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Studies on the Structure and Photochemistry of chloroplast lamellae
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ABSTRACT

Fragmentation of chloroplast lam@llae from Spinac1a oleracea L.

resulted intthe formation of a sub-unit which was active in the Hill

reaction, The uub~unit aedimcntation coefflclent was found to be 86

X 10‘133 and analysls of the boundary revealei that the praparatlon

was polydisperse. The molecular weiﬂnt was estimated as 18 x 106g-molc“l

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

gradlcnt sedimentation enuilibrium the effective buoyant density of
-1

the sub-unit was found to be 1.175g-cc™ and 1nhono*ﬂneity was not

detected. From the sub~unit density and the volume of a guantasome

the molecular welght of a quantasone was computed as 2 x 106g-mole“l.

After removal of the lipid from lameilae by the use of dodecyl

“sulfate and butanol, the lamellar protein fraction was found to consist

of two cytochromes and a lar5c quantity (95%) of non-heme protein.‘ The
oedlmentation coefTicient of the protein fraction was observed to be
dependent on concentration and, ac infinite dllution, was estimated to
be 2.3 x 10‘135. Tﬁe céncentraﬁion degendence is interpreted-as indica—‘
ting that the sys stem cxhlbit 'séociation—dissociation equilibriun
and that the tendency for aggrerauion is very high. The diffusion

<1

coefficlcnt was fourd to be 9.1 x 107 Tem-sec and, thcrefore, the

molecular weight of the vprotein iu about 22 OOO@-nole“l.» It'is suwacste&
uhab;gﬁzﬂtlon, by virtue of its phy31cal properties, is instrunental in .'
maintaining the structure of the membrane.

o comparison of the action speétré and quantun requirements was
made for HADP reduction bj chloroplasts and quantasomes with'wéter'and

reduced indophenol as electron'donors. Between 550mu and 680nu5both



systems were observed to occur with a requiremenf of two to three

| :einsteiﬁs/equivalent NADP reduced.- At wavelengths longer than 680mu,’

the reaction with water as electron donor showed an increasing requiref‘

ment for cuan’cas whereés with reduced indophenol as donof, the reaction 4

was observed uo approach 1.5 einsteins/equivalent VADP re duced. The

<

results teflect the participation of two plgment_systems for NADP
redﬁction and suggest that the trén§fer~of énergy between fhe two
systems does npt occur. Some characteristics of ﬁhe ﬁwo ﬁigmént 8yS=
tems are qiscusse_d° B |

The quantum‘requirements‘were fourld to increése linearly with
increasing incident light intensity for both reactions. It is proposed
that a photochemically generated intermediate.of tﬁe photosynthetic unit

with an estiméted liféetime of Sdﬁseclwhcn water is donor, and 150msec
when reduced indophenol is donor, is resﬁonsible for this inteﬁsity
depéendences | o |

The action spectrum for ferricyanide reduction 5y'chloroplasts waS'l
found to bé charactéristic of the short wave phoﬁosyétemlof'photosyhthesis
with a regién of maxlmum quantum'efficiehcy aﬁ 650mu and not significantly
modified by the addition of éataiytic amounts of indOphenol, Théée'data

support,éhe hypothesis that oxidiéed indophenol is.ine§t and thatiferri4
cyanide is the dir80u oxidant in this system,

Lamellar fragments consisting of about ei5nt quantasomes are half as
efficient as wnole chloroplasts in the photoreductlon of NADP when reduced
indophenol is‘donor and a metth is described whereby their absorption' |
‘ spectrum can‘be ﬁsed tb détermine the true chlorop}ast absofption spectrum. - ¢
- Such a method eliminates the contribution of light scattering which |

”sefiously interférés with the calculat{on of.absorbed light intensities

in the determination of quantum requiremehts.

-
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"We may ﬁherefore‘reasonably conclude that one great use of
leaves is what has long been suspected by many, viz., to perform in
soﬁe measure Ehﬂ same offlce for the support of vc etable life that_

the lungs of animals do for the support of anlmal life; plants very

vprobably drawing thro' their leaves some part of their nourishment from

the Qif.seessesncisesssans And may not light also, by freely entering

the expanded surfaces of leaves and flowers contribute much to the

“emnobling of Vegetablese“

Stephen Hales, 1727

General Historical Introductién

Early views on‘photosynthésis,.based on the classical expérimeﬁté a
of Prieétley_(l776)» Ingen-Hoﬁsz (1779), Senebier (1782) and De Saussure
(1804) were that gréen piants; in the presenée of sunlighﬁ, take up ’
carbon dioxide9 evolve oxygen and make starch. This concept pre#ailed '
throuqh the ninetkenth cen“ury with the additional flnding by EngOImann :
(1881) that the site of oxygen evolut;on in the cell is the chloroolagt'j'

Inveﬁtigatiuns by .Jlackma_n-(19059 1911) established that overall_f

photosynthesis consistszof two classes of events: photcchemical events

~ which are dependent upon ligbt intensity but température independent, -

“and chemical events, which are temperature sensitive but independent of -

light = intensity. Emerson and Arnold (1932) elaborafed earlier’f*

_ experinents by Brown and Escombe (1905), and Warburg and Negelein (1923)

and showed that the photosynthetic yieldvper unit of'absorbed energy of

a continuously-illuminated system could be considerably improved if the

C1ight is supplied in the form of flashes. Furthermore, the dark period



can be shortened in time if ﬁhe‘temperature is raised, 'This suggested that
some factor is made in the light‘which is then'used in éubsequeﬁt tempera-
ture sensitive dark reactions. From these kinetic,experimeﬁts they also |
introduced &he concepnt ofﬁa physiological photosynthetié unit cpntaining
about 2000 chlorophyll molecules.' This was later revised by Koklénd‘
Bﬁsinger (19565 1957) who made sdmilar kinetic experiments and suggested
that the‘ph§siologiCal photosynthetic unit contains 200 to @OO chlorophyll
molecules, v | ’

It was Van Niel in the eafiy 1930%s who laid the foundation upon

which much of the subsequent ihvestigations were conducted.: His'chpara-';

tive approach to the study of photosynthetic green and purple-sulfur
bacteria led him to generalize and propose that the light reaction leads

to a "photolysis" of water, The reducing moiety is then assoclated with

the mechanism for bhe reduction of carbon dioxide, and the oxidized molety

reacts to form oxygen which is liberated as a gas. The photOsynthétic
bacteriag'which do not evolve oxygen and require the addition of an

external reductant such as H,3, do not have the enzymic mechanism for the

rearrangement of the oxidized moiety to form oxygen'but, instead, use the

outside hydrogen @onor to reduce the moiety and reform water and the
oxidized d&ndr; - At ‘the time, this formulation accounted for all the
. known factsvof_bacterial and higher plant phoﬁosynthesis.'

" Further confirmation of Van Niel's formulition (1941) came from . -
sﬁudies by Rubéﬁ, et al;‘(l9ﬂl) using-enriched 5xygen (Cozlsand H2018) és'v

a tracer, They showed that the source of oxygeh liberated during photo-

synthesis is water rgther‘than carbon dioxide.

~a



Van Niel's formulation (1941) can be represented as follows:

Oxidizea ufof] DAEer plants o oy4 4 o

Motety | | S
bacterla \: UH-0 + 2A
, - 2 4

/ ' I
1
2h2A

ﬂﬂgo - photolysis

Reduced  A4H] : _ > cellular products
Moiety ’ €0, '

where H2A represehts an external hydrogen donor,

By the use of radiocactive carbon (Clu) in'cOnjunction with paper

chromatographjs Calvin and his collaborators completely mappéd the
‘metabolic fate of carbon dioxide during photosynthetic assimilation in
‘greenvalgaé (see Bassham and Calvin, 1957s for review). The'path was

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

Many of the reactions in the sugar rearrangements were shown €0 be 

similar to those of the oxldative pentose cycle which was discovered

" shortly afterward (see Axelrod and Beevers, 1956, for review)., Calvin

defined the energetic and reductive requirements of the carbon reduction

vcyéle‘in metabolic terms as 2NADPH2 and 3ATP per carbon dioxide assimilated,

HI1l (1939) was the first to demonstrate a photochemical reaction

related to photosynthésié outside the confines of the living cell, He

 fdund that isolated chloroplastsﬁwould evol?eloxygeﬁ when illumihated (ie.

photolySis of Qater) and supplied with a sultable electron aceeptor such |
as fervic ion. - However, he Waﬁ uhéble‘ﬁo show thaﬁ carbon dioxide could
act as the eleétron acceptér,' |

The‘demoﬁstfation of theJlight dependent formation of the cofactoré
NADPH,, and ATP, together Withvevidence that the chibroplast-ié the cellular

2 , _ .
site for carbon assimilation, was achieved by Armon et al (1954, 1957).



The production of ATP was shown to oceur in isolated éhléroplasts_in ’

é coupled Hill reéctioh with NADP as the natural physiOIOgicél5oxidant
(non—cyclic photophospbbfylatioﬁ), An additional photophosphiorylation occurs
in the presence of an added cofactor such as vitanin KngMS'or . This

hosphorylation proceeds in the absence of gas evolution or uptake and is
PROS;E v X T 9

therefore, termed cyclic photophosphorylation, Léter,‘Trebst et al (1958)
démonsﬁrated that the'production of ATP and ﬁADP%é is associated with the
chloroplast membrane fraction (the "grana' or lamellae) during the lizht
reactions, and that thé carbon dioxide assimilation occurs by.means of
the soiuble enzymic'ap@aratus in the chloreplast str@néf'

Investigations on the structﬁre of the chloroﬁlaét began shortly
after the discovery by Engﬁlmann (1881) that oxygen evolution oceurs . in
the éhloroplasts of algae. Prihgsheiﬁ (1861) and Schmitz (1883>5 in a
sefies of'investigétions using the light ﬁiéroscope,vfound thatfchloro-
plasts have a granulérvor netlike interﬁal structure."Meyer (1883) called
such highly abéorbing granﬁlarlareas terana. A complete sdrvéy of all
majdr plant taxénomic groubs was made by Heitz (1936) ﬁho shbWed that
grana are present in'many classeé; - L
o ‘With the'adQent of newér’teéhniQueS in electron ﬁicroécbpy, such as
shado*x:iﬁé and ‘ul‘.’c.ra—thin sectioning, it soon became ab;:arent' that the
internﬁlz$tfu§tufe.bf the éhlofdpiaSt éoﬁtéins 2 bilsminate membrane Sy 5
tem. Localized grana areas wéfé recognized as lamellar stacks 0.5u wide -

and 0.8u high (Steinman,'1952; Steinman and Sj&étrandg 1955) and connected

©<

by élnglé membranes 30 A thick to form a continuous lamellar system.

Granick and Torter (1947), by means of shadowing téchniques, foﬁnd about

40 to 60 grana”per @hlord?laéﬁ;lngpraction of the materiai on the electron L,
- microscope grids with‘m§thanol showed that the residual fracfién»ipfesuﬁeév _ i

to be protein, constituted less tifan half the -original lipo-protein muss,



o}

and st11l retained some structure. No sub-units were identified in

these investigations.
Additional éviéence for a lamellar system in chloroplasts was
provided by Frey—ﬁyssllnw and oteinman (1948), who obtained pure layer

blrefrinﬂancc curves that they clalmod arose. fron Droteln inter-

weaved with oriented lipids.

