Evic"lcnce that 

it may also be a ur'J.'c of photos:mthetic flJJlction as originally sut;:;gested 

by Park (1962), has been recently revieNen by Park and Big:;ins (1964). 

7'nc po::;sibility appears att~active on the basis of the quantasome 

size ar.d the conc0ntration of photosynthetic rigments and electron 

transport intermediates. . For instance, the quantasome of molecular 

v're:Lght, 2 x 106 g-mole-1, contains 230 chlorophylls, one P 
700 

and one 

cytochrc~ne f D 'I'hese are the concentrations of constituentr:. in the 

photosynthetic unit determ:ined by k~.netic experiments (Kok and 

Businger~ 1956)1) ozidation-reduction titration (Kok and Hoch, 196l) 

. a11d difference spectrophotometry (see I, B.2) • T..'1at each quantasome 

is. a photos,ynti:.etic unit can only be unequj_vocally settled by the 
. . 

isolation of a tnonodisperse p!""'cparation of qua.'l.tasores i.fnlch is active· 

L~ quantum conversion and electron transport and is physiologically 

. further indivisible. As yet, ar;greg,2.tes of Up to eight' qu.;;.;ntasanes 
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have been sho'fm to be active in quantum conversion~ Consideration 

of the size distribution a~ outlined in I. A. 4 and activity of the 

lamellar fragments· (see II. C for results and discussion), sUggests 

the possibility that the smallest fra,r,gnents of lamellae consisting 

of two or three quantasome are active, unless the large aggregates 

1n the preparat1x)ns:;d:itsplay an unusually high specific activity. 

From the iilvestigations of Park and Pon (1961) and this study 
. . 

(see also Part II ~~d Sauer and Bi&~ins 8 1964) on the photochemical 

activity of quantasome ae-negates~ it appears that the critical 

structural requirement necessary in photosynthetic electron transport 

processes is the geo11'~tric arrangement of the constituents within the 

photosynthetic unit rather than the distribution of photosynthetic 

units 1n chloroplast lmnellae.. Thus the localization of canponents 

"\llithin the quantasome is important in our understanding of the photo-

syntheti( mechanism. 

From an investigation of' lipid-extracted chloroplast lamellae b:>' 

electron microscopy I> Park and Pon. (1963) shovred that there is a cons:ic1er

able a.;nount of residual structure suggesti.11g that the protein· exists 

in ma.cro-units embedded in a lipid m::1trix.. As the unextracted laraellae 

appear fairly smooth by comparison (except L'J.rTec;ions of membrane 

breakage) this -vmuld indicate that a considerable portion of la.'11ellar 

lip5.d it? located on the outer s\Jrface of the membrane. Recent 1nvesti

gatio.'1s (Park; 196l~) shO'.'l that the pigatent complement is also associated 

\'lith this lipid, as a sim~lar residual structure is also apparent 

after corfl;,'Jlete extraction of the lamellar pigments~ That the pi~ents 

are completely extracted was sho~m by spectr-ophotometry of electron 

microscope grids prior to observation. 

Sastry and Kates ( 1964 a) provide ind:'f.rect evidence supporting 
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the notion that a portion of the lamellar lipid is localized on . 

the outer surface of the membranes. In an investigation of the nature 

of bean leaf lipids; they .folli1d that m~no- and di-galactosyl lipids 

are absent in \·mter homogenates and chloroplast preparations although 

they are present in high concentrations in ivhole leaves. They sug-

gested and found (1964 b) that the leaves contain galactolipid-

hyd.rolyzi.'1g enzymes r.hlch act as soon as the plant cells are broken .. 

Tney show~d that the galactolipases are localized in the cell sap 

. and chloroplasts and suggested that the reported losses of lipids 

during chloroplast isolation (Mego and Jagendorf~ 1961) may ha~~ · 

been caused by these enzyn-es.. Tnese observations indicate that the 

chloroplast-lamellar galactolipida ('dinterrn:ms; 1962) are at locations 
' . . 

on the membrane vvb.ich are quite accessible to galactolipase· hydrolysis. 

Therefore, for reasons of simplicity it is suggested that· they are 

at~ or very near to~ the_ lamellar surface. If so~ it is possible 

that they a.~ oriented t'lith their sugar residues to the outer; hydro- · 

phil:i.c stroma. 

From a consideration of these experirrental observations we can 

tentatively reason that a considerable proportion of lipid including 

the photosynthetic pg,(ij""T'ents, is localized on the outer surface of the 

membranec 
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Part IL Photoche:ru::;try of the 1arnellae 

A. Historical survey of electron transport 

The evolution of' minute traces of oxygen by expressed juices of 

plant r!V"J.terial was. demonstrated in the late nineteenth century (Engle-
' ,. 

mann~ 1881; Ewart, 1896; Beijerinck, 1901, and t11olisch; 1901-!). However, 

Hill (1939) first examined the precess quantitatively and he found that 

freshly isolated chloroplasts ~iould evolve oxygen for an extended period 

of time v;hen illuminated in the presenc~ of q.n electron acceptor such as 

ferric ion~.\ The reaction \'Jas subsequently called the "Hill reaction"!) 

and a variety of other artificial oxidants ;.;ere found to be effective 

such as p-benzoquinone, ferricyanide and indophenol dyes~ Finally, a 

physiological oxidant~ NADP, was found to be effective but.only when an 

appropriate enzyme!) photosynthetic pyridine nucleotide reductase (San 

Pietro and Lang~ 1958) or the chloroplast.stroma (1\rnoz:>~§d_., 1957) 

i'Tas added baclc t6 the photosynthetic membrane. 

Arnon,~&~ (1957, 1959) demonstrated the coupling of phosphory

lation to the reduction of a Hill oxidant such as ferricyanide and to 

NADP in v1hat they termed non-cyclic photophosphorylation. In addition, 

they also demonstrated the occurrence of another type ,of photophosphory

lation which proceeds iri the absence of any gas exchange, but only in 

the presence of an added cofactor such as pgs or vitarn.tn K, i.e., cyclic. 

photophosphorylation. It thus became apparent that chloroplast laTflellae 

are able to reduce NADP, form· 1\TP j) ancl evolve oxygen in what is nm-r 

generally referred to as photosynthetic electron transport. In photo

synthetic electron transport~ electrons· from >'later are 'raised to a 

sufficiently negative redox potential (it1 = -0.37 volts) to reduce NADP. 
0 

This endergonic process is driven by light absorbed by the pigment system. 

of a photosynthetic unit. 
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The two·cytochromes f.and b6 are found exclusively in photosyn

thetic tissues (Hill, l954; Hill and Bonner, 1961) ~'·The possible 

participation of these components in photosynthetic electron transport~· 

by analogy \"tith respiratory electron transport; led Hill and Bendall 

(1960a) to propose a working hypothesis for photosynthetic electron 

transport driven by at least two separate liv1t reactions. They 

suggested that the tv;o light reactions probably act in series and are 

separated by an exergonic. dark reaction that could possibly include 

a phosphorylation step. A variety of experimental devices provides 

evidence in support Of their model, from a study Of quantum yields PJld 

action spectra .!n ~ (Emerson and Lewis ll 1943; ErnersonJ ~ &•, 1957) 

action spectra~ vitro (Govlndjee;~~., 1963) differential absorp-

. tion spectroscopy (Duysens1 ~~., 1961) and biochemical investigations 

with isolated chloroplasts (Vernon and Zaug.g, 1960; LosadaJ!:! ~·, 1961) • · 

Emerson and Lewis (1943) studied the quantum yield of photosyn-

thesis as a function of the wavelength of actinic 111u~nat1on and 

found that there 1r1as a pronounced decrease at ''Javelengths longer than 
. . 

670 ffilJ but still within the absorption bands· of the photosynthetic 

pfg1nents (first Emerson effect.& or "red drop")'.· Subsequent investiga

tions (ErnersonJ ~ g. ,' 1957) shoL>;ed that the lot-v quantum yields ·in ·the 

long wavelength region could be, considerably e~~anced by the addition 

of supplementary light of shorter vJavelene;th (second· Emerson effect, 
j 

II l t 11 ) .or en1ancemen o 1nese results indicated the participation of more 

· than one pigment system iri the light reactions of photosynthesis. 

· · oUysens) £.t.&• ( 1961) demonstrated the· reversible photo-oxidation 
. . 

of. a c-type cytocrwome in Poroh,vr:tdiu.'l'l cruenturn by differential absorp-

tion spectroscopy. 'l'he action spectrum for the oxidation· shmved tNO 

·····-;..··.· 
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maxima....;one at 680 ITIIJ (System I) and one at 560 ffilJ (System II)~ Since 

the kinetics of the oxidation in monochromatic 'bearns of 560 m1.1 and ~6.80 mu . 

light .v1ere- found to be markedly .differentb the action spectrum indicated 

and 1tJaS interpreted as the result of the . interaction of. at least two . 
. ' 

pigment systems. . The inter~ction of the two systems -v1as investigated 

by an experiment in which two actinic bea~ or diffe~dnt wavele~gths 
1r1e.r-e used. IJight · at 680 rn~J was found to .oxidize the cytochrome, whereas 

additional 560 ~·illumination reduced the cytochrome. They also found 

. that inhibito~s of o
2 
~volution inhibited the cytochrome reduction, 

·, ' 

indicating tl1at System II 1~ a~sociated With the photcoxidat16n"ofr~ 

11'.rater. 

Vernon and Zaugg ( 1960) showed that ?hloroplasts, \·,.hose ability to 

photooxidi~er::· .\vater is impaired by ageingt or inhibited by the ·addition 
. . :' ' . ' 

of DCl'•lU,. are able to photoreduce NADP if supplied with ascorbate and a .. 

catalytic _amouht of DPIP. Jagendorf .and rlfargulies ( 1960) showed that · 

PJVJS could also couple ascorbate to the photoreduction of NADP in a DCl'·IJU- · 

inhibited system. Losada; ~ ~· ( 1961) sho~ed that during the course 

of NADP reduction by D~r-1U-poison~d chloropla..~ts in the presence of 

DPIP/ascorbate.~ photophosphOI"Jlation also proceeded v1ith an overall 

stoichiomet~J similar to that of noncyclic photophosphorylation. They 
' ''\ . ' 

also sho~<led that the addition of catalytic amounts of DPIP to a system 

reducing ferricyanide in the Hill reaction resulted in no photophos-
. . ' ,! • .. . 

. ·. . ' . 

phorylation-only the photooxldation:;off'vre.ter~.. Losada, 2i &• int~r-
• ' • 'I ' ' 

preted their· findings in terms of the Hill. and Bendall mode 1 and pro-
. . 

posed that the indophenol dye,. in the .oxJ.dized and reduced . .forin, reacts 

with an intermediate :lfl the electron transport chain. If ·the photo-
' .~ 

oxidation of \~ater is inhibited by DCHUt then reduced DPIP acts as 

'1J 

•: .· 
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electron· donor for System I; the reduction of NADP. If the DPIP is 

· maintained in the oxidized formll by the ad.di tion of substrate· amounts 

· of ferricyanide, only System II, 0
2 

evolution, is. op~rative and the 

electron transport is truncated prior to the phosphorylation step 

(ioe., DPIP is electron acceptor). That the t'I'JO lig..,t reactions had 
. .· .. ' -

been biochemically Sf=parated \·;as supported by subsequent _vtork of 
' 

the same type· (Arnon-, ~ ~·, 1961) , · ~;rhere :nonochromatic illwn:ination 

wa.s used to activate the reactions. _System II, the photooxidation 

of water, v1as sbO\·m to proceed most efficiently at· 644 mu·, i·Jhereas 

System I, the photoreduction. of UADP and coupled phosphorylation_.· 

occurred v.rith maximum efficicnc~ at about 670 mu ~ indicating that. 

the tHo systems are sen::Jitlzed by different reaction ·centers. 

The second Emerson effect (enhancement) ~·W.s shot·m to occur for . 