Early work on the composition of the chloroplast (Menke, 1938),
"echloroplastic” matter (Chibnall, 1939; Neish, 1939; Comar, 1942) and

grana (Bot., 1942) showed that these preparationd contained 40 to 50%

protein, 20 to 40% 1lipid, and 5 to 10% photosynthetic pigments, and

the concept of a chlorophyll-orotein complev as a chloroplast sub-unit,

by analogy to hemoglobin, was cuite nopular.

Thus, in the late 1950'9 the concept of structure and function in
the higher plant chloroglast was that the internal lamellae contain the
photosynthetic pignments and are responsible for light absorpticn,

guantum conversion and electron transpoft with associated phosphorylation.

- The stroma fraction contained all the enzymes to catalyze the carbon

reduction eycle in the presence of the ATP and NADPH2 formed during elec-
tron transport, _ | o |
The burpose of the work described here is twofold. Part I is a

study of the molecular architecture of the chloroplast lamellae using -

- biochemical techniques which have proved particularly usefui in the

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

Qtudy of some of the phOtOCthl"al propertics of reactions that occur

during photoaynthetlc electron transport in the lamellae, In particular,

emphasis is piaced on quantum efficiencies and wavelength dependences

of the reactions in order to further characterize the pigment systems

v-v respon sible for quantum conversion.
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Part I. Studies on thé Structure of the Chloroplast Lamellae.

- Introduction

~ Chloroplasts of higher plants are located in the mesophyll of
the leaves and, as obserwved in the iight microscope, appear as disc-

" shpped bodies approximately 5 u in diameter and about 2-3 u thick,

- The chloroplast is surrounded by a semi-permeable mémbrane which is

oswotically active and infternally appears to conuist of two main
'phaues, A number_of highly abs oroinv areas containing the photosyn-'.
thetic pigmentu, called "grana" are embedded in a matrix of soluble
proteln the "stroma" (Utlers 1938 'weier and Sfocking'1952$
Rabinowiteh, 19453 Granick, 1961). |
| By means of the electron microscope and by»Virtue of the recent
 tremendous ‘advances made in the preparation of material for observa- |
tion9 the ultra~$tructure'of the grana areas has been considerably_
amplifiede"Notaﬁlé work has been aqcomplishéd by Steinman (1952),
 Steinman and SjBstrand (1955), Granick and Pﬁrter (1947) , Hod'f'e9 et al
(1955), von Wettstein (1957 and 1959), Sager (1959), and more recently
by Park and Pon (1961) and Weier, et al (1963).

 The grara are b1~l&n1nated stacks about 0. 5 u in diaueter and

0. 8 u high and are connectec by single, larger membranes (stroma
Jlamellae) to form a continuous lamellar system within the chloroplast
(see Flg. 1), S | o

v‘iSolated'chlor§plasts dan be physiéally separated into the two

:maih!phéses; the strbma and the lamellae, by osmotic fuptufe.in dilute
buffer followed by ultracentrifugation, The lamellae are éédimentedv
at about 10,000 g after 10 minutes’ centrifugatidn,.whereas the stroma

proteins remain in the supernatant. . The-stroma protein fraction has

w2
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ZN-4606

Fig. 4, Ultrathin section of a chloroplast from Spinacia
oleracea L, Fixed in 2% KM§O4 and embedded in
Epon, Magnification 392,0007, ~ Kind courtesy Dr,

R, P. Park,



[ R

"been studled fron physical and enzynological viewpoints ( inger et al

19523 Lyttleton and T's0, 1958; Pon, 19603 Racker, 1955; Mayaudon 19573

R

Rabin and mrown, 196L) The prineipal protein is a 16 Svedberg compo-

| nent which is also the major protein of the green leaf, and has been
designated Fraction I by Wildman, Carboxydismutase (Pon, 19603 Van
Noort and Wildman,v1965) activity is aséociated.wito Fraction I, but thers
is disagreement concerhihg the phosphoribulokinase aﬁd isomerase

| activities, It 1is possible ﬁnat-Fraotion I protein is paré of an
- organized bjutem of multifunctlonal eqszes in the chloroplast concerncd
with CO, assim_l tion as prooosed by Bassham (1963). |

Fraction 11 protein, the minor constituent of the:stroma protein,

Cis é'mixtore of many enz&%es éﬁd iz in the order of 2 to 4 Svedbergs.,
‘Some forty enzyme activities have been identified in chloroplast

matoriai and they are presuaﬁbly associated Qitﬁ'FraotionvII (see
Thomas, 1960, for review), In addition to the protein, DNA and RNA
héve been shown toe be consti uents of the chloroplast utroma (see
' Granickg 1961, for review). Ribosomes have also been isolated from
chloroolasts ;ndicatlnr that a ff@ction of the RNA 1s in the form of
nucleooroteln (thtleton, 1962).
| "hc lamallar fraction of ‘the chloroolast contains all the conpo—
nents necessary fbr light absor‘ption9 quantum converuion and electron
: %ranooort in ohotosyn*hesis. Vérv pure lamellae obtained by repeated q;
‘washing. with dilute buffer and ce n‘cr’ifuuatlon9 were shown to be active
in quantun convers;on and were analyzed by Park and Pon (1963)° They
showed that the lamellae are about 50% protein and 50% lipid, The
lipid fraction contalns all tn@ chlorophyllss carotenoids and quinones,

Park and Pon (1963) dntermined the dlstrlbation of the transition m.etals9



S

of this particle (see Fige ).

13

Cuy M and Fe, which are 71Yelv to be- anolved in oxidation-
reduction reactions in the_two:xractlons. Lney founi that all the
metalks are in the protein fraction apart from Mg, which is preSent in
the chlorOﬂhyll and ¥ is prﬁaent in the Jowest. c0ﬂcentration, As
Mn is essential for orxygen evolution in photosynthesis (Kes 1er, 1957),
there must be at ?eabb one atom per photosynt het*c unit. Hence, they
calculated a minimum molecular weight of a photdsYnthetic-unit by
calculaﬁing the material asSOciéted-with one atom of mahganese. Such
a minimum molucular weibnu b¢scd on the mangdnesu conuent is about -

-1 and contains 115 chloroonjllog

l@g gn. mole” _
Park and Pon (1901),also investlga&ed the structure of sonicated
chloroplast larellae by electron microscopy., The lamellar fragments

which were preparsd for microocooy'were shown to be active in quantum

.converuion and %o Shﬁooru Cﬁ fixation in the pre sence of added strona.-

When shadowed 'and viewed In the electron microscope« many frﬂwments were

seen to be granular in appﬂarance and, in some caues5 regular’ arrajo
of pqrtwcleo wera secn as in Plb. 2, The partlcles were particularly
apparent in areas where the upper layer of the bilaminated membrane

had been torn by sonication, exposinﬁ the inside of'thé’mémbrane.‘ The

_particles were dusc 1bcd as 200 A x lOO A oblate ovheroida, and P‘rk and
| Pon‘(1961) 1gheutea that thib particlﬂ is a repeating uuo—unit of the
lamellae, ‘Tuey 1 ater showed (1963) that by eroloying a sui able

consistant packing arrangement in the membrane, the lamellae of all:

photosynthetic organelles in green plants and algae couldebe cbmposed
. ° . N ﬁ ,‘ .

: As'the‘uniéue‘f~ature'bf azgregates of the bartiéle is.the»ability

to convert 11 ht energy to chcnical potential, it was suboequontlv nand

!
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ZN-4304

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 Dr, R. B, Park,

o~
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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 "quantasomeﬁ (Park, 1962)vand Park suggzested that it may be the -
morphological expression of the physiologicai'photoéynthatic unit .
first fonnuiated Ey Emerson and Arnold (1932) and more recently by
Kok and Businger (1956 1957).
| Luter work snowcd that the quantasom@ exists in at least three

different types of packing arrar ements in lamellae; a para-crystalline
array, which permitted a more accurate determination of the dimensions
_‘of the'quantasome, a‘linear array and a rendom array which appears |
- most frequently (Park and Big ino9 1964), The dimensions of the
quantasome as seen in the para-crystalline array are 185 A x iSSlA
“and 100 A thick, | |

The lamellar fragments thained by Park and Pon (1961) by
sonication of the chloroplést lamellae are active in quantumn conver-
sion, However, the fragments are heterogenous with respect to particle
- size and consist of up to 8 quantasomes. Hence, the integrity of the
complete lamellae is unnedessary for quantum conversion.

The lipid fraction of the chloroniast lamellée'has, in the:past,

reCGived a tremendoua amount of attentlon owing to the considerable

interest in the nature and state of the photdsynthetic,pigments. The !

most recent work on the composition of the lamellae, and specifically -

_4in relation to the quantasome,hypothesis, is that by Lichtenthaler and f:

Park (1963) and Liehtenthaler and Calvin (1964).
Table 1 shows the composition of a photooynthetlc unit relative
. to one atom of manganese based on the results of the-investigations at

LY

Berkeley ahd elsewhere,
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e . | .__"_, .. Table 1.

: . " Representative distribution of substantes in splnach .

T chloroplast lamellae on the basis of a2 minimum molecular .. =
' weight of 960,000 per mole of manganese (Lichtenthaler

and Park, 1963). s

Tipid composition (moles/mole Mn) .

115 - chlorophylls 103,200

24 carotenoids 13,700

/ 23 qﬁinones | - 15,900
58 phospholipids _ &5,000':'

72 digalactosyldiglycerides 67,000

173 monogaloctosyldiglycerides 134,000

o4 sulpholipids 20,500
. sterols " 7,500
© unidentiffed lipid 87,800
| 495,000
Protéin ‘
."uséo N atoms as protein . 464,000
B 1w s
, 6r 3%
. 30 o 159
T 465,000

p

Lipid and protein 960,000
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The pfoﬁeih fraction has received very litﬁle‘direct.attention
other than the recornition that-it'contains the two cytochromes
and b6 which appgar to be restricted to phétosynthetic tissues - |
(Hill and Bonner, 1961). .The.fact that the protein fraction in ﬁhe
_absence of the lipids is insoluble at physioiogical pH, énd the
v‘abSane of appropriate toolé to éope with this problem are the most
likely reasons for the lack of‘atténtiOn the protein fraction has
recéived in the past. -

| However, for a complete understanding of the molecular archi-
tecture of the thoroplast lamellae, further knowledge concerning R
the protein fraction is required -- in particular, the total nwﬁber-
of proteinlspecies pér quantasome and thésr molecular wiights, shapes
and proéﬁléticggﬁoppsiif&apy,_ As the integrity of the quahtasome-
.relies heavily upon the physical nature of the proteins, knowledge of
their pyoperties would also be advantageous. o |

Green and associatés (1961 a,b) have made notable contribitions
to an understanding of the structure of the mitochondrion using bile
sdits and detergents to great ddvantage in the solubilization of the
cristae. In additicn, they hawéiphyéically'characterized all the , ~
éytochrome complexes. and constituents of the mitochondrial respiratory
unit or elemeﬁtary particle, in the presence of deté zents (see
Fe&nandezJWOran et al, 1964), Although thére are limitations concern-
ihg the validity of such meésurements,vit is the only approach in i
‘modern biochemistry_avaiiablelaﬁ this time.

The work presénted here in Part I is a further study of the

physical prOperties of chloroplast lamellae (section A) and a phySical

chara¢teri£ation‘of the lameliar protein fraction (section B). .

-

Loy
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TA. Studies on the Structure of Chloroplast Lamellae.

1. Preparation of chloroplasts and membrane fractions

Chloroplasts were 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 des

stermed leaves were thoroughly wéshed and refrigerated in a sealed |
pblyethylene bag for at 1eas€ cne hour. This treatment‘inereased the
turglidity of the leaves and better yields of intact chloroplasts |
were obtained (Whatley and Arnon, 1963). TFollowing isolation, the
chloroplasts were osmotically ruptured and the stroma fraction remnoved by
hightspeed centrifugation. The membrane fraction was sonicated and,
efter removal of large fragments, quantasome aggregates collected as
outlined in.Fig. 4. _ v | |

For some of the studies (see_Sec..B)vlarge quantities of lamellac
were.required and, for these purposes, chloronlasts were isolated by
a continuous fiow procedure; TEn kg of upinach leaves were homoeeniued
in 2510, 3) M-NaCl, 0. 02 M tris—Cl pH 8.0 in 500 g, 1 g:portions;
and strained through 8 layers of oheesecloth The brel was centrifuged
in a Servall RC-2 Automatlc_Superspeed Refrigerated Centrifuge e@uipped
with a Szept—GyBrgyi and Blum B-tube continuous flow system. The centri-

fugation conditions found to best compromise between yield and purlty

" of chlcroplas ts were a flow rate of 60 ml/min and MOOO rpm.  The

sediment from 10 kg leaveu (about 300 ml wet-packed volume) was susoended
in 10 1 0,035 M-NaCl, 2 x 107 3 M-tris-Cl pH 8, stirred for one hour
and then centrifuged at 17,000 rpm (3& 000 g) at a flow rate of anroxi—'

mately 10 ml/min, The sedimented green membrane fractmoﬁ was thcn

S

P
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_ - = chloroplasts (isolated in isotonic buffer)

R | homogenize_in 0.035 M NaCl,
S A | 2% 1073 M tris-Cl, pd 8
. &

repeat twice o oo o _

. - o 30,000 g, 10 min

R Y ,
sediment .Pi - o o ‘ supernatant S1
(merbrane fraction) and starch " (stroma fraction)

semi-pure lamellae

sonieate, 9 ke, 90 sec Raytheon 100w magnetostriction oscillator
30,000 g,=10 min, -

\ _
N i
sediment S R ; supernatant S
(unbroken lamellae, largze o : o '
fragments and starch) : o o ' '
e - o small lamellar fracsments
make 0.1 u with NaCl
30,000 g, 10 min,
sediment P2 : ! e supernatant
(purified chloroplast lamellae) (residual stroma fraction
k : ; detached by sonication)
1 ' ‘

- Quantasome agprepates

o

ig. 4, Scheme for the Isolation of Chloroplast Fragments

£
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resuspended in'200 ml dilute buffgr and the preparation continued in -
the usual fashion. The supernatant from the final continuous-flow
céﬁtri@ugation is an excellent source of carboxydismutase. .

Preparation of lamellar sub-unit

The preparation of quantasome aggrégates as shown in Fig. 4
, yields a heterogeneoué system with respesct to partidle size, The
~preparation can be partially resolved by differential ultracentrifu-
_gation by a proceduré according to Park and Pon (1961), yielding .
fractions of up to 8 quantasomes., These preparétions are satisfac-
tory for metabolic and Spectroscopic studies, but théir poly-dispersity
impedes certain'physical stucies.
.A survey of membrane fragmentation techﬁiques‘was made in an

at@eﬁpt to preparevmonaneric quantasomes or a moncdisperse sub;unit

of the membrane. It was found that detergents such-as cholate,
dgoxycholate,-Na~dodecyl sulfate and Tween were ineffective in the
preﬁaration of active sub-units, Lut wers vcry effective in removing

. ‘

lipid from the membfane. Finally, a technique based on'principles
' previouély employed by Smith (1960) for the preparation of proto-
chlorophyll ﬁglochrome from etiolated bean seedlings was used;"This-
method, ocutlined beléw, uﬁilizes a low concentration of dysteine,at
high pﬂtand, in combinaticn with sonic rupture, an active membrane
.preparation was obtained which, when partially characterized, appeared
ultracentrifugally homogeneous. Rigpréus analysls of the sedimentation
veloéity data,.however, révéaled-that the preparation is polydisperse
but not to a considerable eitent. | |
- Progedure
- Quantascme aggregates were prepared and suspended in 0.1 M-glycine,

0.05 M~KOH and 0,02 M—cysteine-HCL‘(gly~KOH—éys~SH)’and homopggmized
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géntly bﬁtﬁeané of a PotteruEivehjem hdmogenizer with a Tefién'
pestle. This treatment fragmented the membrane. The treated mem-
branes were then u.traccntrlfuced at 105,000 g fbr 15 mlnu*es to .Av
»xramove large fragma 1tsy the uoerngtant was retained as the preparation '
for study. Prew arations were stored for ncriods of up to one week . '
under nitrogen, but detenninationS’of activity in the Hill_reaction

were carried out immediately after preparation.

2. Absorption spectrum
If the preparation is a répresentaﬁive'sub~uniﬁ of:the.phétosynf.
thetic membrane5 then the entire pigment complement shou1d be present
and.the absorption spectrum should be identical to that of intact .
lamellae, |
Many investigators have revorted the absofption spectra of
'aphotOSVﬂthetﬁc systems (see French, 1960), and the most recent'ﬁdrk
for JFhOP plants is that by Sauer and Park (1963). They measured the
.gbuorptioh pcctrum of gonlcated opinach lamcllae by means of
‘scattered transmission technique. They found that tbe absorption -
maximm in thé_red region of the spectrum 1s not shifted from 678.6 mu
in ¢the preparatioh‘of chloroplasts, y onicqtlon or by the separation
"of the small lamellaA fragnﬂnto by differential ultraccntri$ugation.
Fig. 5 shows the abs orption spectrum of the sub-unit preparation
'prepared oy treatment with the giy»KOchyseSH buffer pH'9; .The absorp-
tion maximm in the red region of the spectrum is 677 mu,  Thus, there.
is a’shift Qf>lb5 mu from the value ig_zigg_and for untreatéd lamellae,
Tt is highly probable that this shift is due to treatment of the |
lamellae with the gly-KOH-cys-SH buffer, o
. Treatmeﬁt of photosyntbetic organelles with organic solvents and

detergents lead to similar shifts of this abs orption maximum to ohOrtCP



ABSORBANCE

Fig. 5

WAVELENGTH (m )

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

MUB-1H7

—sz—
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wavelengths., The magnitude of the shift depends upoh the édncehtfa—
tion and type of additive and; eventually, extraction of the pigments
occurs . Sﬁith (1941) found that 2.5% digitonin, 3%_bi1e sa1ts such
ias Na-taurccholate ahd Na-glycocholate and 0.5 to 0.25% debxycholate
lead to a éhift,éf the red maximum to 675 mu with a concomitant
increase in fluorescence, Sodium dodecyl sulfate (0,25%_ led to a
much greater shifﬁ.to 670 mus a~Picoline and dioxane (Takashima;
‘1952); v%'Dubanol and 1% Span (Chiba? 1960) and dodecylbenzene sulfcne
(Itoh, et al, 1963) also lead to similar shifts., |

A thorough study of such absorption maximum shifts induced by
organic so;vents and detergents was made by Sauer and Park (1963) in
an investigation of the possibllity that such shifts be directly -
. dorrelatcd with tﬁe loss 62 photochemical activity dnd, thus, permit-
ting use 6f the position of the absorption maximun as a sensitive
measure of the structural intéérity of thevphotosynthetic apparatus.
Although the results were complex, in general they fouhd that thére
:aé a 1dss in photochemical activity at solveni concéntrations lower
than was réquiféd to prpdqcé:a measurable spectral shift. From this
woric; then, one would anticipate a loss 6f photochemical activity if
a shift 1s cdetectable.

3. Activity of the lamellar sub-unit

A further prerequisite thét the sub~unit truly represents a"
fragment of_the photbsyﬁthetic membrané is that it be active in -
:'quantum cqnversion and, for this purpose, the Hill'reactioh‘was'uSed
“as a criterion, TFerricyanide was used as an oxidant and OXygen was

measured manometrically.

g g
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Procedure
The sub-unit oremaration was subjected to exclusion chrona-
tography On Sephhdex G~75 (coarue) in order £0. remove excess

gly-KOH~cys=SH buf‘f‘er° Three ml prepa ration (1 mg chlorophyll/ml) in

column
gly-KOH-cys-Si was placed on a Sephadex/2.0 x 50 cm equilibrated
with :i.O'2 M~phos§hate buffer pi 7.0, 10"3'M KCL. FElution was carried

out with the some buffer and, in this way, the preparation was
rapidly transferred to the reaction buffer, Control quantascme
asxr zates werb treated similarly except that they were not expovcd
to the gly-KCH-cys~-SH buffer,

The Jarburr vessels contained 2 ml oP t“o eluted oreparaflono
(0,8 mg chlor rophyll) with O, 5 ml potassium ferricyanide (30 unoles)
in the side arms. The reaction was carried ocut in an Aminco Warbur,
Apparatus mearican Instr. Co., Maryland) adapted fon'illuminhtion.
from below with whlue ”unv§tﬂﬂ 11mht and at 15° Co R

After an equilibration period of mxnuteg Lde ferricvunide was
added from the sidé anas_andvthr S ol@ﬂ 1lluminated (10 OOO ft

candles, white light).

Fesults
Treatment ~ juwioles 02 evelved/mg chlorophyll/hr
1 - None - : S 39,8
2 v 1" ' . 35.8
3 gly-KOH-cys-SH, excess . 14,5
S rempved ' '
b " : . S 15.75

Table 2. Kill reaction of quantasone arrwebutes (fl & #2) and azgre—-
gates treated with'gly—KOHmcvs~SV bufférs for 30 min and then
- subjected to exclusion chromatography on Sephadex to remove

excess bulfer (#3 ¢ #4),
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The results in Table 2 show that the sub-unit is active‘in quantum
conversion but 60% of the activity is lost'by treatment with the
gly-YOH-cys—SH buffér& AThc loss in activity in the'preparation“
sugzests that either the photosynthetic process is inhiblucd in the
V enzymological sense or, more likely, that the unit for quantum conver-
sion isvstructurally ﬁodified, The fact that the prepération of the
sub=unit also leads to a spectral shift of the red absorption'
raximum (see IA2) very s strongly sugpests a change in the structural
intep”l ty of the vhocosynohetlc wnit,

Several active chloroplast aub~an1ts or chloroohyll—proteins.
have been described pre eviously. Wolken (1963) showed that "ehloro-
| plastin” photoreduces dichlorobenzenone indopﬁenol and forms "labile .
phosphate™ in the presence of a mixture of many cofactors (apketo# '
glutarate, ascorbatv, cytoonromc C, riboflavin 5-phosphate, Mgtt).
Ch_orowlaotin is DPEparud fron Lug dena by a 2% digitonin extraction
of the cells (wolken and Schwertz, 1956) which leads to the formation
of a pigment-protein of MW=290$000.' This is in good'agreement with
i Smith and gickleé (1941) who showedlthat.2.5%-digitonin extracts of

-spinach leaves yield a niément-proteih complex of MW=265,000. Howcver,
_ Smlth (1941) showed that a spectral shift of 3.5mu to 675 mu was.
‘ aesoci“ted with the additlon of dlwitonin.