NADP reductionby isolated chloroplasts (Govindjee, et al. 1962, 1963), 
< ... ' ---- • 

vdth water as electron donor·b implying the. participation of more than 

one photo-event in overall photosynthetic electron transport. 

_The model .for the hvo light reactions in higher plant photosynthe

tic electron transport also encompasses bacterial electron transport. 

Fi-enke~ (1954) showed that bacterial chromatophores can produce ATP 

when illuJ:ninated, and· the type of photophosphorylation is similar to 

the higher plant cyclic photophosphorylation.. It was .later shown. 
' . ' 

(N'ozaki,; .!:1 £1•, 1961) that bacterial chromatophores are. also capable 

or·. non~cyclic photopl1osphory1ation Nith .NAD as. electron acceptor if 

a hydrogen donor such as succinate is added. Tne cur~nt unifying 

concept therefore is that the :bacteriai electron transport is analo-
- . . . 

gous to the higher plant photos~sten1I v.rith coupied phosphorylation. 
. . 

The photooxidation of water 11 the higher plant photosystem II, is absent 
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iri bacterla, and t.he addition of an external el~ctron hydrogen donor 

other than \mter is necessary for non_.cyclic transtort. · These con-

cepts can be suwmc:wized by means ·or the following dia.e,ram:· 

NJI.J)P 
11\-~---. 

photo-. 
system 

I 

cyclic 
nrocesses . ' 

\ 

\ H 

r:rrs 
.··/ 

phosphorylation_ 

/ 
~ 

higher plrmts 

/ 

photo
system· 
' II 

. ': 

NAD -·--
~, 

cyclic 
.. ~.-- nrocesses 

r • ' ' 

\ 

\ H 
\donors 

-~ t y 
_'/ 

Ph<:?sphorylation 
/ 

/ 
/ 

photosynthetic bacteria 

The exact nature of the pigments and reaction centers involved 
.. ' ·. 

in the primary photochemical events in Systems I and II is still un

knovm•. · Kok found a pigment rlit!i absorption maxima. flt ?qo m1.1 and '.·· 

430 mll which reversibly beaches 1o11ith icLlumination •. ·This piB.J118nt, ., 
. . 

termed P
700

,behaves in the dark as a one-electron transferring a.ge-nt 



86 

~lith w.-1, 1.E; of ·+o. 43 volts P tbe absorbing form· being the reduced 
' . 

molecule (li:ok, 1961) .. The oxidation of P
700 

iscaused.byfar red 

illumination (System I) and short wavelengths cause th$ reduction 

which is in.rubited by DCf,'lU., In an investigat,ton of the kinetics of 

the o:idda.tion of P 
700 

and cytochrome f induced by rapid flashe~, 
. . 

Hittp et al. · (196l.b) found that the P 
700 

·oxidation occurred ·more 

,rapidly than the oxidation of'the cytochrome. This is consistent 

~lith the possibility that the cytochrome reduces P
700 

as suggested 

by Kol{., It is appealin<.~ to think that P 
700 

and cytochrCY.ne f are 

intimately arranged i'l'ith the oriented fraction of. chlorophyll a · 
' - '· 

which absorb in the long red region (Sauer and CalvL"lD 1962; Broirm 

and French, 1959; Butler, 1961) and. serve as an enerP;Y trap for 

_photosystem I.as discussed. in.Part I. 

As yet, there is no evidence concemin?;. the nature ·of the · 
. . - . . . 

active center of photosy:::rtem II, althOU{:~h action spectra of photo-
;.. - . 

synthesis in certain algae and chloroplasts. tend to indicate· the 
. ' 

participation of chlorophyll.£. or other accessory pigments. 

Part II of this ,,.;ark is a study of NADP and ferricyanide reduction 

by 'isolated chloropla~;'ts w."ld lamellar frap;11ents. vie have attempted to 

characterize pi~nt Systems I and II more definitely. by measurin(~ the. 
. . 

'i:avelength dependence and quantum requirement::; of the individual light 

reactions in chloroplast electron tJ:•ansport •. In particular~ we have :t) 
. . . ' ,' . . ., . . : ' 

compared the photoreduction· of NADP v:i th v.rater _an electron .donor in a 
. . . . ·. . 

· DC!vJU-poisoned system, i.e., a comp~ison of Systems .·I and II operatinr; 
' ' 

together and System I only;. and 1i) compared the Hill reactfon t<tith . · 

ferricyanide as terminal electron acceptor. t·<ith that' when a catalytic 

quantity of indophenol dye is added. · The ability of quantasome· aggre-

e;ates and various tnetnbt•a.ne f'ractiono to reduce NADP is also described o 
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B. Exnerimental· 
c -

Preparation of chlorop~ast.s and .lamel;tar · fra.e;ment,s . 

Chloroplasts \•lere prepared from S;Ylnacia · oleracea. I,. by minor 
.. -

modifications. of procedures ac.cording to Hoch and l'v!artin (1963) or 

according· to ArnonJI· 2!. £l• ( 1956) • Lamellar fragmi::mts were prepared 

as described in Part I. 

Prer;a.ration of -enzymes . 

Photosynthetic pyridine nucleotide reductase was'prepared from 

Spinacia oleracea l;,o according to the procedure of San Pietro and· 

Lang. (1958) throUg.h the 75% acetone precipitation step ... The protein 
' . . . . . ~ . ' 

1r;as redissolved, centrifuged and dialyzed ae;ainst 5 x 10-J!i ~ris-

chloride. pH 8 overnight. The protein was further purified through 

the first DEAf~cellulose col~~n~treatment of 11111 and Bendall's method 

(1960b). · This_partially purified preparation contained. chloroplast 
. . . . 

ferredoxin. (Tagmva <:md Arnon, 1962) .and ferredoxln-NADP reductase 

(Shin, .tt aL, 1963), as shown by the. follol'ling assays. 

Fpzyme assays 

The preparatfop of chloroplast ferredoxln ·and ferredoxin-NADP re

ductase ·was not further ptirified. It ·was assayed in . the photochemical 

reduction of NADP by .isolated chloroplasts. · The reaction mixture, 4 ml, 
. . . . . . . . . . 

contatned the ·following in lJmoles/ml: . tl"istCl, pH. 8. 0, 50; NADP ~ o. 5; 

.WP, 1. o; f.1gC1
2
·, 7 ~ 5; chloroph,y 11; OD1 cr~ = o. ~5; -enzyme, variable. . 

. . . .· ~8 ' . 
The reactions were carried out aerobically ·in stoppered vessels in 

an A."Tlinco \'iarburg ·Apparatus (Amer. Instr. Co., rJiaryland}. The illwni-
I ' .• ' '· 

nation v;as provided by eight photof,lood lamps mounted underneath the 
·' 

tank and the intensity t•ms adjustable by roeans of a Variac.o The voltar;e 

used was 85 volts, giving a· light ; :Lntensi ty of. 2000 fo?t candles measured 
'•. 
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. . 
at the point of illumination of the sample. Reactions were carried 

out for 10 min at 15°C. 'lhe samples were then i·Jithdra\m and uitra-

centrifuged at 40,000 rpm (Spinco r.~odel L ultracentrifuge #40 rotor) 

to remove the chloroplast membranes. ·The clarified supematants.were 

. then assayed spectrophotometrically for NJl.DPH2 a.gainst a similarly 

treated control \'<lith no enzy(ooi 

. Fig. 24 :3ho>-m the enzyrre activity of f~Uch a prepara.t:I.on. 

The preparation \'las also assayed for NI1DPH
2
-diaphorase activity 

by a procedure according to Shin,~ &• (1963).. The reaction mbtture 

(2.5 ml) contained the follm·linp; in ~moles/ml:. tr.is-Cl pH 9~0• 50; 

NfS)PH2 ~ O.l; trichlorophenol lndophenol~ 0.12; and enzyme, variable. 

T'ne re~ction was carried out in 10 x 3 mm . cuve1:tes and \'las started by 

the e.ddition of' 10 IJl NADPH2• The absorbance decrease at 620 mp t·m.s 

monitored spectroJ.Jhotometrically atter addit~on of the enzyme. A Gary 

Model ll!R automatic recording spectrophotometer. \·,+as used for this pur

po~e~ and t11e initial l:'ates v;ere taken as the reaction velocities~ 
\, . 

F:tg. 25 shows' the NADPH;r·diaphorase activity of the preparation 

which :ts taken a!l an :i.t'ld1cat1on of the presence of NADPH2-rerredoifn 

reducta.se, 

the quantum ·y:tel~ determit'k"lt1ons fo:r NADr :r~duct:ton by isolated ehloro-

plasts, 

~~ribt intens~.~~~ Jrr .. ~asurem?nt$. · 

Incident light 1nteni31ty m~asurements were made a~ th-e point ,of 

MJ1'l))le :tllurninat1,on by nEru'is ·or a ~il:tcort t~ola'fl c~ll (Hof'!mro'l., typt? 

12000). .The. wavelehgth dependel}.ce or th~ silieo11 sola:r eell \-1as d:et~r-

.. 
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PHOTOCHEMICAL REDUCTION OF N AD P BY CHLOROPLASTS 
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Fig. 24. Enzyme activity of chloroplast ferredoxin and ferredoxin
NADP reductase in the photochemical reduction of NADP by 
spinach chloroplasts. 



0.2 

0.15 

min 

0.1 

0.05 

-90-

NADPH
2

- DIAPHORASE 

ACTIVITY 

4 
JJg protein I m I 

.1 

5' 6 

MU B-4469 

Fig. 25. Diaphorase activity of ferredoxin-NADP reductase using 
2, 3, 6 -trichlorophenolindophenol as electron acceptor. 
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tungsten SOUrCe and a Reeder thermopile (c. l\'I. Reeder Co. , Detroit) 

whic!1 r1ad been calibrated using a standard leJnp (National Bureau of 

Standards, Washington, D. C~). Corrections v:ere applied to the results 

for the 5% measured reflection loss on the cuvette sides. 

Jl.bsorbeci intensity calculation 

For. the accurate determ.:in~tion of the qu.a."'ltU:11 yield of a photo-

cheinical reaction the intensity of radiation absorbed must .pe lcnovm. 

·This is especially difficult in the case of chloropla:Jts at wavelengthG 

longer than 690 rr1JJ, o~'ling to the relatively large contribution of ltght 

scattering. Tne use of the measured transmission of the . sample may 

lead to large errors. The technique for the measurement of .absorbed 

'- ' light intensities in this study is based upon a report by Sauer and 

P.?..rk (1964) ·on the spectral characteristics of chloropl~lst and quanta-

some suspension:1 • 

Fig. 26 shm·is the 'absorption spec'crw..-r: or· a single chloroplast sus-

penr:;ion rneasured using three techniques: direct absorption using a 

Cary Model 11m· recording spectrophotometer t the opal gltiss technique 
:-· 

(Shibata, et ~L, 1954) ,_and the scattered transmission method i'>'ith a -- ' 

red-sensitive photomultiplier. · The re~mlt usiot": the opal glass technir:~ue 

. is identical to that using the scattered-transmission method.· Hmv'ever~ . 

the· opal g.lass techntque is unreliable. at wavelengths longer than 700 1::-;iJ 

' . . ' 

(Sauer and Park, 1964). 