Kahn (1963) treated spinach chloroplast fragments with Triton
¥-100 and separated a chloroph?ll protein of unspecified molecular
.dimensions but containing 0.8 to 1.2 mg protein/mole chloronhyll
. The chlorophyll was chlorophyllfgronlys The particle photoreduced .

ferricyanide but oxygen was not evolved and boiled preparations

- behaved similarly.

B

©
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Allen, 22,2&,(1953> prepared a particle from Chlorella pyrenoidosa

by treatment of the cells by freezing in 103 methanol, grinding,
éohication_and differenéial centrifugation.. The particles are.frqm_
70 R to 300 R dia. and have a chlorophyll a/b ratlo of one, and, the
red. absorption maximum is'6f3 mu (ie. a chlorophyll b enrichment).

The particle generates a single line ESR sisnal upon illumination
which is similar to that induced by long red light in norhal‘photosyné

thetic systems. However, it does not decay in the dark and can only

- be discharged when ferricyanide is added. The particle photoreduces

DPiP but not quinone. _

| Both Wessels (1962) and DBoardman and Anderson (1964) showed that
the treatment of spinach chloroplasts with low concentrations of
digitonin (0.2 to 0.5%) does not impailr the photoreduction of NADP
when DPIP and ascorbate are present. However, when water is electron
donor, NADP reduction does not occur, 'Wesselsralso showéd that
photosynthetic pﬁosphorylation of the pyciic type (Arnon,_gz_gi,

1955) occurs and, hence, low concentrations of digitonin appear to

act like DCMU, as observed experimentally. No reports on particle

size were given, but Boardman and Anderson indicate that the treatment '
rﬁsults in a shift of thé abébrpticn maximm of 2 mu to shorter
wavelengths, .

Other preparations éf chlorophyll-proteins or pafticlés fro$

photosynthetic tissues reported by Chiba (1960), Takamiya ct al (1963),

‘Texashima (1952), Itoh, et al (1963) and Nishimura and Takematsu (1957)

“were either photochemically inactive or the measurements were not

attempted;

B o
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b4, Sedimentation coefficlent and analysis for Dolydispersity’

Quantasome aggregates which have been clarified by differentiél'
ultracentrifugation are nolydisperse on the besis of measurements :

made in the electron microscope, and the particles’ consist of up to

e¢®ht quantascones, These 0reparaclons do not 4iVb a discrete boundary .

“in the analytical ultracentrifuge even after extensive differential

preparative uitracentringation (Pon, 1962)., The preparation described
here éas investigated by analytichl ultracentrifugation and was found
to sediment as a single component with a broad boundary. The_bouhdary
was analyzed for'polydispersity;

Procedure'>

Analytical ultracentrifugation was carried out on a Spinco

Model E ultracentrifupe equipped with a rotor temperature indicating

and control systemv The ultraviolet absorption optical system was
modified for the purpose of measuring pigment'absorption of the sub-

unit preparation in the blue region of the %pectrum. This was accom-

" plished by removing the chlorine~bromine filter from below the

centrifuge chamber and replacing the housing, A cut-off fllter

* absorbing all wavelengths below 300 mu was 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 absorptioﬁ photographs. Expoéure times of 2.5
sec were found to bc satisfactory when the absorbance of the prepara— B ‘
tions urdpr study were in the order of unity and blue sens ipive9 |
mediun speed Kodak commﬂrcial oafety film was used.

By virtue of the very high extinction of the photosvnthetic' 

pigments and use of the absorption technique, it was posaible to
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analyze véry'diiute solutions of the préparations, i.e,, about
10f6§7Quantasomes, Experiments were carriod out in 0.1 M-glycine,-
0,05 N-KOH and 0,02 H-cysteine-HCL, An AN-D rotor and 12 mm, Kel-F,
h°‘~iﬂdle sector cell were usedo Absorotion photographs ‘were scanned
by moans of a recording microdensitometer.
| . Thu deni}tonoter tracinos of- the sedimcntation velocity experi—‘
‘ménts show the concentration of sub~un1to in the centrifugal field.
Thé4lov radii of the 50% coqcenﬁratioﬁ points wereiplotted against
time and a stra¢ght line was obtainea, the slope of whlch was related

, to tne oedimentatlon co"ffiC1ent by the exnresolon'\

c'_c:-l'- i d_}i

° ]

2
i at.
where, s = sedimentation coefficient; cm/sec/dyne/g, 1e.-éec,-

w® = angular veloeity, rad.ans/sec,

i

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

axis of retation and

5 = time in sec,
Hence, | Y
2.303 '
E i lO &
2 08 X/t
()
Results

Fig, 6 ShOWo an exomple of an absorption photograph taken during
a sedlmentation vclocity experiment and it can ‘be seen that the "
boundary spreaag quite cons.deraoly° - Fig, 7 shows the superlmposed.'}.
‘ *deﬁsitométer'tfaoings of sﬁcﬁ'én'ébsorption photobraph»and Table 3
EShQWS‘tho'sedimentatioh.coefficient of the lamellar sub-units at three

' concentrations. The preparations were sufficiently dilute to be in
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- the linear range of film sensit v1ty and th° sedimentation coeffi-

cient is 1ndependent of concentration.

Table 3. Sedimentation coefficient of the lamcllar sub-units at -

three concen‘crationsn

*sub;onit concentration |- rotor speed sedimentation coefficient
: A ‘ rpm : . Svedhergs
675 v : _
\n
0.8 | 60 | er1
071 | 39,460 | - - 86,0
0.33 . | 3gue0 | 8.8

Full use of the sedlmentation velocity data was uoed by analysis

. of the boundarv for polydisperoity, The.function 3

dc/dx'° x2 x@zt

8;(5) =

was computed for éeveral values of s for a boundary position during

a sedimentation velocity experiment by a procedure according to

Sehunaker and Schachman (1957), Fig. 8 shows the wélght distribution

of sedimentation coefficients in a sample of lamellar sub-units, and

1t can be seen that the preparation is polydisperse. bHowever,fthe

bulk fraction lies within 15% of the mean. Account of the contribution

ﬁo boundary spreading due to diffusion would lessen the eztent of this

abparent polydispersity but this would be small for such éllargo sub-uéit,
These fesults show that the sub-unit preparation is polydi;pérse

and the mean sedimentation coefficient is 86'Svedbergs;~;The analysis

for polydispersity used by analysis of the boundary dufing a sedimentation

<
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ZN-3545

Fig, 6. Sedimentation velocity of lamellar sub-units, Abs. i
photograph taken at two-minute intervals at 439‘ mu soég?oin
speed 39, 460rpm, 0.1pNaCl, 20°C, sub-unit absor
e 15 0,74, ’ absorbancy at
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SEDIMENTATION  VELOCITY
_Sp/‘naéh Chloroplast Lamellae Sub-units

Speed: 39,460 rpm  1/10 lonic strength.NaCi
Conc: [A675=O.7I] Temp: 188°C
0
O 2 min
& |
QO 4 min
= .
| £ Gmln
L2
i ami
o min
N
<
® IOmin
(3]
=
8 .
= 12 min
]
C
-~ 14 min
w . _
= ) 16min
S 13 :
w = l8m|n
[ )
£
9
| 1 1 1 { }
59 &l 63 65 67 69 7l

Radius, cm

MU-27714

Fig. 7. Sedimentation velocity of spinach chloi-oplast lamellar
sub-unit, Superimposed densitometer tracings of absorp-
tion photographs taken during an experiment at 39,460 rpm,

v

“»
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| L. ]
20 50 100 150
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, '
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very dilute solutions of DNA, ln the manner described, showed that

34

veloc1ty exper 1ﬂent is very sensitive and vas used by Shumaker

and Schachman (1957) in the analysis of DNA. The criterion of
purity previously empldyed was the appearance of a single peak in Av ;

the ultracentrifuge. However, treatment of sed&nentation-data of

D)

 DNA was Quite'polydisperse; Hence, casual inspection of a boundary

in a éedimﬁntation velocity experiment is insufficient in deciding
the purity of a single mavronolecular species, For a multimacromole-

cular complex the problem is even more acute. It is anticipated

that if other larze cellular particles such as electron transport

particles (Green, 1961; Fernandez-oran et al, 1964), ribosomes (see

'Arngtem9 1963 for revie w)9 chromatophores (ochachman et al, 1952)

are invesvigated similarly, then a comparable distributilon of sizes

would be seen,

5. Density gradient sedimentation equilibrium ) R

The sub—unxts viere investigated by dens ity gradient sedimentation
equillbrlum in order to determine the density of the material and
to ascertain the’extent of possible hetercgeneity by an additional
technique. | | | |
Y?roceddre

Sucrosé>was chosen as‘the low molecular weight sqluﬁe'for centri-
fugal wedlstribution and formation of the density gradient as niph
concentrations of electrolyﬁcs such as 05012 led to aggregation of
the lemellar sub-units. o , : L " V1 . . o
= 0,7) was

7T 0 =
added to 1 mlb of O MS sucrooe/ml and centrifuged at 50 T4HO rgn at

Twenty mlcrollters of a sub-unit preparation (A6

3°C. A s*ngle &°vsector, 12 mm, aluminum centerpiece cell was used°
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The approach to sedimentation equilibrium for sucrose was observed
by the standard schlieren optical system of the thracentrifuge.
This took 72 hours, gna durlng this time the sub-units miqrated
centrifugally fromvthe meniscus and centripetally from the cell -
| bottom until, at equilibrium9 they formed a discrete band close t§
zhe celljcéﬁter where the net buoyancy term'was.zero.v
A U39 mu'interférence filier (Corning) was placed below ihe.
lower collimating léns of the schlieren optiéal systsm.in the_ultra&
_centfifugéb and photographs were takén using Kodak spectroscopic
; plates, type 1-D. Thus it was pos;ible to‘simultaneously record the.
density gradient oy schliereﬁ optics and the subwunit band by éBQmﬁ -
absorption on the same plateo' F‘JL&,° 9 shdws an examplé.of such a |
photograph at equilibrium after 72 hr. .
Results |
Fig, 10 shows the sedimentation eqbiiibrimn‘distribUtion of u
the sub-units and it can be séen that there is one band, Fig;.11 
shdws a ploi-of the log relative.sub-ﬁnit concentration'versusysquare
of the band width, and the relationship is linear, indicating that
.the band is a Gaussian distribution. Hence,'the preparation is likely
ﬁo bé homogeneous with respect to density. The density of‘sucrosé
2t the redius corresponding to the peak of the suﬁ}unit band 1s
1175 v~cc;I\\ This is thé point where the sun of the forces actinu
- on the sub~units is zero and is the effective dcnelty of the MACTO~
- molecular solute (Meselson et al, 19 7).
| | ”he real aensity of the 1amnllar uub—unit% is likely to be less
;I~: hun the effcctive ﬁcn51tv as m@a sured in the sucrose gradlent as |

‘lthe experlment was conducted in a sucrose oolution of high osmotic
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ZN-4610

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 Lamellge Sub-units
/In A Sucrose ODensity Gradient

[Speed: 50,740 rpm
Sucrose: |.3I15 M
Time: 72hr

10

RELATIVE CONC. OF SUB-UNITS
o
i

«4——— meniscus

l | ] L |
73 71 69 67 65 63 61 59 57

Radius, cm

MU.27713

Fig, 10, Densitometer tracing of an absorption photograph taken
at density gradient sedimentation equilibrium of lamellar

sub-units,
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LOG RELATIVE SUBUNIT CONC.