Fig. 27 shows long \!Javelength absorption spectra of concentrated 

chloroplasts and quantasome aggregates measured by the scattered-. · 

transmission method. The absorption max:lmu:n is 678 IDJJ.• It is apparent 

from these data that me.asurements of chloroplasts in the long \·rave

leni;th; 11tail11 Of the ChlorOphyll _§1 E.lbSOrptJ.On band are unreliable II CVt~T1 

when the scattered-transmission method is used. Hoi','ever, the quantasome 
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Fig. 26. Absorption spectra of spinach chloroplasts from 550 miJ. 
to 800 miJ.. A comparison of three measuring techniques. 
All measurements were made on the same chloroplast sus
pension. 
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Fig. 27. Absorption spectra of spinach chloroplasts and 
quantasomes at long wavelengths using Cary 14 Spectro
photometer with Model 1462 Scattered-Transmission 
Accessory and Dumont 6911. photomultiplier. Curves are 
normalized to an absorbance of 10.0 at 678 mJ.L. Lower 
curve (dashed): computed quantasome absorption corrected 
for light scattering. 
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aggregates scatter considerably less and a correction,. based on turbi

dity measUrements from 760 ffiJJ to 900 m\.1, can be applied. · 

Fig. 28 shows the measured optical density of a quantasome pre-

paration from 735 mJJ to 900 IDJJ plotted versus l/A.4. The relationship 

is linear in the ret~ion 775 mu to 900 mJ.I and passes through the origin 

as is expected for light scattering: by small particles. This line was 

extrapolated to shorter~ NaVelengths and the contribution due to this 
/ 

Rayleigh scattering, vvhich is quite small, \\'<l.S subtracted out of the 

measured scattered-tra~sr~ssion spectrum to give a reliable true absorr~ 

tion spectrum as shmm in Fig. 27 ( lovrer curve) • 

If one assumes that the true. absorption spectrum of chloroplasts 

is identical to that of quantasome 8.f!Jsregates, then it is possible to 

compute the true absorption of a chloroplast S)lSpension from the corrected 

quantasome absorption spectru.11. The valldi ty of the assumption that the 

spectral characteristics of_quantasm.e and chloroplasts are similar is 

discussed by Sauer and Park ( 1954) • 

Actinic illumination 

i) Lig."1t from a tungsten projection· lamp (G. E. DF'r\p. 1000 ~·l) · po·;;ered 

with a Variac ~11as collimated by means of a spherical mirror and passed 

thL~ugh 4 em of water~ a Corning 1-69 infrared absorbing glass~ one or 

more cut-off filters .:md an interference filter. Table 7 shmrs the 

various filter combinations used to:::lsolate these monochromatic beCJ.m[3 

(approx. 10m~ ba~d widths). 

ii) Alternatively, a Bausch and I,qmb 500 mm grating monochrom:ttor 

1'110.5 used instead of the arrangement "of filters. HO\vever, ·only lm<T lir:llt 

intensities were then possible. 
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Fig. 28. Rayleigh scattering of spinach quantasome s from 760 mil 
to 900 m!J.. Turbidity of quantasomes versus inverse fourth 
power of wavelength. 
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band isolated by 
interference filtera 

ffi}J 

550 
600 
649 
660 
679 
688 
703 
708 
720 
730 

supplemental;; b 
cut-off filter . 

3-68 
3-68 
2-58 
2-58 
2-58 

·2-64 
2-64 + 4-77 
2-64 + 4-77 
2-64 + 4-77 
2-64 + 7-59 

a. Baird Asso.ciates Type B-1. 
b. Cormng .. 
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iii) For measurement of the action spectrum of ferricyanide · 

reduction (II. E.) an interference. v;edge filter (Veril-200, Schott 

and Gen., Ma.inz, Germany) was used instead of the single inter-

.. ference filters and cut~off filters, to. simultaneously provide 

excitation wavelengths from 592 m11 to 716 mlJ. ·This Nas used in 

con~J;unction \oJith a speci~lly designed multi-compartm:mt reaction 

vessel, to be described later. 

/ 
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G;~', NADP reduction by preparations of .chloroplast lamellae 

Introduction 

Prior to the studies on the quantum requirement and wavelength 

dependence for NADP reduction by chloroplast preparation about to be 

described, it was necessary to select the conditions most favorable 

for the preparation of lamellaeo It \•ras also of interest to investi-

gate the effect of various treatments on the membrane enzymology such 
. ' 

as sonication and extensive aqueous \\lashingso Park e~ Pon (1961) sho;.qecJ 

that lamellar ~ra@r£ntsb consisting of up to 8 quantasomes .as seen in 

the electron microscope~ are active in quantu~ conversion and support 

the fixation of carbon dioxide. This shm·;s that the actual integrity 

. of the grana areas or stroma lamella as nuch is not essential and implies 

that the major structural requirement necessary is the int:i.Jnate arran:~·?-:

ment of the constituents within the photosynthetic unit. 

J.intimycin A is an effective inhib:ttor in respirator:v electron 

transpoFc and prevents the oxidation of cytochrome b by cytochrome c in 

mitochondria (Chance & Williamsp 1956). Cyclic photophosphorylation in 

chloroplasts is insensitive to tmtirr(,rc:L11 A when vitamin K is cofactor 

(Amon, et alo, 1956), but when ferredoxin -is cofactor9 the reaction is ----- . 

severely impaired. '.rhls implies that cytochrome b6 may be an interme

-diate in electron transfer during ferredox:tn-cata.lyzed cyqlic photophos-

phorylation and may be by-paMed i'>ihen vitamin K is cofactore Bacterial 

non-cyclic photosynthetic electron transport is also sensitive to A.1'1t1-

myc1n A when succinate is electron donor, but not \\men ascorbate/DPIP is 

donor (Nozaki, et &~, 1961). The effect of Pntlreycin A on NAD~ reduct:J.on 

by::;chloroplast lmnellae v;as studied when \'later and reduced indophenol· 

are electron don?rs. 
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In this sb,J.dy vJhole chloroplasts_ to~ere isolated and Nere then 

washed free of the soluble stroma. · The rnembr•anes vferc then sonicated 

and the sonicate clarified by differential ceritri:f'ugationc. The varj_ous 

fractions were assayed in the photochemical reduction of NADP in tr~e 

presence of added chloroplast ferredoxin and ferredoxin-NADP reductase. 

Procedure 

Chloroplast lamellar fractions v1ere prepared as outlined in F'ir;o 1.; 

(Part I) e The fractions assayed were P1; v;hole chloroplasts washed 

tdth dilute buffer to remove the soluble strorn .. '=t fraction; P1-sonicatcd!> 

to investigate the effect of sonication; s
2

, the supernatant-after the 

removal of large lamellae from the sonicate; and P2, a pellet of very 

swall fragments obtained by ultracentrifugation of s2• The rea~on for 

sedirnenting the small fra&Jnents to form, the pellet P 2 vms to free the 

la~ellar fra~ents of any comp6nents det~ched from the lamellae by 

sonicatiort. 
. . 4 

The reaction mixture \.Vas 4 o 15 x 10- £1 - NADP, 0. 04 !1 tris-Cl 

pH 8,0:> 100 llg enzyme/ml and iamellae adjusted to give an absorbance 

of· 2 at 678 mlJ ( 1 em path) • The final volume was 5 ml. The reactions 
. . . . . . 

were ca.'l"'Tied out in 3D-ml flat-bottomed glass vessels illuminated from 

belovt with sattl.rat,ing white light in an Aminco ~·Jarburg Apparatus as 

described· in· Section II oB. , The NAD\H2 ,fo~ed after 10 min vtas measured 

spectrophotometrically after removal of the lamellae by ultracentrifu~ 

gation (10 min, 105p000 gl) Spinco T1odel L ultracentrifuge). In the 

case of the sonicated preparations; i·lhere the particles ttmr~ exceedinr~ly 

small~ their sedimentation \'las greatly facilitated by the addition of e 

small volume of concentrated NaCl (5 M) to bring the solut,ion ionic 

strength to at least·o~l prior to ultracentrifugation. Using this tech-

nique; fraction P2 was Gedimented at 105,~~000 g after 10 min. (Spinco 
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f<1odel L~ 1140 rotor) .. · 

Results 

Table 8 shows the capacity of various ls.mellar fractions to 

photoreduce · NADP in saturating white light. The data shovv that· soni-. 

cation of the lamellae results in about a 301; loss in photochemical . 

a.cti vi ty., · Removal of the large meiT'bra11es and isolation of the 'small 

particles results in a preparation~ P
2

, 't..rhich is just as active as the· 

sonicate~ indicating that large lamellar fragments are unnecessary for 

Nf-u"JP reduction. only the addit;ton of ferredoxin and ferredoxin-HAD? 

reductase is necessary. 

Table 8 

Photochemicai activity of various chloroplast lamellar fractions 

I NJ\DfH
2 

foPmed 
Preparation l.liTIOles/rng Chl. /hr "' activity fO 

of la.'ne llae . 
plus enzyme minus enzvme 

·control p 
1 

65.7 3-·i 100 

sonicate 44.2 - 67 . 
C• . ' 
.) 

s . ~ 53.1 so -,. 2· .. 
p 43.0 - 67 -2 ... 

Table 9 · shO'I.'lS data demonstrating the insensitivity of the NADP-re

ducing systems to J\.ntimyciri A& 

Table 9 

· Effect of Antimycin A on· chloroplast NADP-reducirig ·systems 

Electron donor 

wa.ter 
a.Scorba te/DPI P /DCf1'lU 

+ Antimycin .A 

62 
59 

60 
56 

, : i 

·'11 

··, 

'' .. ,'.:,· 

:., ·. 
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Ch1. A
67

g = 0.21 (fraction P1), enzyme 100 ug/ml, NADP i:, 

4 .. 15 x 10-4 fi, 0.05 !i t~is pH 8, andp v1hen added, ascor

bate 20 tsf-1, DPIP 0.2 lJLvl, DCl\TJ1 Antim,ycin A, 10 y per rnle 

Discussion 

These results show that under conditions of '>'lhit~ light saturation 

small lamellar fra,rynents consisting of up to 8 quantasomes are capable 
' -

of photoreducing NADP in the presence ·Of added chloroplast ferredoxin 

and ferredoxin-NADP reductase. The photoreduction of NADP is. insens:i.-

tive to inhibition by Antimycin A in the normal system when water is 

electron donor, and in the DCr;ru-poisoned system when ascorbate/DPIP is 

electron donor .. 

Antimycin A is a pmverful inhibitor of respiratory electron tram::

port and prevents the oxidation of cytochrome b by cytochrome c (Chence 

and 1:lillici.•ns, 1956). Bacter:i.al photophosphorylation tmd higher plant 

ferredoxin-catalyzed cyclic photophosphOFJlation (Tar.;a.,.;a, & &• $ 1963) 

are both Antimycin A sensitive, but the cyclic photophosphorylations 

catalyzed by FJV1N » l?i\'!S or vitamin K are insensitive. This sur,gests the 

participation of a !,)-type cytocnrome in ferredoxin-catalyzed cyclic 
. ; 

photophosphorylation but not.in the non-cyclic transfer of e1ectrons 

from v..rater to ferredoXin with ·NADP as terminal acceptor (see Section 

II.F. fo;r full discussion). 
' ' ··' 

The results obtained for the photochemical activity of the sma.ll 

lamellar fragments confirm and extend the previous data of Park and 

Pon on carbon dioxide assimilation (1961) and 1-I.lll reaction activity 

(1963)· by similar preparations.. In the experiments described here in 

this study, the lamellae were washed free of soluble strorna protein 



" ... : ...... j• 

99 

quite rigorously prior to. sonicatione Park and Pon (1961) sonicated. 

whole chloroplasts and then isolated a high 'g' fraction of lamellar 

fragments that v1ould fi_x ~arbori dioxide only in· the presence· of. the 
i, 

final supernatant which· contained the stroma proteins and c•ther· co-

factors. They also found (1963) that the lUll reaction rTith ferricya-

nide as oxidant was unimpaired after vtashing lamellae vtith hypotonic 

buffer. Howevrir, the capacity for photophosphor<Jlation was destroyed 

by \'lashirig and they suggested that a coupling· factor was removed 

during such treatment. 

The results reported here in this section shmv that under conditions · · 

of -v;hi te light saturation the photoreduction of NADP proceeds only L"1 

the presence of a.dc1.ed ferredoxtn .end n fl:::tvo-eneyme; ferredoxin-NADP 

reductase.. Ferredoxin :ts norrn<::J.lly removed from the· lamellae by vmshing 

\'lith hypotonic buffer (Ta.gaHa and. Ari1on, 1962) J t.<;hereas the flavo-enzyme 

is bound more strongly (Avron and Jagendorf, 1956) and a prolonged 

incubation at room tem:.'Jerature is necessary to remove it complctelye 

The effect of sonication in this .connection is unknov.n, but it is 

possible that 9 Kc sonic ruptti.."'e could remove the enzyme from the sur-

face of the lamellae. · 

The results on the quantUm efficiency of NADP reduction conducted 

under conditions of limiting light intensity, described in the next 

section, show_ that the small lainellar_fragments are, at best; half as 

efficient as the intact·membranes .. 
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D6. Action spectra and. quantum yields fol;' _0IADP reou~tiori bY. chloropl~~::ts 

and quantasomcs >~ 

Introduction 

If the \·mrldng hypothesis for P,hotosynthetic electron transport in 
. .... . 

chloroplasts envisaged by Hill a.'1d Bendall (1960a) is correct, then the 

·photoreduction of N/IDP, using; \'later as reductant, should procee~ 1'/ith a 

rnin:l.rm..u;t quanturn reqt1;irement of tvJ~ per electron throughout the spectral 

regions \ihere photosystem IT is not limitinrr,. HoNever!) if electrons 

generated by system II are replaced by the· ascorbate-indophenol couple 
. . 

(Vernon and Zaugg, 1960) and the. reaction is therefore driven by photo-

system I only, then the reduction of NADP should proceed "t-rlth a minir:·:unJ 

of on~ per cl~ctron tr~~sferr.ed.~ Furthermore, if 

photosystem I is truly sensitized by chlorophyll .£. only, then this rri.i.Xi-

in the photosynthetic unit is only· chlorophyll 3l, Le~ J at vm.velengths 

longer than 710 mt-~, Nhere absorption by. chlorophyll b _is approachinc: zero. 
. ~ . -

For the norma.l reduction of NADP by ch~r~p1ants with v.rater as 

electron donor, severa;l; reppr:ts. have re7entiy apperu->ed (Black,-~ £1:.·, 

1963; · Hoch and ritartin; 1963, and _Govindjee, et ala, 1963) ·and for fJ!-\Df' 
~--- ' . 

reduction v;ith ascorbate-indophenol a.s electron donor, one report (:.loch 

' . · .. 
For the normal system v.rith ·w-ater as donor, there is 

considerable disaereement a:nong the result~ • . For instance, at 700 mu 

the reported quanttu11 requirements in einsteins/equivalent NADP reduced 

are 14 (Blnck, .£!i §:1 .. ~ 1963); 2.9 (Hoch and t.llartin~ 1963), and 6.3 

(Govindjee, ~ Ii!.", 1963),. 

This study is a comparison of the photochemical properties of HAD? 

~f Sauer and Biggins 9 1964., 

•· 
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reduction by isolated chloroplasts when Hater and reduced indophenol 

are electron donors •. It \'tas undertaken in the hope that measurements 

of the quantw-n efficiency and wavelength dependence of the tv:o reactions 

would bear pertinent information concerning the two photosystems in 

photosynthetic electron transport in hiF;,her olants. 

Procedure / 

Our initial a!1alytical method for studying the photOreduction of 

NA..DP by chloroplast preparations was similar to that of Black, ~ &· 

(1963) and Hoch and IV'artin ( 1963). Samples 1.v-ere illu.rninated for a fixed· 

period of time;· the chloroplasts removed by·ultracentrifugation and the 

supernatant analyzed spectrophotometrically for NADPH
2

• In our hands 

Tt!e found thts technique ver;_r unreliable 011:tng to the very active first-

order reoxidation of NADPH2. v!e subsequently ShONed that this activity 

'\·ro.s as$ociated v,rith our enzyme preparation and the chloroplast stroma 

fract:ton, and v;e could not remove it by short-term ultracentrifugation. 
- ' 

\I.Te overcame this difficulty by continuously a.c;sa,_ying the photopro-

duction of NADPH2 by spectrophotomet~r at 339 mlJ. Using this technique, . 

the :i.nitia.l v~locitie~ for the photoreductton v:ere obtained. from which 

qua11tum yields were calcuiated. A Cary fviodel·l4R automatic recording 

spectrophotom·~ter with a scattered transm:tssion attach'nent ivas adapted 
... . ' ' 

for this purpose. ···.Fig. 29 shows a diacram of the. arrangement of the 

cuvettes and filters in, the spectrophotometer. The bea:n of exciting . 

lig,ht t·m.s directed through a hole ln the side of the instrument •. The 

interference and cut":"off filters (IF
1 

And CF'
1

) vmre attached to the 

spectrophot<;:>meter and the. exciting beam was concentrated ,.,i th a lens 

inside the compartment and directed on the side ~'lall of the ·sample cu-. 

vette. An opaque barrier. prevented the actinic beam from illuminating . 
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MUB-2802 

Fig. 29o Apparatus: sample compartment of the Cary Model 1462 
Scattered-Transmission Accessory, showing the modifications 
for illumination of the sample cuvette. Filters IF 1 (or mono
chromator) and CF 1 select the actinic wavelengths from a 
tungsten lamp. Filters IF 2 and CF 2 prevent actinic light and 
chloroplast fluorescence from interfering with the photo
multiplier. 
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the reference cuvette;_. An interference filter IF.., (Baird Associates) ... 
and cut-off filter CF2 (Corning, 7-60) '\'Jere attached to the front of 

" the photorultiplier (Dumont 7661.!) i:lith masking tape .to prevent the ex-

citing light of lonu;er 'tJavelenf-;th and chlorophyll fluorescence inter-

fering 11rlth the 339 ITllJ absorption measuremEmto The 0 to 0.2 optical 

density slide vTire :t~as used; cmd the chart speed vms varied depending 

upon the reaction rate. 

Reaction mixture 

The reaction mixture contained the following in lJmoles/ml: pot.q.s;::;j_um. 

phosphate pH 7. 5, 50; N.'\DP, 0. 5; ADP, 1. 0; HgC1
2

, 7. 5; enzyme, saturat ~Ll1:·:: 

quantities and chlorophyll, variable. · In the DCJ\1tJ-poisoped prepara.t:ions, 

the above reaction mixture was used and, in addition, the follm;ing in 

IJ1noles/ml: DC~'iU, 0.01; Na-ascorbate, 5.0; and DPIP, 0.04.. Solutions of 

these . compounds 1t.rere prepared irn.'l1ediate ly before use. 

The reaction rrixture (2 ml) was d:i.stribute(l equally between the 

reference and sample cuvettes. After the est~1blishrnent of a ·stabl'3 ba::;e 

line in the dark, the smr1ple cuvette ,,ras then Hlumnated ·N'ith the acti-

nie bemn a'1d the reactton allowed to prr)ceed for about 8 min$ · Hithout 

modifying any of the instrumer1t setting~» the activity of the nc:IviU

poisoned preparation was studied imrnediately afterward (elapsed tim8 "' 

· 10 min) • The activities of tht:? ttt1o systems 1'lere studied in this •va;1'~ as 

a function of inc:tdent intensity for wavelengths. in the .range 550 IYilJ to 

730 rm.t& 

Course of the re8.ction 

Fig• 30 shows an example of the time course of NADP reduction by 

illuminated chloroplasts, ·and· the follo1'Jing features \-vere invariably ob-

served in th~se studies: 

\ 
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LIGHT OFF 

PHOTOREDUCTION OF NAOP BY SPINACH 

CHLOROPLASTS 

TIME (Min) 

MUB-2803 

Fig. 30. A trace of the time course of the photoreduction of 
NADP by isolated chloroplasts excited at 720 m~J.. 
(DCMU/DPIP/asc~rbate system. f molar extinction co
efficient of 6.2Xi0 1-mole- -em- for NADPH

2 
at 339 m~J. 

was used. 

·•-
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i) A stable level of absorbance at 339 mu in the dark; ii) an 

initial rapid rise upon illumination during which about Oe2% of the 

NADP is reduced; Hi) a period of 8lov;er hut constant reduction of 
\ 
'. ' 

NADP; iv) a gradual decrease in reaction velocity after reduction of 

about 5% of the available NADP; v) a rapid decrease .in absorbance-upon 

cessation of illumination follov;ed by/) vi) a slower gradual decrease 

of absorbance. Stage ii) was not observed upon a second period of 

illU111ination even after a dark interval of :3everal minutes. The steady 

initial velocity chosen for. the reaction vms the limiting slope of the 

nearly linear portion of stage iii)~ as shovm in ·Fig& 30. In p,;eneral" 
- r 

this cm~ld be determined unambiguously., · After this stage 11 the reoxi-

dation of the Nr~DPH2 became sufficiently great to cauGe a distinct 

decrease in the net rate of NADP reduction. 

A nU111ber of sa~les were scanned from 300 m~ to 550 m~ before and 

after illumination in order to.ascertain that other changes in absorbance 
' ' 

in the system were not influencing the results.,. The ,spectra consisted 
'' 

of an absorption peal.c at 339 rr:.v and there . \'-las no evidence of any signi-

ficant bleaching of the pigments or turbidity changes which would modify 

the bet.se line. 

Results 

g~anturn reguirement and action spectrtun 

Quantum requirements for NADP reduction Nere calculated from the 

initial velocities a.'1d the calculated absorbed intensitiesa · At each 

wavelength the incident intensity was varied over a tenfold range by 

adjusting the lamp voltage. 

F:tg. 31 end 32 show examples of the intensity dependence of the 

reaction,. For all v:avclengths studied and for both reac~ions, the re-
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Fig. 3ie The relationship between the quantum requirement for 
NADP reduction and incident intensity. --o--, the 
normal reaction with water as eleGtron donor and •-, 
ascorbate/ DPIP as electron donor in the DCMU -.poisoned · 
system. · 
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NADP REDUCTION BY CHLOROPLASTS AT 720mJJ 
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Fig. 32. The relationship between the quantum requirement for 
NADP reduction and incident intensity. --o--, the nor
mal reaction with water as electron donor and •-, 
ascorbate/ DPIP as electron donor in the DCMU -poisoned 
reaction. 
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lationship is linear and the slope is positive. Hoviever,!) the relation-

$hip between tlle dependencies•:.:of the t1.·1o systems . is ·irregular.. The 

zero intensity intercepts& obtained by'extra}lolation of the plots, are 

shov.n as a function of exciting \'lavelent~th in the form of an action 

spectrum in F:lg. 33. 

T!r.) riorms.l system for electron transport 51 with water as electron 

donor, is qualitatively very silr:dlar to tl1t1t obtained for complete 

photosynthesis in h:Le;:-1er plHnts and algae !i il'! that there is an increasinrz 

requirement; for qwmta at wavelengths longer than 680 r.1j.l (i.e~ 51 fir;:;t 

Emerson effect, or '1red drop'') e From 550 mu to 680 mil the quantum re-

quireml"!r(c increases slightly but is in the order of 2 to 3 einstein per 

equivalent of I-JADP reducedo At lon~;er vravelen_.g;ths the qu::tntu.m requ5.re-

ment reaches 14 e:i.n:JteinH/equi valent at 730 mJJ. vle consider .it sip:nif:L-

cant that NADP reduction by isolated chloroplasts 9 using: water as 

electron donor, does occur at wc:-velengths lonr;er 720 mlJ and~ pa.rticul8.rly, 

\·lith requirements of only 14 elnsteins/eouivalent., · \'Je checked to ascer-

tain that the 339 rr,~J cmalyzing beam was ineffective in activating the 

reaction at these lone; wavelen~:;-;ths by red1lcing the spectrophotometer 

slit to zer~''ror a period of time dLU~ing several kinetic runs. Resumption 

of: the 339 miJ absorption measurement by reopening the slit shmled that 

the course of the reaction was uninterruptedo Also, by the jhtroduction 

of add:ttional supplementary filters, tve shoHed that no stray light of 

shor·ter wa.velength was sensitizing the reaction. 