Xo, - |

S 10

(Band  width)®

MU-27712

Fig. 14, 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,

w
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~ pressure and.the degree of dehydratioﬁ of the sub-units is unknéwn;
However,'ih spiteldf this possible error,.the mgasuremeht‘is |
probably good to 1% aceuracy. |

~ The valﬁe obﬁained’here for the densitylof the sub~units is
expecféd forjmaterial of,gompositidn 50% 1lipid and 50% proteih,.'
assuming the density of a pure protein to be about 1.4 g/cc and that
of pure 1ipid to be about 0.8 g/ce. Dergeron (1959) measuredvthe
density of a preparation of chromatoéhoras from Chromatium ahd
obtained a viue of 1,2486 g/cc, The chromatophore he prepared
contained 66% proﬁein and theréfore'one_would expect a slightly
higher'densi‘cy°

6. Electron mieroscopy

' The sub-units were. investigated by electron microScopy‘in
collaboration with Dr. R. B. Park to determine the molecular size,
shape | and polydispersity. |
Procedure _ '

Single dfops (‘SOul) of'a'very dilute solution‘of a preparation
-‘of~sub~uﬁits weré blaced on 200 tésh coﬁper grids with formvar {ilms,
the excess liquid drawn off with an‘absorbant tissue and air dried.

" One per cent:phosphotungstate pH:7was then applied to the gfids
similarly. -Grids prepared in this ﬁay ﬁére then viéwed'by‘meaﬁs of
an Akashl Tronsco?e, o |

Results

Fig. 12 is an example' of a photograph taken at high magnifiéa—"

tion. The particles appear spherical but of a large range of dﬁameterso

. [« e} C
The range is from 300 A to 700 A, but there appear to be a majority

. o . .
of particles with a dlameter of about 500 A. In some cases the
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ZN-4605

Fig, 12, Electron micrograph of spinach lamellae-sub-units
negatively stained with 1% phosphotungstate, The white
line is 0.1 u,
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- to be polydisperse. As determinéd in a sucrose denslty gradient; -
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material appears to be broken, giving a "C"-shaped fragment, and,

in general, the particles seem hollow,

T. Sumvary

Chloroplast 1amellar‘fragments:were'treat@d with gly-KOHchs-SH

" buffer pil 9 and a sub-unit wes isolated by differential ultracentri-

fugation which 1s active In the Hill reaction., The absorption

" spectrum is similar to that of unfragmented lamellae but the red

cbsorption marimum has shifted 1.5 mu.

The sedimentation coefficient of the preparation was found to
be 86 Svedbergs and analysls of the boundary showed the preparation
!

the effective density of the sub-unit is 1.175 g cel, The sub-units

are largely spherilcal in shape and appear hollow, The size renge 1s

[} o} o]
" from 300 A to 700 A, the majority In the order of 500 A.

8. Discussion
From the sedimentatignbcoefficient, density and diameter of
the sub-unit 1t 15 possible to compute the molecular weight of the

varticles using the expressions: .

£ % Gopn
; |
/ . . .
. C e o (1-T
and  m =0T
< Nfs
where ' - f = frictioral coefficient,

g = sedluentation coefficient,

3
1

viscosity, -
* r = radius,

p= SOlution‘density,

<
]

partial specific volume,
- N = Avogadros number,

and M = molecular weight.



Using s = 86 x 10“13, v = 0;85 ce~% 1 and r = 300 A, then the mole~

- ' o ae 6 -1
cular weight of the sub-unit is in the'order of 18 x 10 .g-mole

Such 3 unit contains 2000 chloiophylls and 9 quantasomes. . The partial

specific volume, 5, used here is estimated from the reciprocsl of

the measured effective buoyant AO@noLbV and, therefor 4“he calculations
based upon this are considered with caution,

On the basis.of électroh microscons measurements, the qua ﬂtaoOR“‘
aqqremat@r describ@d by Park and Pon (1961) are nart*cles con““inLnU
up to about 8 ﬁuawte¢ome% (”arw pe .onal conmun,). Hence, the SUb=
unit preparation described here and the quantasome arvrﬂ~utes descrlbec

by Park and Pon are in the same size range but the two preparations

{

ferent hydrodynamic properties, Pon (personal commun.)
showéd that the quantascome agzresates do not exhibit a ﬂlﬂcrete

the ‘
boundary in/analytichi. ultracentrifuge, whereas the sub-unit desecribed

here dees, A possible explanation of the fact that the two prepara-

tions are hyd roaynzmical gifferent is that they are of quite different

shape. This would affect the frictional coefficlent which would result

dlfforont sedlnencatlon ChuraCbE?lStﬁCuc

Th*t the two nr“narationa are different in shape has been confirmed

by obsnrvatlons in the olectron microscope, The quantasome a zregates

are elongatedf(?ark9 personal communs ) whereas che oub-units here are

nore snherical; Sﬁch a diff°r~rcc in the shape of tha t:o tyhes of

particlea is llk°iy to be dne to either fbe methods of prep aratlon or

the condition of the starting material, It is possible that sonication

at a certalin fixed frequency leads to fragmentation of the lamellae

along linear arrays of qua dta omes in the herizontal plane of the mem-

brane. ‘These arruvs could then be further Pragnented until a eritical

size is attained ‘vihich could well be a function of the oacillator

'(l
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fréoucncvv'
An additioqal factor that could influence the puttern of
fragmcnuation of the lamellae is thc physioloqical condition of the
~ plant from ‘which the chloroplasts are prepared, Park and Blggins
(196M) observedvvarying degrees of quantasome crystallinity‘in
1émellae preparéd from spinach grown during summer andlwinéef condi-
“tions. The extent of cfystallinity could possibly be an important
facior in the finél sizé and shape of the lamellar fragnents. - It
>would appéar thaﬂ_greater_controi over the condition of the plant
- material would be profitab1e in.future aﬁalytical Investigations.
The difference in bﬂ orréresence of the sulhydryl in the case
. of the sub-unit preour&ulon coulu lead ﬁo excessive charge repulslonv
.on the protéin., "ﬁds, together with the hydrophobic pmperties of
the'libid on thé other surface; could lead to a curling of the frag-
mented array in order to distribute the cherges end, ultimately,
form a sphere with lipid in the center and protein en the outside,
~This mechanism fof}membrane fragmentation described above could
also explaih_the formation of spherical chromat onlore~ by sonication
-of the baptefial photosynthetic membrane. Bergaron (1959) proposed
g model for the suo tructurp of a preparation of_ﬂnrcmatopnoru from
ChrarnoLuue He obtained 300 A ter hollow DartT01 by sonication
and suggested that they were spheres with an inner layer of lipid
and an outer layer dfvprot¢in. Howevef; such particles have noﬁ been
observed in seétions of'whoie cells ahd Cohen~3azire suggests tha@
_chromntophorus are fragmonts of an inltially continuous membrane
) (Cohen—&azire & Kunisawa, 1961; Cohen-Bazire, 1963). - The dimensions
of “he prenarafion of Jamellar sub-unlts described here are lérger

than thc 30 o¢ D“TQCPOH’” chromatophore but simlilar to those of chronato-
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phores isolated by Schachman et al (1952). It is ?OSuiblu that

ﬁhe_finailfor@ of both particles in vitro is Surictlv a ”unutloﬂ )
of the mode‘of preparation, -

Use of the vaiup obtained in ¢ :i study for the density'of the_
>llan°1¢ar aub~un1ts, in conJunnulon vit h.the'mplecular size of a
 nv3ﬂbauoﬂP as determined from electron microscope'meaSuremenfs of
‘<naoowec 0reﬁaratloAs of scnicated lamellae, uhov that the molecular

welght of the quaﬂtab«ﬁe is auout HWO m*11ion (Park and Biggins, 1964).
This is trrice the MJﬂmeleDIQClla” welcnt based on the weipgnt of
H

material associated with one atom of manganese. Hence, a gquantasome
contains 225 molecules of chlorophyll; 1 cytochrome f and 1 cjtdé
thame bg (see Part I, égcd B). . The total composition is given in
Table U4,

This.éhlorophyll content per qﬁar some is uurprisingly close

to that of the'physiological'pﬁotosynthetic unit as determined by Kok

and Businger (1956). lowever, only the isolation of a homogeneous .

active particle containing 200 chilorophylls would represent unegquivocal -

cvidence thet the quantasome is the photosynthetic unit, A further
'T@otf’C ion would be that such a yurticle 1s indmvmalble in terms of
photochemical activity.

© e



Table 4

45

o Compbsition'of,the Quantasome (Park & Biggins, 1964)

Lipid (composition in moleé/qUantaScme

230 chlorophylls?s3
| 160 chiorbphyil 2
Ub.‘chlorophyli b
48 carotenoids? |
14 £~caroteﬁe‘
22 lutein
6 ‘Violaxanthin
{ 6 nebxanthin“'
46 quinone cmnpdunds‘z
16 §1astoquinone A
8 plastoquinone B
i plaatoquinonc Cu _

‘8—10 a—tocovherol

o aaoocopherquuinone .

4 vitamn K
116}.ph0u0h011pxd85 |
‘144'.dlgalactosyldiglyceriae6
.3H6- monozalacuosyldiglyceride6
58 sulpholip1d7

? sterols

 unidéntified'lipids

(éoﬁt.)

1y

243,000
63,000

7,600
12,600

3,600
. 3,600

12,000

9,000

3,000

3,800

2,000

2,000

Total

206,400

27,400

- 31,800

190,800

134,000
268,000

41,000

| 15,000

145,000

i g byt ————

990,000

e



46
Table 4 (Cont.)
Protein |

9,380 ¥ atoms protein . 928,000

10 non~heme iron 560

2 eytochrome-iron - 112

2 manganese . - | 110

6 copper- - © 218

Total 930,000

~ Total lipid plus protein 1,920,000

1. Wolf, et al. (1962); Debuch (1962),
2, Lichtenthaler & Calvin (1963).

3. Park & Pon (1963).

4. Henninger, et al, (1963). |

5, Winterﬁans (1960).

6. . Wintermans (1962).

7. Benson, et al. (1959).

8, Menke & Jacob (1942).
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Part I. B. Studies on the Lamellar Protein Fraction.

Introuuctlon

The lamellae from the chloroplasts of higher plants have | o
vréceived‘cgnsiderable attention as far as composition and enzymic »
activity is concerned (see Granmick, 1961, for review), The most
recent work on compositicn by Park and Pen (1961) shows that the
manbrané is 50% protein and 507 lipid. This is in agreement with
"many other workers although the lipid'content is slightly higher.(f
They attribute this differeﬁce to the fact that the lamellae they
',.analyzcd were absolutely free bf the soluble proteins\of the stroma.

- The presence of the stroma proteih leads to an exceptionally higﬁ
protein content.

Of the two fractions, the lipid ;ract*on has been studied the
most extensively cdue to the considerable interest in the photosyn-

- thetle pigments. This lipid frachion contains the chlorophylls,
carotenoids, quinones, ph0§bhbli§id§, dl- and mono-galactosyldi-
glycerides and sulpholipids-(Lichtenthaler'and Park, 1963).

The protein fractién gontains thé two photosynthetic cytochromes
£ and bg and the transition metals iron (non»heme),rmanganése and
‘copper. The protein ffaction_has recdived very little direct atten~ .
tion, pfésﬁmably bwiﬁg to:ﬁhe.exﬁreme insolubility of the‘material'at
‘physiological pM and the lack 6f[appropriétc enZymolbgical tools to |
cove_with the problem, | | | ' ‘.

| Davenport and H}ll (1952) purifled cytochrome f from an ammoniacal
: cthanollc ertr@ct of tbe fresh leaves of parsley by amnOﬂium sulfate,
: fractiona ion and ca101un pbosphate gel acuovption. The pure protein

was shown to be M = 110,000 and contained two hemes. . The heme- -
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protein linkage was fournd to be similar to that of cytochrome ¢ and

the redox potential was estimated as Ei = 0,365v,

b) o

Indirect evidence concerning the properties of the protein frac-
ion comes from work primarily designed to investigate the nabure of. ' -
the chlorophyll-protein link in attempts to elucidate the state'of

chlorophyll in vivo (Smith, 13940, 1941), TFor this purpose a variety

w——

of detergents and organic soliwents were used to solubilize the membranes

g

and led to the formation of a Yelear™ solubtion. It was decided that

},

™
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I detergents for the removal of lipid from the lamellae

rt

and solubilizatlo

=

1 of the protein would be a frﬁitfﬁl approach to the
study of the chloroplast protein fraction, as thsse methods Pad also
been showm to be of gréat value in the study of the mitochondrion,

where similar problems of protein insolubility prevail (Green, 1961), )

This section describes the preparation and properties of the

protein fractlion in an attempt to derive information pertinent to

the molecular architecture of ehlovoplast lamellae.,

L. .Preparation of the chloroplast lamellar protein fraction
Quentasome aggregates were prepared in large quantitiés_by the

continnous flow procedureg solubilized in 0.2% sodium dodecyl sulfate

rH 7.1 and allowed to stand at U°C for one hour‘&ith géntle_stirriﬁg.

During this process, the membranes dispersed and a clear “solution"

was obtained, “
o Lipid was most effectively removed froam the Getergent-dispersed

solution by'tﬁe<$low addition of sufficient butanol at -5°C to give

a,final'volume 20%‘greater than tha‘origihal detersent solution.

After rapld stirring for about 30 min, the solution was cehtrifuged-ﬁ
at,lOOO g for 15 min and the upper organicllayer removedAby careful - | f

aspiration. Complete removal of 1ipid,w;s achleved by one w: more
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repetitions of~this_procedure,~ The agueous phase was then dialyzed

exhaustivély against 10~ -2 M-tris-Cl pH 8.0 to ramove as much'butanol

| . and deteraenu as posolble.

An itional method of extracting lipid from the detergent-treated
quantasome aggregates was by ~10°C acetone precipitation. The protezn
‘was precipit tated at 80 85% acetone and was shown to be lipid-free
:'af;er several washes with cold -15°C acetoﬁe. After removal of the

aceéone by evacuation, it was poésible to dissolﬁe 75% of the protein
- in 0,029 so@ium.dodecyl sﬁffate 0.05 M~tris C1 pH 8,0 by extraction
~overnight. During this prccedure the washing and removal of acetone
 was conducfed as rapidly as possible and at —10°C to minimize protein
aenaturation. |

. The protein was concentrated by ammonium Ju1faLe precipitatlon

or lyophilization after dialy31s agalnst 10 -4

M. tr*s-ﬂl pil 8, ‘The
protain fractlon was yellow=brown in color and was stored at 4°C,

'2.' Absorpulon snectrun and oxidation-reduction difference spectra

'Procedure |

A Cary ﬁodel 14 Automatic Recording Spectréphotometer with a
Scatter Transmission Attachment was used. Oxidationsand reduction
éifference spectra were‘obtained using the 0 toiO,é éptiéal denéity
slide wire on the spéctrophctometer. Difference.spectra of the protein
fraction in sodlum dodecyl sulfate were compared with those of 805
- acetqﬁé - extracted lamellae and an acetone powder sOlubilizedbby a
large quﬁntiﬁy'of‘sodium cholate.b o

i) 80%'a.cetone extraction, Quantasome. a@'fgrec'ates (ie. 500 mg dry
el : : P

weight) were prepared and suspended in 40 ml 107° M tris-Cl pH 8.
This Suspsnsion’was pbured_into 160 ml -10°C acetone}and_sﬁirred '

vigorously. After about 5 min stirring the suspension was rapidly
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filtered by néaﬁs of a medium glass‘sinter and Blichner attachmedﬁ
with the aiq‘of a wéter puhp,v The bfown-&ellow;residué was washed
Qith cold acetone (80%) and.nevef allcwed to dry (tﬁis avbided Cfack-
ing the pad of protein on the Sinter funnel, nrevénted charmelling
and also made the final aqueous suunnnsion considerably eqoier)
'_Agter washing with cold 80% acetone until the washings were colorléss9
Vtuv pacd was covered with'5 ml ice—cold lO‘l W—tris—Cl pﬁ 8 and as
soon as the acetone was diaolaccd from the pad (ca 1 ml) ‘the filter
was disconnected from the pump. The vet residue was then scraped
from the filter and suspended in 10 ml ice-cold 1070 I-tris-Cl pil 6.
.Thé suspension was then Qonlcated using a Bronwell Biosonik Sonicator
(Blackstone Ultrasonlcs, Bronwell 801entific, Rochester§ N. Y.),
operated ot full,bower for 5 min. The sonicate was then @entrifuged
to réﬁove @artiéieé large enoqgh to settle and Qéuse_anoﬁalies; _’v
'éurihg ﬁhe spectrophotometricjmeasurements.v | |

11) Cholate>solubilization,~ Quantusome agqre es were preoarcd

v‘(lCe 500mg; dry weirnt) and ouspcnded in 10-2 W~tris-01 oH 8, The
susyension was then pourcd into a volume of —20°C acetone one hundred
imes greater than the volume of the-suspension, vigorously stirred
!for 2 min and then‘filtered on a large Blichner funnel through whatman
#4 filter paper. The filterinngas acCelerated‘by ﬁhe use of a water
puﬁp and WaS conductcd an rapldly as bossible. ”hu residue was washed
1 with -20°C acetone and the filter paner plus reoldue nlaced in a large
~ desiccator and evacuated *o remove aceton _
: 1 The ary aceuone powdcr was then suopended in 107 1 M tris—ci pH'8
‘lby means of a glass pcutle and homogenlzer and 2 mg cbollc acid per mp
powder added. The pH was carefully controlled and maintained at 8 .

by the addition of base (O l M NaOH) The susoﬂnbion was stirreu ’



gently cvernight at about 4°C and then ultracentrifuged at 105,000 g
for 30 mln in a Model L S oincé preparative ultracentrifuge with a #40

" protor to remove insoluble matter, About 70% of the material was.

solubilized by this treatment.

111) Difference snectroohotometh° Cytochrome contents of the

-~ protein fra action and other lanell¢r prenarations were measured by

difference upectrophotometry. Identical samples were Iintroduced into

both reference and sample beams of the Cary Model 14 Automatic Recording

Spectrophotoneter equipped with a 3catter Transmission Accessory and
 full-scale expansion. A base line was run of “untreated™ material

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

by the addition of very small quantities of solid potassium ferricyanide
or sodiun dithionite, The spectral region of the & and.8 bands of
the ferrocytochromes was studied (ie. 500mu to BOOmu).\ In later worik,

the split ccmoartﬂent cuvettes described by Yankeelov (1963) obtained

: frOm Dy,ucnll (Pyrocell « Co., New York, M. Y.) were used., Ferri-
- cyénide and dithionite both absorb in the far ultraviolet,_but, the

- use of these cuvettes permitted accurate, unambiguous measurement of

the Soret region of the cvtochrome as the concentration of oxidant or
reductant in both analyzing” beamo was . 1dent1cal |
: The underlying asuumptions during the determination of the ¢yto~

chramé'contenﬁ:of the lamellar protein fractioh_were.that the éutoxidi«

zable cyt0thoma'b6’was.present'in aerated soldti@n as thelferripytoa

_chrome, and that cytochrome f wns~pfesent as the ferrocytochrome

(1111 and Bonner, 1961), OWLng to this differenée in oxidatidn states

 in aipr at pF 8, the measurement of the two cvtochromcs 1in’ th° prosunca

,_of.each other.was COﬂQld@T&Dly uimplifled.
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A1l the sémniGS'were finélly adjusted to 0.1 Mntris—Cl pi 8,
aﬂd when *he split vomoarument cells were uch ferricyanide and
dltlloni e solutions were 10 5 H aﬂd in the some buffer,

Resultf o |
Flg,.. 13 ‘shows Lhe absorption spectrum of the lamellar protein
frlCtion in 0,002% Ha doaecyl sulfate, 0,05 M-tris pH 86 There is a

large ab ovntlon band at ?79w and a onouldcr at 290mu, The difference

, onbctrum oxidized minus reduced, In the visible region shows the o,

8 and Soret absorption bands of the ferrocytochromes f and bge - The

density of the absorptibn,band in the ultravioclet is seven timbu

greater than that of the combined Soret bands, indicating that the

greater proportion of the protein is not hermoprotecine.

Fig. lﬁ.is a differéhée'spectrum, oxidized minus untréatéd“'
I&neilar prbteingv This shows the absornulon spectrum ofvferrbcytéé
chrome ., The abéorptioa bands are o = SSH & =‘53q = 525 and |
vy = 421, This ié in very good ahreenent with the absorn :ion maxima
reported by Hill and Bomner (1961), iowever, in this work, the 8 band

is split whereas'ﬂill and Bonner only found the Bl band at low tempera-

'tureo The aﬁéérptibn maxima ratios'a/s and v/a are also in pood_

' aqreeﬂent and nitb the outa on h;ghly ourlflod ferrocytochrone £

(Davonport and ﬂlll 1952),

15 is a difference-soectrum of untre ated 13m;11ar proteln

,rinus red uced prObELn and ohows tne ab orption spectrun of ferrobvuo-

chrome.b6° Lhe absorption maxima are & = 561, B = 530 and y = 1431°
This result is in agreement with the values given by Hill and'Bonner

(1961) for 80% acetonn—extracted lamellae althouch it anpeara that 1

the isolated lamellar protein the bands are shifted slightly to
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shorter wavelengths, The ratio o/ is very similar,
Fig. 16 shows difference specﬁra of the region of the u~and'8"

bands of an 80% acetone powder of pure chloroplast lamellae for

comparisong.and in an atfempt to repeat the data of Hill and Bonner

(1961); Tne agreement is good in both cases, showing that the_1ow

detervent concent“aﬁion does'not further modify the'spectra.