The DCJ':-'iU-poisoned system, 1-1ith added DFIP a:1d ascOl~bate ~ behaves 
the 

very Ji'JUCh lil..:::elnormal system at waveleng;ths from 550 m~ ·to 680. m)J but 

slightly more inefficiently. The quanturn requirement is about 3 ein

steins/equivalent NADP reducedo At vmvelen,r_:;ths lonr~er than 680 mu 9 
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PHOTOREDUCTION OF NADP BY SPINACH 
CHLOROPLASTS 

0 

• 

560 

H20 

ascorbate I DCPIP I DCMU 

WAVELENGTH, m}J 

MUB- 3085 

33 •. The action spectrum for NADP reduction by isolated 
chloroplasts for the normal (--o--) and DCMU-
poisoned ( e ) systems. The quantum requirements 
are values obtained from extrapolations to zero light intensity. 
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ho::;ever, v;e found tha~~ the reaction proceeds ver-J efficiently vlith 

quant'...tm rcquirements of L 5 einsteins/equi valent and~ in general# 

the results '/!ere l1iOre reproCucible than those for .. the norma.l system 

in this rer';ion of the ;:;~cctr-w.ll. 

Fir;. 31i ~:;hO\<JS the dependence of N1~DP reduction on the concentratJ..on 

of DPIP in thc :ceaction rrJ :·:.turc for the DCTvRJ-poisoned system at 680 mp . 

for the tHo incident intensities.. The data sl1ow· that the reaction sc:rtu-M 

rates at D?IP ·COncentrations of O.Oll 1.1moles/mL rl'his concentration Has 

used in the reaction mixture and therefore the DPIP is not limiting in 

this reaction. 

Di~~CtlGSion 

Table 10 sho1rm a comparison of the values obtained in this study 

for Nli.DP reduction by isolated chloroplasts and qu~'l.tasomes (Sauer e..YJ.d 

Big-gins>" 1964) in compat>ison ~'lith the literature valuese For the nor-

rnal system of Nl\DP reduction with water as electron donor, our quantum 

requiremcnts agree ver;y \'Jell ttJith those of Hoch and r·1artln (1963). 

Ho;..;ever, our values aJ.""'c lm-.'er th&"'l those of Gov:i.ndjee 11 21 Qe (1963) and 

Blacl~, et aL -- (1963), particularly at 550 m1,.1 and at \,;avelengths longer 
. ' 

than 690 ffilJo 1-'le attribute these discrepancies to differences in the 

measurement of absorbed intensitiese Black, .£!.. &• (1963) used the opal 

glass technique for the measurement of chloropiii2,t absorptiono From the 

arguments outlined in Section II.I3 .. concerning the errors int'roduced 'by 

inadequate corrections for scattered light~ it i•muld appear that they 

may have considerably overestimated the qu~"'ltum requirements L"'l regions 

"''here the relative contribution by scatterj_ng is largel> Le. ~ at wave-

lengths longer than 700 m\.1 and the region of mintmum absorption in the 

~;reeno Ho>'ievcr, qualitatively the agreement is fairly good in that the 
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NADP REDUCTION BY CHLOROPLASTS 

.30 Dependence on DCPIP Concentration 
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Fig. 34. The effect of the concentration of dichlorophenolindophenol 
on the quantum yield of NADP reduction by chloroplasts at 6 7 8 m(J.. 
The standard reaction mixture was used with sufficient chloro
plasts to give an abe;orbance of 0. 8 at 678 m(J. ( 1 em path). Incident 
light intensities uz;ed were 0.30 ( e ) and 0. 85 ( o ) 
nanoeins1teins/ em '""sec. 
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Table 10 .. . ... 
' ' . ... !: lj/~/· 

' • • • • ' ' • ' • • .. ~:. ). I ·. ' 

Quantum requirement for NADP. reduction by spinach chloroplasts at ;" ;') ,·1 .- ' '. . . . . . . t: / \,·· . . '~ 
'I I.\ 

'!tlavelengths from 550 to 740 mu-comparison 1·rlth literature values/( /,\ r ;"'i 
I • . ' . , , , ;, ' '\ j• I, \: •jj: . '\. l 

Q
0 

is the zero intensity quantum requirement· in einsteins/equiva- · \:·' : i~./ ;· 
.. ~~--~· \ .. )C::~~, . 
lent at v.ravelength :\ (rn'IJ). .: / 

.·•. I : _____ .....,. _______________________ .)/t';c.. I 

. I it .· 
Ji{ .. Norrr.a1 System (H2o Donor) 
')/ 

---------------------------------~, · .. ..:·/: ' 

Black, FmlSon, 
Gibbs & Gordon 

(1963) 

550 
600 
650 
660 
675 
690 ' 
700 

5.0 
4 .. 6 
4.2 
3 .. 9' 
3.8 
4.3 

14 .. 0 

Hoch & Nartin 
(1963) 

~. -
Chlorophyll 

Govindjee, 
Govindjee r~ Hoch 

(1963) 

10 TJir,/ml 50 pg/m1 

649 
668 
678 
693 
700 
710 
720 
730 
740 

2.0 
2.4 
2.3 
2.0 3.0 
2.9 3.3 
6.2 5.5 

9.1 
. 8~7 
8.3 

678 
693 

' 700 
714 
721 
730 
740 

4.1 
4.0 
6 .. 3 

'·10.0 
9 .. 8 

12 .. 5 
17.0 

Tnis study 
(Sauer & Birr.p;ins) 

I (19645" 

>.. -
550 
600 
649 
660 
679 

' 688. 
703 
708 
720 

' 730. 

2.40 
2 .. 62 ·' 
3.30 

' 4.05 ' 
3.75 

'5.62 . : 
' 6.15 

'·: 
. 4.60. :·. . : 
11 p '' · .. ·· 

ovO .. : > • • 
14.40 

DCI1'1U-poisoned System ( Ascorbate/DPIP Donor) 

Hoch & Martin This study (Sauer & Biggins) 
(1963) (1964) 

A .·o.o A ~ Qo - -
Chlo:rophyll Chl,oroElasts ~~'1htasomes 

10 llg/ml 50 JJ,r/m1 .· 
550 3.00 
Goo 3.60 -,- ;·· 

649 3.7 649 4.20 9.3 
668 4.3 660 3.30 
678 '4.8 679 4 .. 20 9·3 
693 2.0 4.8 ' 688 2.85 
700 1.8 2.7. 703 2.25 6.0 

. ! _.;· 710 1.6 2.1 708 1.35· 
720 2.4 720 1..80 6.0 
730 2.5 730 2.55. 
740 3.1 

.. 
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lo~g wavelength decline in quantum efficiency appears to start at about 

680 m~. 

· ·For the ocr:ru-poisoned system, with ascorbate/DPIP as electron ~onor$ 

our results ag1"'Ce with ·tl~ose of Hoch and ~1artin (1963) • They used an 
. - ~ 

integrating sphere spectrophotometer for the measurement of their chloro-

plast absorbances~ which markedly reduces the effect of-scattering at 

long VJavelengths. However~ although they yiere aHare of the dark reoxi-

dation of NADPH2, it is not apparent from their report that a correction 

for it Has applied. This factor could be expected to contribute to the 

discrepancies which· rema:tn be~ween their data and ours for both systems 

studied. In particular, these differences apP,ear to be·greatest for the 

DCr·ill-poisoned system with added ascorbate/DPIP, where we firid the reoxi-

dation to be more pronounced •. 

The values for the norma.l system obtained. by G6vindjee, et aL (1963) 
. - ' --

are substa..."ltially greater through<:)Ut the long Navelength region •. This 

discrepancy is puzzling since their meast\rements were carried out using 

the same techniques and reaction mixture as were those reported by Hoch 

and v~tin (1963)! 

At Navelengths shorter than 680 mJJ oui~ measurements fol" both the 

no~~l and D~ID-poisoned systems indicate a quantum rqquirement of about 
. ' 

3 einsteins/equivalent and not significantly 1t!aVelengt[1 dependent, IIoch! 

rl!artin and Black, et alo also report little· change in quantum require---- ' ... 

ments from.648 mJ.I to 678 m~. ·The-relative quantum requirement obtained 

by Amon, ~ ~~ (1961) for the DCi,'lU-poisoned system with added ascor-

. bate/DPIP shm._rs a muimum at 661 mu and lower values at longer and 

shorter Navelengths. 'l'his behavior is different. from oul" study and the 

other previous studies. _Arnon, et al. did· not extrapolate their results 
. ' ~-

to zero llght intensity, and; in the absence of sufficient experimental 

'I 
l'. 



details in their report j) the other possible reasons for the disc'repancie:~ 

·cannot be discussed. 
. . . 

Tne quantwn efficiencies obtained for. NADP reduction by small B.f!;[:~re- •· 

gates of. quantasomes (Fraction P2 ~ Fig. 4) -are surprls:i.ngly· high. In 

the Dc~ID-poisoned system with added ascorbate/D?IP; the quantum effl-

cielicies· are some 50% those. of the unsonicated lamellae. HovveVer, under 

conditions of white light saturation (see ,section II.-c.)· only 30% of the 

activity-appears to be lost.- ?:his is possibly' due merely to the condi

tions of lif)it saturation and dffferences in eXperimental design. 

The- fact that· the srna11· frae;r11ents retain sUch a high activity~ par-

tfcularly· after such drastic physical treatment-,- such_ as i'Jashing a.'"lcl 

sonication$ reinforces our assuroption that the fragments are physiolo:?;i ... 

caily representative of .intact lamellae a.."ld.9 thereforei' that their sbGOY'J')

tion spectrum is also representative of that of the true absorption 

spectrurn.-

The ;results obtained in this study- for the reduction of- NADP by 

chloroplasts with i'rater or reduced indophenol a.s electron donors. supnort Jl 

in part; the ~v-orl-dng hypothesis for· photosynthetic electron: transport 

fornrulated by fliil and Bendall (1960a) 'and adopted by ~.fitt,, et al. (196la) 
. ' .. -......,_. 

Duysens, !1, &·· (-1961), ~d Kok and Hoch (1961). Our results can be 

accoW1ted for in the framm1ori<· of this tvJo-pigment system .mechanisrn by 

assuming that, -at wavelengths longer than 700 mu, ·pigment system I 

accounts for approrlrnately 80% of the total absorption and pigment sys

tem II accounts for 20% •. At Nave lengths shorter than 680 mi-l, each pi;:-:::

ment system absorbs about 50% of the incident radiatione Assuming· that 

electronic excitation energy cannot. be transferred from one pigment to 

another, one can, tqerefore, conclude the folla..~Jing: For the norma.l 
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system Tt.'ith y;ater as electron donor and driven by systems I and II 9 

'chen at sho~t ,,.ave lengths (i..e. •. <680 m\J) an optimum quantum requi.re:... 

ment of. two einsteins/equivalent.NADPH
2 

vmu1d be obtainedi since both 

systems are. act1.vated at equal rates; at longer wavelengths (ieee P 

>680 ml.l) the- quantwn requirement Nill increase fourfold since the lmi: 

absorbance. of pigment . system II at these lone wavelengths limits the 

overall efficiency with •,.;hich electrons can be obtain~d from water; for 

- the DCfVITJ-poisoned system, ~ith added as~orbate/DPIP a."'ld sensitized by 

system I onlys a quantum req_uirement.of 2 Nould be obtained at short 
. . . . 

\~Velengths since .only half the absorbed.'•quanta are trapped by systemi; 

anci at longer- vm .. velengths,. \•There system I becomes tpe major light ab-

. SOrber, the quantUm requirement should approach 1Ll11 ty • · These Conclu

siom; are very nearly verified by experiment in this s_tudy, and, if the 

.hypotheses are correct, they lead to the observation that at very 1011 

ligbt intensities the reactions observed here are operating at near 

optirm.L"Tl values .. 