1g. 17 shows dL ffey rence spectra of the 11p1d~free lamellae

solubilized in cholate (2 mg/mg protein). The absorption maxima of

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

the band of the ferrocytochrome be 1s less.

Table 5 summrizes the spectrophotometric data in this study,
tégether with that of Hill and Bonner, Davenport and-Hill; Sironvél»
and Engelert-Dujardin and Lundegfrdh. |

vThe cytochr@ﬁe content of the chloroplast lamellar protein was
determined from éhese spectrophdtqmetric measufements and knowledge
of the weighﬁ of'protein in solu"cione U51ng the o« band extinction
céefficient; of 2.5 x 10” for cycochromc £ and 2, O X 10q for cyto«
chrome b6; then the cytochrome be/T ratio'is 0.92. l 1x 106 g of the

protein would conualn rolar amounts of the two cytochromes, and, henca9

there 10 one of each cytochrOﬂe per quantasome or aoproximately 230

CthmDhyllu ®
These values fbr the cytochrone concentration are lower than

the concentrations reasured by Davnnoort and Hill for cytoc .f in

- parsley and elder (19;2)” and Lundegardb (1962) for‘spinachs HoWéverg'

'thu_agreement with Sironval aﬁd Engelért~Dujardin (1963)'and Hill and

Bonner (1961) is fairlv good, Sironval and Engelert-Dujardin reported

~ the b6/‘ ratio as 1 but Hill and Dovner did not state the extinction

coe“fichcnts thcy ugcd in the:r calculationso B



L L e i e e i e e allie AL e T a e i e e e e

54

mabln 5 sunmarlzas the data in this study and the literature
values for comparison° The variation Ln values is qulte high and
it is suggzested that variatlon in the ths*olovical condltion of
“the starting'materialo could contribute to uuch_discrepan01es.

| These results show that the lamellar vrbtein fraction contains

the two DhotocynuHMtlc cytochrompo f and b6 in approximately equal
conce ntratlon% and about 9 uh. Jnis is the same concentratlon as
determined in intact lamellae suggesting that all the cytochrome is
.recqvered inAthe protein fraction when solubilized by detefgént.
The aooorotion maxima of the ferrocytochrcnes are very similar to
those de cribed pr@viougly for lamellao uxtractOd with acatone° It
‘appears nat very low concencracLonu Ox &a—dodccy* uulfa’ce and pro-
porfionapely high conceptrations of na«cholate do not radlcally |
modify the abs orption spectra. | o

Ihe maJOPitv of the pro ein fractlon is non-heme pﬂotein and
the physical UTODCrtiCa doocrlbed in thn next oectlon suggest that

itAcontrlbutes to maintalhing the structure of the membrane,
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CHLOROPLAST LAMELLAR PROTEIN FRACTION
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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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CHLORbPLAST LAMELLAR PROTEIN
FRACTION

42|

oxidized (ferricyanide) minus
untreated (air)
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| | | - 1 1
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MUB-4345

Fig, 14, Ch_loroplastlla‘mellar protein fraction, Oxidized (ferri-
cyanide) minus untreated, This shows the absorption spec-
trum of cytochrome f, ‘
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CHLOROPLAST LAMELLAR PROTEIN
43 FRACTION

oxidized (air) minus
reduced (dithionite)

AOD =005
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1 )| I —l
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WAVELENGTH, mj

MUB-4346

Fig, 15, Chloroplast lamellar protein fraction, Untreated (ie. air
oxidized) minus reduced (dithionite ). This shows the absorp-

tion spectrum of cytochrome b6'
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CHLOROPLAST LAMELLAE

80% ACETONE EXTRACTED

A- Base line
B~ Untreated minus dithionite -
reduced

C- Ferricyanide - oxidized minus
untreated

D~ Oxidized minus reduced

531

AA= 0.0l

WAVELENGTH

—560

WAVELENGTH

MUB-4344

Fig, 16. Difference spectra of an 80% acetone powdgri' of pure
chloroplast lamellae,, Powder suspended in 10

pH 8.0,

M tris-Cl
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SPINACH CHLOROPLAST LAMELLAR PROTEIN

A. FERRICYANIDE —~OXIDIZED MINUS UNTREATED

B. UNTREATED MINUS DITHIONITE -REDUGED
C. OXIDIZED MINUS REDUGED

562

AA=0.01

532
525

554

562

Fig, 17. Difference spectra of lipid free chloroplast lamellae

solubilized in cholate (2 mg/mg protein),

MUB-4234
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~ Spectral Dats of Chloroplast Cytochromes®
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Absorption Maxima Ratios
. material Cytochrome o B Soret - a/B Soret| Reference
_ =
lamellar protein bg 561 530 431 1 4.4 4 This work
r 554 E5305524 42l 12,1 | 7.
80% acetone ex— - e
tracted lamellae; by 560 - 530 — 369 ] - MW
iy 554 530,523 0 mem [ 1.9 | ——m
cholate treated bg 562 532 e |5 T L
T 554 531,523  mee 12,2 | eee [TMW ?
80% acetone ex— : , :
trattediismellae bg 563 534 h2g 14 {4111 and
L 20°C 55l 5ol 42 " {Bonner
-190°C. g 3;7“5 230 422 2 T g
S 12 , ‘ 7 ——— —— :
T 552,548 529,524 420,8| mem ———
80% acetone ex- - ' :
tracted lamellae B 560 530 Sironval &
I B ko = - |Engelert-
£ | 554 530 Dujardin
' (1963)
pure cytochrome | 554,5 524 421 2 -7 {Davenport & .
from parsley : . : ' ’ Hil1l (1952) .
L s T AT PT ’ é

%In the computation of these.ratios the absorption'minimavbetweeh the = i

o and B bands was taken as a "base line"., lany spectra reported in

the literature were not absolute and did not show a true base lihe,

Hence, these values were computed for comparison only and do not

reflect the absolute absorption maxima densities.



Table 6

61

Cytochreome content of chloroplasts -
this study and literature values -

molar ratilo

' eytochrome chlorophyll R
Plant ration cytochrones Author
bg/f £ and bg

parsley e | 380'(f only) Davenport and Hill

5 - (1952)
elder — 430 (f only) j
spinach 1 200 to 300 Sironval and Engelert—

v Dujardin (1963)

spinach —_— ~ 400 ‘Lundegardh (1962)
spinach 1.3 — Hill and Bonner (1961)
spinach 0.92 about 230% ‘this work

 #caleulated on the basis of the composition of a quantasome of 508

protein and containing 230 chlorophyll molecules (Park and Bigginsg -

1964),
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3. Sedimentation coefficient
Procedure

A Spinco Model E énalyticél ultracénérifuge wasvused.with an
RTFC system, An AN-D rotor withvthermiétor assembly and a standard
single 4° section cell with Al centerpiece were‘used;' Schlieren
ontics and Kodak sﬁectrosc:bic'plates type 1-D were employed,

The protein solution in O.QZ%'sodium dodecyl sulfate was exhads~
tively dialyzed against 107 2 1 tris-Cl oH 8,0 for 48 hours and |
centrifuged at llQ,OOO_! for 30 min in a Spinco Model L uxiraﬂentri—
vfugep #40 rotorb The superﬂatan was thcn dialyzed to equllibrium
against 500 ml O,OOLp sodium dodecy7 uliate 5% 107 -3 M triu-Cl pH 8
ard 0.1 M NaCl, . T%e dialysate was sub sequently uvcd for dilution
of the profein solution_in order to produce“varying proteiﬁ conéen—'
 'trati6ns, 'Sedimeﬁtétion Velocity studies were carried out at 59’48bvrpm:
at 20°C as é function of 6 concentrations over a tenfold range of
dilution, Plots éf log dc/dxmaX versus time were made'gnd the slopg

L4

related to the sedimentation coefficient as described in Section IA4,

Plg, 18 shows a schllercn pnotovravh of the protein fraction
udurlgg S ch a sed ntatlon VelOCLty detennLn xtion. The materl&l

appears as a olnwle uounqary and the co]o due to the two cytochrom@s

f and bg, is clearly a55001atedlw1th this boundary Furthennore the

‘ color remalned associaﬁed with the boundarv throughout the sedimentatlon.r
Fig, 18 hows a 0 lot of “he boundary nos1tion with time durinw a

- sedimentation velocity aetermlnatlon,_ The nooitiﬁnsare ~asured fron

the schlieren photograph difectly;and as measured by scannlng_thev
'photbgraph with a.densitometer,  The points are #iftually'coincident

showing that the heme proteins are cf'very similar sedimentation



63

_coeff1c1~nt to that of the maJor cempon nt in th0 boundarv. Fiﬁ. 20

v“***f, ShOWo the gvypndence of oedimentution coefficiént of the

L
Ao A Lo

_1amellar.protein on concentrations. At high concentrations (3 mg/ml

to 10 mg/mi)'there appears to be a linear dépendence of sedimentatlon

COGLfchent on COHCGHtP&blOﬂ, il.e., the'higher the concentration,

v the lower the seulmontation coefflczent This behaviour is typical

‘of‘many proteins and is 1argely due to the increase .in solution

viscosity at hlvher ﬁoncentratlon und centrinetal fiow.of solvent,

At lower conce nurﬂtion9 Lhﬂ reverse behaviou; is apparent. Schwert
(1949) noced thi& tyne of anon%lv for a»chymotvy931n and suggested

that the syssem was undergoing a rapid asso ¢atlon—dLsoociation eoulln-
briwni It is 1ikely that this interpretation could anplj here in

the lamellfpvprotein system, for the bulk of the material is struc-

3

tural in nature and, as evidenced by 1ts insolubllity at physiological
pH, the tenccncy for aggregation is very high.
BJ extraoolation of thc linear porticn of the data to infinite

dilutlon,‘th sedimcntatlon coeffic1mnt of the "gimer" here is

13'

_ 4.5 x 107 s, uktf&QOl& 1on of the lower conccntration poxncs to

inflnlte dilutlon pernl s an esthaLe of the oedJ.mmrtatlon coefficien+
of the “monomeric" form as 2,3 x 10 133, Owing to thls anomalous
behaviour of the protein'fraction,.both‘these extrapolations are

kiizardous and the results are considered with caution.
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ZN-4609

Fig, 48, 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. Prgtein 7 mg/ml in 0, 1 M-NaCl, 0.002% Na-dodecyl
sulfate, 5X10 ~ M tris pH 8, Rotor speed 59,780 rpm, 4°C,
Phase plate 60°, Photograph taken 42 min after reaching speed,
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SEDIMENTATION VELOCITY OF CHLOROPLAST LAMELLAR PROTEIN.

T T T T |
0.820+— ]
O— Schlieren
@ — absorption
0.815 —
log x
08I0} _
| | | 1 |
0805 6 4 22 30 38
TIME, min. '
MUB-4588
" Fig. 19.