The qua'1tum requirement for NADP reduction by chloroplasts ~-dth. 

either \<Tater or re~'iuced indophenol as electron donor lncreases with, 

increasing light intensity. The relationship is linear and is observed 

at all ~tavelengths studied; hov1ever, the slope~ of the plots of 9uantum 

requirement versus light intensity for both systems appear to be inde

pendent of wavelengtha 

Tlus behavior has been reported previously by Hoch and Martin (1963) 

and similarly for the ferricyanide-~edidated Hill reaction by Lumry, 

~ &• (1957) and Rieske, ~ &· (1959)., Lumry and Rieske (1959) pos

tulated several mechanisms for the interpretation of these results, and 

the follmnng is one of the simpler ones also proposed by. J<ok and Bus in-
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ger ( 1956)., which appears to be sufficient to. explain our observations: 

- . 

C ~. I 7 C'f 

c~c 
p. 

C* + T ----~......,.. ·;, C + T.* 

T* +.reactants· (R) 
. k' .· . . . 

....,_--...~. l....,, T + products ( P) 

Here.· 1ight int<msity I absorbed by pigment molecules 
. . 

1) 

2) 

. ' ' 

3) 

}.J) 

c·leads 
. .. . . . . 

to 

· e~citatiQn to reactive species c* with a pr~mry quantum efficiency ¢ 

(equation 1)~ At very lm'l intensities, some fraction p of C* transfers · 

·its excitation to a trapping site or reactive intermediate) T (equati.on 

3). !J.'he rernainder of C1' is deactivated accorcling to equation 2, with 

an intrinsic probability (l.;.;p) and will n~t lead to the formation of 
-

products. The excited trapping sites 9 T*,.once formed• lead to the 

conversion . of ·reactants:> R (such as ferredoxin and v.;ater or reduced indo-

phenol), to products, P (red~ced ferredoxin and oxygen or oxidized indo

phenol), by a series of reactions summarized in equation 4., At high 
.. . 

light intensities the steady-state concentration of the traps·, T, 1dll 

be reduced from the value T0 present in the dark or at very lo~' (lim.:L-

. ting_ , light intensities, and the probability ·for the ~eaction descrilx~d 

by equat.ion 3'vvill decrease from p to p(T/T
0

) • 

. Using the steady.:..state approX:l.IT'.ation for• the concentration of the 

excited speci~s C* and T*, one readily obtatns for the reaction velo-

city the result 

5) 

. 1 
Wher>s v = dP = k RT* ~ k

1 
T·~. The pseudo first-order ra.te const::mt t~ 

- 1 ' dt . 

·,, 

;, ' 

., 
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k111 will be constant only during the early stages of the reactionbefore 
-. 

the concentration of reactants ha.."> decreased appreciably • The quantutn . . . 

requirement.~~ Q) is then g;tven .by 

Q = 1 = 1 + I 
V p~ k1'r0 

6) 

Equation 6 predicts a linear ·relationship betvJeen the quantunt require

ment and the absorbed intensity \vith a positive slope. ':fue intercept» 

QO!J iS the intrinSiC quantUm reqUfrement ~Or the OVerall reaction· at 

zero intensity~ and the ?lope ..d is a measure of the rate parameter. 

for reaction 4 .. l<n 

Tli.e experimental results of the dependence of the quantum require

ment of· NADP reduction on incident lig;.ht intensity suggest that at h:'L;5h 

intensities an increasing fraction of the· energy absorbed by the pi[J:!C'nt 

system is not utilized iri the quantum conversion process. The sirnpJ.est 

explanation is that an intermediate or trap is present in lovr concen-

trations and the return of ~his trap to its unexcited state after R.cti-

vation is slo1<1 at high light intensities compared \'Vith the absorption 

0f. quanta~ Under these conditions; the excess absorbed quanta are 

presumably dissipated and a·high quantum requirement f()r the o:verall 

process is ooservedo 

From a calculation of the pseudo zero-order rate constant, kD' from 

all the results and w:;suming that there is only one trap per photo~wn

thetic unit of about 160 chlorophyll a molecules, the decay time of t1Je 
. . -

traps vtas estimated (Sauer and Biggins$ 1961~) •. The decay. time for the 

trap in the DCI<1U-poisoned system is in the order of 150 insec ll and for 

the trap in the norma.l system is about 50 msec., This latter value is 

in good ar~ement r:ith the value 30 msec for the time betv.reen succ<:s:~dvc 
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effective quantum absorption acts determined in intermittent illu.rnina-

tion studies by Emerson and.Arnold (1932). The rate limiting step· 

could be due to an intermediate endogenous to the photosynthetic un:1.t 

bound in· the membrane, or the enzyme system responsible for NADP rc-

duction (ferredoxin &"1d ferredoxin-NADP reductase). 

An explanation for· the decrease in efficiency of the small lc:rmellar 

fragments in the photoreduction of NADP in the normal system, ldth water 

as-electron donor, could be the loss of some factor during the isolnt:Lcn 

of the fra~r~nts. Tnis factor, possibly a coupler of the two light 

reactions» could be a redox compound involved in the electron transfer 

process. itself (plastocyanin) or some agent functioning in a structural 

capacity (a metal). 
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E. Actton spectruri1 of ferripyanide and ferricyanide/indophen~l 

· · reduction* 

Introduction 

In the current scheme for photosynthetic elect~ori transport based 

on the participation of two·distinct photoevents~ the exact points of 

interaction of some of the Hill oxidants with .the endogenous intermedi-

.. ates of the quantasome appear to be in doubt. Iv1ayne and Brown (1963) 

report no enhancement (second Emerson effect) for ferricyanide reduction 

in isolated chloroplasts, implying that only one phbtosystem is involved. 

This is in contradiction to Bishop and Hitt:tngham (1963) ~ Nho. suggest . 

that both systerr:.s I and II are necessary.'~* 

Losadab ll ~· ( 1961) believe that ferricyanide interac~s at: the 

same point as ferredoxin (i.e .• ~ tv.ro p~otosysterns), and the inclus~ory c,·f 
'· . ·-.;< 

catalytic amoun_ts of indophenol dye truncates· the electron transfer·, .. 

chain bett--.reen the phosphorylation step and system !I. They furthermore 

believe that reduced indophenol acts as an electron donor at the srui't2 

pointe 

Recent investigations by Gromet-ElhanaTl and Avron ( 19610 ~ Keister 

(1963), and Shen11 ~g. (1963) sho\'1 that oxidized indophenol, in con-
. . -4 . 

centrat:l.ons e;reater than 10 11, uncouple pho~ophosphorylation. Shen~ 

~ &• suggest that catalytic amounts . of indophenol do .not modify the 

ferricyanide-Hill reaction as implied by Losada.fl ~ &• (1961) t and thilt 

it mere~y acts as an inert uncoupler. 

If the reduction of ferricyanide by isolated chloroplasts is a re-

* Biggins and Sauer, 1964 

** A similar contradiction applies for the qu5none-mediated Hill 

reaction. 
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sult of the operation of photosystems I and II 0 and indophenol truly-. 

truncates the electron transport chain to systGm II only," then the.two 

reactions should exhibit quite differer1t Navelength dependences.. This 

report is a study of the wavelength dependence of the ferricyanide and 

ferricyanide/indophenol-Eill reaction to investigate the effect_of the, 

added indophenol. 

Procedure· 

· Chloroplasts i•lere prepared by the procedure of Amon, ~ ~· (1956) 

and wa::;hed once v<ith 0.035 f:1 NaCl. The reaction mixture contained 
. -. 

Oo525 11mole potassium ferricyanide/ml in 0.05 j .. 1 tris-Cl buffer pH 8.0. 
. .,.. ' . ' 

In the ferricynnide/DPIP system, catalytic amountsof DPIP, i.e ••. O .. Ol3 

11mole/ml v.rere included .. Chloroplasts ;vere added to give a final' ab:...' 
. \f. 

sorption at 678 ~ of 0.225. 

,. 
;'. 

·Reactions at 12' wavelengths v1ere ruh simultaneously in a rrn.1lti;.;.\ 

cornpcu."tment vessel constructed. of Epon (carbon~ filled) •. Each compart.. . '··. 

ment has a 3-cm llr)1t path and is 2 cc in volume, ,, The compartments we~ '~ . 

made by milling the blocl< of Epon. A glass microscope slide "tras 

attached to the lower surface, and ·the compartments were mci.de. leak

proof by the inclusion of a· Parafilm gasket bet\·reen the polished sur-

face of tl:e block and the glass slide., 

The multi-compartment cell ;.-1a.s placed directly over and in imme..o · 

diate contact with an Interference wedge filter. (Veri1-200,·schott and 

Gen.; fv'Iainz, Germany) su~h tha.t each compartment received light of 10 mp 

band \·tidth · vJhen illuminated from belo1,r. Illumination was. provided by . 

means of a tungsten lamp ( GBneral Electric DF'.t\, 1000 VJ). The light was 

collirw:lted, passed through 4 em water and an infrared absorbing glass 

(Corning 1-69), and a short \.Yavelel1brth cut-off filter (Corning 3-72). 

. ·.;:. 

'i 

·., 

. ~ i 
' 

... : 
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The spectral region studied t.-ras · 592 mil to 716 lllt.tll ·and incident· lig.'lt 
. > 

intensities Nere in the order of 10 nanoeinsteins/c..T.2/sec. \ · 

The reactions \..;ere carried out at room temperature in the experli!K~n

tal arrangement described above. Jl.fter illurninationj) which was. usual~;\~ 

10 to 20 min:> the reo.ction mixtures v.Jere rapidly vli thdrawn from the .', 

comp~~ments an~ ultracentrifuged to remove the chloroplast la~ellae. 

For this purpose; a Spinco Nodel L ultrac·entrifuge '.·Jas used.,,tith a f.!LIO 

rotor and 2-ml adapters ({!303376), al'ld ultracentrifugation conditions 

\'!ere 10 min at 105,000 g. The ::;upernatants vrere al'lalyzed spectrophoto- . 

rretrlca~ly.:,at 420 mil for residual potassium ferricyal"'lide against darl{ 
. . ' 

controls using a Cary f<'Odel 14 spectrophotometer.· 

Incident lie;ht intensities vrere measured at the point of sa>nple 

illu.rntnation and the absorbed ~ig.~t intensities -v:ere calculated by the 

procedure described in Section II.Bo A correction.for light absorption 

by oxiQ.ized DPIP,ATas made by consideration of the inner filter,effect, 

e.g., Kling, .~ §d.• . (1963) •. ,From the corrected absorbed intensities n.nd 

the .amounts of ferricyanide reduced, quantum yields ~vere calculated. 

Results 
I lkS'"" tY . 

Figo 35 sho1r;s the wavelength dependence of .the quantum yields f8r 

ferricya.nide reduction and fcr:Ticyanide reduction.in the presence of 

catalytic ~Jnounts of DPIP. Each· reaction ha::; a re[!;ton of .maximttm effi

ciency at .650 mu. and a decline in quantum efficiency at \.ra.velel1.gths 

longer than 670 mil. For identical experimental conditions, both the 

wavelength dependence a11d magnitude of quantum efficiency of the tvm 

systems is similar. These sirnilarit:les imply that the fer:dcyanide is 
. . . 

reduced by the same photoreaction in both systems and that the catal;lt ic 

amount of DPIP does not significantly modify the wavelength dependence 
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Spinach Ch/aroplasfs 
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MU-33343 

35. Action spectra for the Hill reaction mediated by ferricyanide 
and ferricyanide plus catalytic amounts of dichlorophenolind~henol. 
Incident intensities were in the range 9-14 nanoeinsteins/cm /sec. 
Illuminations were carried out at room temperature for 20 min. 
Each reaction mixture contained sufficient washed chloroplasts to 
give an absorbance of 0.225 at 678 mJ.L. 
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or photochemical.efficlency of.the ferricyanide reduction. 

Discussion 

These action spectra are characteristic of the short vtavelength 

photosystem for photosynthesis (photosystem II).. T'ne data are qualita-
. . 

· tively similar to data obtaJned by Lumry; ~ ~ .. (1957), Arnon, ~ ~· 

( 1961), and Fork ( 1962) for or...ygen evolution in the ferricyanide

mediated Hill reaction~ and by Horio & San Pietro (1964) for ferricyanidc 

reduction with coupled photophosphorylation. All investigators report 

a region of tnrudmurH efficiency at about 655 ml-1., 

The \rc.welength dependence. and the magnitude of the qu311tum eff1-

ciencies of the ferricyanide and ferricyanide/DPIP systems are similar. 

'Ihese similarities imply· that the t•·:o systems are sensitized by the 

same photoreaction and that the add:ttion of catalytic amounts of indo-

phenol to· ferricy..,mide does not significantly modify the reduction of 

·rerricyanide in the Hill reaction .. 

• · · Shen~ et aL ( 1963) shoi'led that .the ferricyanide and fer-.cicyanic1e/ . --
DPIP. cystems have identical sensitivity to HOQNO~. ~ po11er:tu1 :l.n~ibitor 

of mitochondrial electron "transfer~ ·l!'hcreas the DPIP..:.Hill reE~.ction :b3 
. . . .. .. '· . 

insensitive to similar concentrations of the inhibitor •. Our findine;.s 

in this study al"'C consistent with their SUEJ~est:i.on that the added indo-
. ; .. 

phenol is inert in tl1e ferricyruU.de · systemo It appears; then,. tr..at the 

reduction of ferricyanide by isolated chloroplasts is sensitized by 

photosystem II in photosynthetic electron t1·ansport and includes a 

phosphorylation step• 

Indophenol dye acts variously depending upon its concentrationS! 

oxidation state and condition of the chloroplasts. · In concentrationn 
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less than 10 . !:!' the oxidized dye acts as a tem,inal electron acceptor 

in. the Hill reaction •·lith coupled photophosphorylation. Such a reaction 

ca..l1 be performed for an extended period of time if the very 10\'1 concen~ 

tration of indophenol is rnair1tartned in the oxidized condition by the 
• 1 • • 

inclusion of substrate amounts of an J.nert oxiG.ant such as rrmo2 in the 

reaction rillxture (Gromet-Elhanan & Avron') 1963). · However~ at concen-
: ;;.;./• 

trations higher than 10 1 N, oxidized indophenol acts as an uncfuupler of -. : ·.· 

the phosphorylation it mediates! (Gromet-Elhanan and Avron, 1964; 

Keister, 1963; and Shen, et al., 9 1963)., 
. --

Reduced indophenol is not an uncoupler of photophosphorylation and 

it can effectively act as an·e1ectron donor for photosystem I when NADP 

is the terrrinal electron acceptor (Vernon 8: Zau,_q:g, 1960; Hoch & Martin, 
. . ' 

196 3 » and this study) o As the reduction of NADP with reduced indophenol 

as eiectron donor also results in a phosphorylation (Losadal) ~ ~·, 

1961), then the oxidized and reduced forms of indophenol must interact 
.. . . transport 

t·Tith different endogenous intermediates in the electron! chain, assurr.inp; 

that the phosphorylation in question occurs at the same site. In 

addition, indophenol can act as a cofactor in a DCHU-insensitive cyclic 

photophosphorylation by chloroplasts (Trebst & Eck~' 1961; Kok, ~ £l:.·, 

1963). 
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F. s~~ary of Part II 

Experiments concerning the photoreduction of NADP by prepa.rat1ons 

of chloroplast l?:mellae shml that a 30% loss in activity occurs Hhen 

the la1nellae are sonicated. ·Lamellar fragments consisting of up to 8 

quantasomes retain up to 50% the quantum efficiency of intact la'T;ell2.e. ·. 

'Ihe photoreduction of NADP t-Jas shown to be~ insensitive to Antimycin 1\. 

· A comparison of the absolute quantum requirerr.ent for NJi.DP reduct1on 

by isolated chloroplasts as a function of wavelength was rnade betvieen 

the. norrnal system for NADP reduction 11.rith water as electron d.onor, and 

a DCMU-poisoned. system 'lt;Jlth reduced indophenol as electron donor. Botn 

reactions proceed t'lith a quantum requirement of about three einstelns/ 

equivalent Nf.J)PH2 from 550 IDJ.! to 690 mJJ. ~~t longe~ wavelengths, the 

nonnal system is less efficj.ent ("red drop") but the efficiency of the 

DCMU...:poisoned system increases until the quantum requirement approaches 

one einstein/equivalent NADP reduced. 

'l'"ne quantum requirement for NADP reduction, l'Jith both water and 

reduced indophenol as electron donors, increases linearly with _increa.sing· 
' . 

light intensity. It is proposed that a photochemically generated inter-

mediate, "Vlith ·an estimated lifetime of 50 n:.sec in the normal system nnd 

150 msec in the poisoned system, is responsible for the intensity 

dependence. 
. 

The action spectrum for the reduction of ferricyanide by lamellae 

in the Hill reaction stJ.g",gests the participation of photosystem II only. 

The_ addition of catalytic amounts of indophenol does not significantly 

modify the photochemical efficiency or the wavelength dependence of the 

reaction, sug£esting tb~t the indophenol is inert and without effect. 

til 
! 

~-
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G. General co:riilients on. photosynthetic electron transport 

The g2nerally accepted scheme for electron transport in higher 
. . . 

plant photosynthesis at this tj.me is summarized on a11 o:r.idation-

reduction potenttal diagra1iin Pig. 36o The bas.ic.featu.re of this for

mulation is the participation of h.JO separate light reactions connected · 

in series such that the redu:rtant formed by System II reacts throue:h 

several interinediates with the oxidant '.: formed by System I. Hm1ever ~ It 

has been alternatively suggested that the bro photosystems operate in 

parallel over the same rane:e of potential and the products of the t;,Jo 
. . 

reactions then dismute to form NADPH
2

, ATP <:md oxygeno The results of 

French and Fork ( 1961) 1~ould tend to favor the parallel formuL'ltion. P.s 

yet, unequivocal ev.icience for either scheme or a possible intermediate 
' ' . 

situation has hot been obtained. 

'Hoch (1964) doubts the·series formulation from a consideration o.f 

quantt.un requirements o If the quantwn requirement for C02 assimilation 

in vivo is aSS1)1Tled to be eight (see Kok.; 1960 for revie11), then eight ---
quanta result in the fm;'iP.ation of 2N/\D?H? · and 2.~TP e assuming the ser~tes 

. ~ . 

formulation and the experimentally observe_d stoichiometries to be correct. 

T'ne caroon reduction cycle., as is currently t,Titten (Bassham and Calvin, 

1957), demands 2N'l\DPH2 and 3ATP per carbon to reduce carbon dioxide to 

level of carbohydrate and regenerate the five carbon acceptor,. rJ.bulose 

1,5-diphosphate. Hoch claims that alt;hough: th~ addi'cional ATP necessnry 

rr.ay be obtained by cyclic photophosphorylation, in actual fact at lea;:;t 

three more ATP 's per carbon are necessctry for overall r;rm-rth of the- o:rean- ,. 

ism a.>1d, therefore, the scheme as formule>.ted requires revision. The 

validity of this particule>.r argument can be questioned on several grounds" 

Assuming the energetic requirements of the carbon cycle to be true, then 

one hexose ie generated at the expenf':'1e . of 12NADPH2 nnd l8ATP. . Hmiever !J 
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Fig. 36. Working scheme for photosynthetic electron transport in higher 
plants (after Hill and Bendall, i960a). Letters a tog represent elec
tron transfer intermediates in the photosynthetic unit. The known 
intermediates can be tentatively assigned as follows: 

a, P
700

; b, cytochrome f; e, plastoquinone; and g, cytochrome bh.. 
The po1nts of interaction of the exogenous electron donors and Hill 
oxidants are as follows; d, reduced indophenol; f or e, PMS, K

3 
& 

FMN; b or c, oxidized indophenol and ferricyanide. Antimycin A 
acts at g ~nd HOQNO at b or c. 

:~. 

""' 
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to polymer::l.ze· the hexos·~ into polysacchari.de SJ only one ATP per hexose 

is requ:i.red, Le., 3-1/6 ATP per polysacchari(.:e. · The sarne is true for 

the synthesis of protein. Ohe ATP is necessary for rurdno-acid activ;:/cion 

for the fonn..qtion of the 9;-RNA-2.mino-acid complex prior to incorporation 

into protein at the rib030:Iie where about one GT'P per peptide bond is 

required. 

TI1G' supposition that carbon dioxide is al';v-ays t~e ultimate oxidant 

during in vivo photosynthesis may also be misleading: in thene calcul:l'r::lons. 
~.... ... __ .~ ...... 

It .is quite likely that during some of the time~ .the reduction of nitrate 

or sulfate occurs ',vh.:Lch only require:;; the part~cipation of HADPH
2

6 

During such cix?cumstances an.Y ATP formed could 'tJell be used for al'labolic 

. prope.Zit'.eS. The nLtd-day closure of stom:.~ta .. in some species of succulents s 

or during periods of ~'later stress vJhen the net uptake of carbon dioxide 

ls thereby prevented 11 points to the possible variation and latitude i.l! 

cellular metabolic processes during photochemical activities. Thu::;, 

there is a problem of cellular regulation involved. Furthermore~ .if 

necessar-Y$ "extra" NrP can. readily be. generated by high efficiency cxicla-

t:tve reactions, e,.g., one triose when mct3.bolized by the Krebs' cycle 

and oxidative electron transport in the mitochondrion, liberates ~n the 

order of ·15 A'.f:P! 

T'\fliO major bypotheses concerning the Jnteraction and regulation of 

the two photosyste;ns have been propo3ed ·hy Tvtrers and Graham (1963) anc1 

are termed "spillover11 and "separate package". The spillover hypothesis 

m~·intains that short wavelength quanta. are absorbed by the pigments and 

energy transfer occurs within the photosynthetic unit.. Howeverb if the 

System II trap is excited, short t~ave quanta can rrigtate and excite 8~1~-:;-
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tern I since energy transfer can occur from short tb long wavelengths. 

This mechanism vmuld tend to maintain a fairly constant energy yield 

throughout the spectrum but a decrease occurs at long wavelengths oNing 

to .insufficient absorption by the accessory picrrents. ·The separate 

package proposal is very similar except that the entire pigment com

pliment is separated equally into t\·'ro groups. . Energy t:t~.ansf~r can occur 

;~ithin each of the t~oJo groups (Systerns I and II). but the transfer of 

energy betv1een them does not occur ovdng to a geometric or some other 

type.of restriction. In this hypothesis, the cverall y:i!eld is only 

maximal v!here the fractional absorption and yield for the two photOo'-

systems are equ,1.L lnese tv.1o hypotheses represent limiting cases and it 

is possible that the overall process rnay depend .upon some intermediate 

situation. 

'lhe data of r•iyers and Graham (1963) obtained for enhancement in 

C'nlorella are consistent with the spillover hypothesis ~'ll'ith the modifi-
-----· u• ' , 

cation that the spillover. rrechanism itself operates with limited effi-

ciency 11 thus resulting in ::;ields intermediate between the predictions 

of the tv;o limiting cases. Our b'm data in this study (Sauer and Bi13c~ins 1 

1964) favor the separate·package hypothesis. In the quantum requirement 

determinations for NADP reduction in the DCI~Kr-poisoned sy.stem with added 

· ascorbate/DPIP (System I), \·le observed that the short wavelength require

ment was doubl~ the requirement obserV-ed at long vmvelengths (see Fir.;. 

33). If energy t'ransfer from System II to System I occurs as postulated 

in the spillover hypothesis'· then one v-:ould predict much lov;er quantum 

requirements for System I in short wave light. 

Bannister and Vrooman (1964) conducted a very thorough investigation 

of· enhancetr.ent 1:!! ~in Chlorella and concluded that their data could 
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t;-::: explained in tems of either hypothesis. Hence) as yet, there is no 

'me--qui vocal evidence in support of either mechanism in. the distribution 

of .light quanta collected by the tvm component· systems. 

The relative positions of the .lmovm physiological electron transport 

1 components and points of interaction of some of the Hill reaction md~ 

dants vJ:tth the electron transfer cha.i.n can noH be assigned with som2 

clegr>ee of certainty o Tne prima:r'Y oxidants of photosystems I and II m'c 

still unkno'N11. Hm-:ever, chloroplast ferredoxin, a protein containing 

sulfur and non-heme iron, and related to a class of proteins found in 

hydrogenase-containing non-photosynthetic bacteria.~~ is the first identl·

fiable electron carx·ier to become reduced· by photosystern I. Ferredoxin 

then acts as an electron donor in the reduction of NADP by fer\t"edoxin-
' 

Ni\DP recJ.uctaseD a flavoenzyme l"eoently crystallized by Shenil et al-. ( 1963). 
.. ' . . .........,._ 

The enzym~ :ts specific for NADP ~~ Hov:ever j) the enzyme a.ls9 catalyzes th,::: 

/ oxidation ot NADPH2_ • not or1ly by the reverse process by. fel:'Tedt'Yxln., but 
~ 
. ····.~ 

···,.,also bv a. wide range of oxidOJ."'lts including~ NAD 11 Fff;i\i; FAD, indophenol dyes \ , ... 

tmd menadione. Tnus it has the properties of' the Fll.b-containlng N!iu.1Jt-·n2-· 

dio.phorase of Avron. and Jagendo:rf ( 1956) arid the tra"lshydrogenase of 

Keister, ~ &• ( 1960). A won and Jarsendorr f'ound that the flavoenzyn~ 

is bound to the lamellae qUite strongly and eM only be removed by· incu·

bation ot the lnmellao at room temperature.. The effect of sonication in 

this connection is unknown. Chloroplast fen;;edoxin (TagaNa ar1d Arnon$ 

1962) is the same protein as photosynthetic pyridine nucleotide reductD.<->e 

(San Pietro & Lc~g~ 1958) and the methemoglobin reducing factor .(Davcn-

port jj £l ~· i 1952). Ti1.ese reactions can be sU111rt1arized as follows: 
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rnethemo- Fd-!~ADP 
,.• ~~ •··.··· r .. 

globinp o~ reductase 
· Hvdrorrenase · 1' -=c 

H .. · " .'J · · · 7 FerredoXin 
2 . . t -----

·reductase. 

System I '. 
· P appears to be the direct . redu.ctant of photosystem I · · (position 

·-·700 .. ,,.,, . 
a, Pit:so 35) and, from th:? ld~~·ti~'· ~~pe~~1menfs. of"\Utt.,-~ Q.: (1961) and: . 

Chance and Bonner (1963), cytochrome f reduces P
700 

an:d therefore acts 

at position nbn in the schen:e representerl in Fige 36o Evidence for the 

direct oxidant of photosystem II is still lacking~ but. !R:tny investir:r,ators 

have pcstu.iated.-.. plastoqu.inorie -as •a .llkely _c;§l!1didate. Investigation of 
. r-·:·.-·.•.· -- .. 

the reactions residual in chloroplasts after ext1~action of plastoqu:tnone 

and restoration of actlv:Lties after the addition of the pure compound 

back SUf]·~est . that plastoquinone ·is urmecessary for NADP reduction \"/'hen 
. ' . . . 

reduc(~d indophenol is electron qonor. HOivever, it is m·l.ndatory in the · 
'\ 

ferricyanide-mediated Hill reaction 11\j'ith water as donor (fl.rnon a.'1d Hor-

ton., 1963) and for cyclic photophosphorylation catalyzed by Pi''lS, Vitamin. 

K? anu Fl\'iN (~'rnatley cmd Horton$ 1963) • 'I'hese <1:1.ta suggest that plast6-
J 

quinone is at position "e" at1d that electrons from reduced indophenol 

interact at n d11 
D vhereas those from rr.'JS; vitamin K

3 
and FJ'1N interact 

at "f11 or with the quinone directly~ 

·- · From ·the accurnulatio~1 of data on the photoreduction of ferricyanide 

and indophenol .dyei::~,. it. can be concluded that in 'che Hill r•eaction they 

interact v;ith the electron transfer chain subsequent to the· phosphory-

lation step and are photoreduced at S~ystem IL. Hence they probably.· 

interact 1r~i.th an endogenous intermediate at position 11c 11 or vvith cyto

chrome f directly (position 11b") ~ · The f"En"t'icyan:tde and DPIP reductions 

are dissimilar in their sensitivity tovJard HOONOil which suggests that 
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they either interacti with different intermediates in the photosynthet:l.c 

unit or their mode of binding is differento 
. . 

~any redox compounds have been shovm to be suitable as cofactors 

in the re-cycling; of photosystem I, Leo, cyclic photophosphO!"Jlation. 

PJ'v'iS, FlViN 31 v 1 tanun K
3 

and DPIP are all effective and recently Tag:mm !> 

et al. (1963) sho~.;ed ferredoxin to be a cofactor.; ·A feature of the --
ferredoxin-catalyzed cyclic photophosphorylation not found in other 

cyclic photophosphorylations is its sensitivity to Arttinwcin A. This 

s0r~sitivity is similar to the endogenous cyclic photophosphor-ylation 

observed in sorne bacteria and implies the participation of cytochro;::e 

b
6 

in this mechanism. Evidently this site of Antimycin A inhibition 

isby-passed when PHS.$ etco.are used as cofactors .. Furthermorep the 

results in the studies described here suggest that the site of Antir:1y-

cin A inhibition is also by-passed in the overall transfer of electrons 

from water to NADP, suggesting that cytochrome b 
6 

is not an intermedL1tc. 
. . 

Reference to the v;orldng scheme presented in Fig. 36 itiOUld S"ul!,gest,, ~hat 

"g" is the site of Antimycin A inhibition (or cytochl"Ol~ b6). and this 

is normally by-passed VJhen cofactors such as Pf4S aJ;"e included.. Taf~a1:i.':l,. 

£.!:.. §1.• (1963) shov,red that the feiTedox'in-catalyzed. cyclic. photophos

phorylation occurs readily in long wave light (708 i'n!J.) and is inhibited 

1-.rhen short wave light is supplied. Hovrever, short v:ave light ;is 

effective is System II is inhibited by the addition of DCHU.· This 
. . 

indicates that excitation of System II. reduces the r1;0rrnal acceptor 
; :',· 

for· reduced ferredoxi!:1 in; .the cyclic process.. Evidence for the par-

ticipation of cyclic photophosphorylation in vivo 'has been provided 
,.· -~ 

by Forti & Parisi (1963). 
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. As far as the mechanism for oxygen evolution is concerned» very 
0 

little is knovm other than the necessity for manganese ,and chloridee 

T'ne apparatus for oxygem evolution or some part of System II appears 

to be far more sensitive to denaturat:i.on than System I. For instance, 

System I resists heating at 55° C for 10 min~ incubation at 25° C 

for 24 hours, 0.5% digitonin extraction, 60% acetone extractioni> and 

partial Upase digestion, ~1hereas System II is rendered completely 

ineffective by even less drastic treatment~> This indicates a far mor>.::~ 

stringent structural requiren~nt for System II • 
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Conclud,inr;> remo.rlm concerning structure and function in photosyn-

thesis 

The larr..ellae of criloroplasts are unique double unit membranes 

modified for quantum conversion in the photosynthetic process~ From 

the amount of experimental evidence nm'r accumulated., it appears possible 

that the quantasom3, a repeating unit of lamellae, is- a morphological 

expression of the physiological photosynthet:i.c unit 1-rhich contains 

200 to 300 chlorop:r .. yll molecules. Unequivocal evidence concerning the 

validity of this notion would be the_ isolation of a photosynthetically 

active sub-unit of quantasome size which is further indivisible. With 

the development of large polymer beads such as polyacrylamide, for the 

. eJcclusion chi~matography of viruses and sub-cellular particles, . the 

isolation of a homogeneous fraction of quantasome from a polydisperse 

preparation is now technicaily feasiblee . The developn~nt of more subtle 

rnethods of membrane fragmentation would be an additional benefit to 

this problem. 

The lamellar protein fraction is still largely uncharacterized in 

terms of the exact nature of the constituent molecular speciGs •. From 

the studies reported here it seems that the specj_es are of approximatezy 
- 0 

the same molecular size~ i.e., r...r,~ 221)000 and about 40 A diameter. 

At the moment only three species have been identified; the tNo cyto-

chromes and a large quantity of structural protein., It is possible 

that the mechanism for oY,ygen evolution requires the participation of . 

one or mor~ proteins with \-vhich mang<:mese is presumably associatedo A 

profitable experimental approach to the separation of the very insoluble 

. protein fraction i'muld ·be the use of chelate 9 deoxycholate and digi'

tonina as these detergents appear to denature less than dodecyl sulfate. 

.. 
. ' 

" ,. 
' ~. 

·.=· 

!: 
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An end-terminal amino acid analysis of the protein fraction would be 

· helpful in· the estimation of the. total number of polypeptides present. 

The use of specific enzymes as an aid in the fragmentation of . 

lamellae has not yet been fully exploited. Particul:trly useful enzyme::; 

i•muld be those isolated from greening tissues \vhere assembly of the 

photosynthetic apparatus takes place at a high rate ... The use of these~ 
{' 

eogo, chlorcphylla.sell specific proteases and lipases _etc.~ \-lOUld be of 

great value in the s:1stematic degradatloh1 of intact lamellae pn.rticu1o.r'li 
. ' . . 

in conjW1ction '<'lith electron m.i.croscopy and photochemical activity 

meH.surements. The mechanism of oxygen evolution remains an unsolved 

problem in photo3ynthesis and the use of a protease for the mild degr2.

dation of lamellar protein fraction would be of considerable-value in-

the investigation of the state of the manganese. If a tnc'lt1ganese pept:Lde 

could be isolated from such a proteolytic dir-;est ~ . the probability of 

identification and characterization of the manganese state 'lvould be 

considerably greater. 
, 

As far as future research in lamellar structure .is concerned; it 

apperu. .... s ·that owing to the high leve 1 of analytical · sensitivity nov.r reach2'-~. 

I 
in·these problems, a far more stringent control of the physiological 

condition of the starting biological material ts necessary. The min:Ln;;..:n 

condition to be irl'k"nediately strived for should be the level of physio-

logical homogeneity of bacterial and algal populations nmV' availableo 
' ' 

Our lmowledg;e of higher plant photosynthetic electron transport has 

increased tremendously owing to the bioc:.,_er:1ical adva.'1.ces i•lhich have per-

, mit ted a study of the process extracellularly. In combination with 

investigations on int~wt organisms it seems clear now that the proce~::s 

is driven by two lie;ht acts sensitized by tvm pigmen:t systen'l.Se Hmvever, 
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the relation between the tttfo light acts remains unsolvedo · Although the 

"series" formulation appears_ to be well substantiated by a vride variety 
. . 

of eh-perimental observations, the 11paralleln formulation, or some inter-

mediate situation, Inl.lSt-stilFbe considered., 
. . . . 

Tne results obtained in this study confirm the quantum requirements 

obtained by the r..ajority of itmrkers in the field and also:·,point to neH. · 

parruneters v.Jhich require fUrther investigation. These are the effect of 

lig.lJ.t intensity and the distribut~on of absor~x~d quanta in the photosyn- ·. 

thetic u."1it.. These 1-vould most profitably be studied in coru"lection \'lith 

the problem·of enhancement. 

·The reaction center for photosystem II, the role of accessary pig

rnents D the .Primary oxidants . and . reductants for both light acts are 

. unl<nOi'fD ·.and kriovlledge COncerning the nature of the exact COUpling betHeen 

electron transp01~t and phosphorylation :i.s still forthcoming.· 

It is· a.>'lticipated that future work in photosynthesis will continue 

a~ independently defined problems of structure and function~ but the 

findings of both approaches iiTil~, by the very nature of the process 

itself!) tend to complement one anothere 

• 
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