Boundary position of the chloroplast lamellar pro-
tein fraction during a sedimentation velocity experiment,
The 50% concentration points were obtained from the

schlieren photograph directly (-—~0—) and by scanning
with a densitometer (—e~—),
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40}

w
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SEDEMENTATION COEFFICIENT, Svedbergs
P _
n
1

20 I ] ] ] !
2 4 6 8 10 mg/ml

CONCENTRATION

MU .-33777

Fig., 20, Dependence of sedimentation coefficient on concentration
of the lamellar protein fraction, All experiments conducted
in 0.1 M-NaCl, 0,002% Na-dodecyl sulfate and 5x10~
M-tris pH 8,
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4, Diffusion coefficient

Procedure v

The appavent dLffusion coefficient of the protein fraction was
determined in the.analytical ﬁltracentrifuge in a layering eiperiment
by aipre’e'uve according to Ehrenberg (1557).

The protein was dialyzed to equilibrium upainst 0.2 M NaCl

0.002% sodium dodecyl sulfate and 1072

M tris-Cl pH 8,0. A capillarye '
type, double sector, synthetic boundary cell (Spinco NOJ'306075,“ N
filled-Epon) was used with an AN-D rotor. After car eful layering of
the buffer at low speed, the centrifuge was adjusted to 10,580_rpn
to stabilize the boundary. The boundary then spread due to diffunion.
and the experiment was concluded after one hour. Photographe were
taken during. tho experiment by means of the schliersn optical system
and Kodak spectroscopic plates type 1-D{ Figs. 21 and 22 show -
| photographe‘ef‘the bouﬁdary shortly'after layering and after 48 min
diffusion. f | | - |

The deta were evaluated by the "maximum ordinate" method; where

 the relation | L
&= 16 kz'b(t:- to)
as used, - Here diis the distance ‘along the baseline (rotational

radius) betwsen uhe pomnts-on the_gradient curve having -
dc/dx = dc/ .max/e<p.-

K 1s the magnification facbor and t, time. The dif‘fusiori'eeegf‘fieient9
D, was ob alned from the uloae of a plot of d2 versus t as shown' in

| Fig,.,~23° The dlfquLon cocff101eqt of the protein fraction 1s

9.1 x 10~7 em éec“l. Tt wasnalso noted that during the experiment

vtne area under the qradient curve remained constant, 1ndicating that
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ZN-4608

Fig., 24. 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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ZN-4607

Fig, 22, As in Fig., 21 but 48 min after formation of the synthetic
boundary.
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L I— T T T ¥ 1

2.0 FCHLOROPLAST LAMELLAR PROTEIN -
DIFFUSION COEFFICIENT
1.5 -
42

1.0 -
0.5 -

: i { 1 |

i0 20 30 40 50 60

MINUTES

ML}B-4233

Fig, 23. Spreading of a synthetic boundary of the chloroplast
lamellar protein fraction at low speed in the analytical
ultracentrifuge., Conditions as described in the text and

" Fig. 214. ‘ o ’ '



7L

no large aggregates formed and sedimented from the synthetic

bcundafy;

D )umnary of data on the~pr0tﬂin fraction

Treatment of purified chlovoplaet lwnpllaa with dodecvlgulfate
ahd butaml effectively strips the protein freg of lipid.  The lipid-
free protein fractién‘was studied by Spectrbphotometry and.analytical
'ultracentrifugation,

Tﬁe protein fraction was found to cons: ist of a large quantity
of heme-free protein and tne two photosyn»hetlc cytochromes £ and b .
The absorption maxima of the o and 8 bands of the ferr0cytochfomes
do not appear to be modified by IOW'condehtrations of detergent.

In the analyticéivultracentrifuve, the orotein.fractiqniﬁehaved
as a(single compoﬁent exhlbﬂtinw an association-dis sociation‘equili«
brifdmy The mean sedimentation coefficient at'infinite dilution was
found to be 2;3 S and the diffusion coefficient 9.1 x 10‘7 cm sec
Henece fheyaveraJe molecular welght of the proteino is about 22,000 g~
mole"lc This value can only be con sidered aporoximate, cwing fo the
hazardous extrapolation of the sed.mentation velocity data and that
a partial specific volume of the proteins is assumed. .Aésuming the
‘proteins to be spherlcal, the radius of the proteins is about 20?\°
It is suggested that these comprise,a fundwnehtal repeating structural
unit in the lamellae,

' DLSLuSoiOH |
Prom the meﬁsured ﬁhv°1cal conotants of thc chlorOplaut lamellur
: prutein fraction it is po sible to compute the average molecular welisht,

~13

Insertion of the sedimentation coefficient, s = 2,3 x 10 sec, diffu-

sion coefficient, D = 9.1 x 1077 cmzsec—l,'and v = 0.722 (assuned)
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into the Svedberg equation, M = S, EI__| gfives the molecular
' D 1-%p
weight = 22,000 g mole™>,

The behaviour of the protein fraction in the analytical ultra-
centrifuge is typiéalvof a systém'exhibitiggﬁan associatibn—diésociation
. equilibrium-and the tendenpy for aggregation is very high., This is
expected for a protein fraction derived from a cell membrane, where
structural intefrity is mandatory for biochemiéal’activityg- The -
insolubility of the protein fraction at physiological pH and the -

. process of SOIubilization by detergent leads one to éonclude that

the protein species are not covalently bound, The proteins .are hydro- 
phobié in nattme and the membrane structure 1s possibly maintained .
fhrough the repﬁlsion of water rather than by other attraétiVe fbrées‘
or covalent bonds,

The properties and molecular dimensions:of this chloroplast
lénellar protein fraction bear a.striking similarity to the sthCtual
| protein of mitochondrié,QGSCPibed‘by Criddle gg_g£,(1962),. However,
| they foun@ that'the sedimentation coefficient of the structural protein
is not dependéﬁf upen concentration, in éontrast to the result found
in this study. A possible explanation.of this discrepangyvis that the
two studies were conducted in different concentrations of detergent,
Criddle, et al. used 0.2% Na=dodecyl Sulfates whereas the sedimentation
velocity determiriations described in this study were conducted in
: 00002%.NaadodecyISulfateé It is likely that the higher coneentration |
of détergent used by Criddle et al sufficiently eliminated interactioﬁ-
of the.profein, even at high protein éoncentrationsa Low detergent =
COnCentrationé were used in this study in order to avoid possiblé

ambiguities arising from operating above critical micllar concentrations.

i
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* . From the sedimentation velocity studies it can be céncluded’
that'all the molecular species in.the lamellar protein fraction have
a siﬁilar'sedimentatidn coefficient; as only one boundary waé detected.
Assuming that other hydrodynamic parameters are-also similér, then
the proteins are of approximately the same molecular welsht i;é.s
about 22,000, |

If the molzcular wéight of a quantasome is two million and is
camposed of 50% protein, then there are about 40 of the lamellar,
proteins ver quantasone, two of them being the two photosynthetic
cjtochrdmesvf and bg. The radius of a sphere.of molecular dimensions
- similar fc thosevof the laniellar protein fraction is about 20 Z, |
Hence, the total volume of protein in a quantasome 1s apprqximateiy
1,3M.x.10§ E3,, The quantasome volume is in the order of 2.4 x l()‘6 XBD

There have beenléﬁher reports of nreparvations of proteins,froh,
the lamellae of chloroplasts. Criddle and Park (1964) pfepared a .
protein from;an écetone powdér.of &améllacfby‘splubiliZation with
large quantities of cholate and deoxycholate followed by_salt‘fractionam
tion. . The protein 1s heme-free,' the sedimentation 9oéfficient 15 2,2 8
and the molecular weight 23,000 in good agreement’ with the results
reported here,  The binding propertieé 6? the protein weré studied and
| it was found that the proﬁein forms' complexes with ATP, phésph_olipidS
'chloroph$ll’and myozlobin., By‘analo@y‘to the proﬁein‘iﬁolated‘fnmn
mitochondria (Criddle et al, 1962) i@.ﬁas termed “structural protéin"o'

' Weber (1963) solubilized chlofoplast 1aﬁellée in formic acid
and extracted the lipid with ether. After fractionation,bhe isélated
a protein with a‘sedimentaﬁibﬁ'coeffiéiént of 6 S. A similar protein
was isolated from lamellae by Thornber, et al. (196&) by treatment

with 70% acetic acid followed by dialysis against 3% acetic acid.
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; The scluble fréctionvafﬁer dialysis contained 20% lipid and WéS‘ShOWﬂ
. to have a sedimentation coefficient of 6 S and to cénsist of six
components -on electrophoresis on pblyacrylamide_gel,_ Neither relative
~ coneentrations of the six components nor detailed behavior of the
v v ,
protein in the ultracentrifuge were given.,

‘ Pertinent infqrnmtion concerning lamellar sub-structure comes
- from observatibns on the effect of detergents on the chlbroplasts
and the fbrmation‘of g;gmenbmprotein'complexes,b_Ereazment of chloro-
-plast lamellae with digitonin or bile salts (2'to 3%) leads to the
K fornau*on of a particle with a sedimentation coefficient of 13,8
' ovcdgergs and a molecular weight of about 265,000 (Smith and Pickies,
-1941) & Ttoh, gg;éle (1964) shoﬁed that treatment of grana with

3 x 1073

M dodecylbenzene,suifonate formed a pi@mextuprotein with a
sedimentation coefficient of 2;9 Sy aﬁd,higher concentrations led
to the formation of i.2'S component. :This’effect is very similar to
that induced by dodecyl sulfate.where a 2, 5 S component is-formed
with 0. 25¢ detergent, and higher concentrations yleld al.69 s
; corponent (Smith ond Fickles,'1941)° Furthermore, in both cases the
. pigrment remains bound to the protéin in the.presence of these anionic
- detergents, whereas bile salts and digitonin extract the pigments
(Smith, 1941). |

. Thus, it appears from this study of the properties of the

"p"oLeln fraction of cnloroplast lamellue other reports in the liter-

ature and the eff“ct of detergentu on 1ame;lge,that uhe princmoal

‘-,fproteln in the mawbrane in the chloroplast is in the ord@r of 22, OOO

molecular welght and 40 A in diameter. That this is a fundamental
. repeating sub-unit is also suggested by the work of Menke (1963),

_He studied the low anzle Xy scattering of chloroplast 1amellae
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and found a 35 E_to Lo K periodicity in the plane oftthe. anellae,

It also appears that variqus cbmplekes of the 1amellar'proteih
~ can be isolated. Unfoftuna’cély9 there are Ao ahalyticial data on
the»13.8 S complexes fdrmcd by treatment of the lamellae,with
‘digitonin or bile zalts, bﬁt.they‘represent oneuféurth of the
‘quantasome protein, . Park and Biggins (196ﬂ) showed eiectfonv
nicrographs of shadowéd lamellar sdnicatés which elearly indicated
that the quantasome could comprise of four sub—units;~ It is possible
that these may re?resen@ specific complexes of the cytochromes and
the, as yet unknown,»enzymic epparatus responsible_fbr oxygén evolu;

tion,
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T.. C. Qeneral corments on the structure of chloronlast lamellae

Irvestigations by a large number of.workers during the last
decade have demonstratéd the impoftance Qf membranes in energy transe
fﬁramtions within the living cell. One notable feature of cell
membranes Fhat has ermerged from these Investigations is the 1nextri-
cable association between membrane structure and enzymic fgnction to
the extent that the loss of oné invariably results in the loss of the
other., This is true of mitochondrial cristae.and chloroplast laméllaeo
Both are structural mosaics of protein and lipid aﬁd their electron
transfer mechanisms are facilitated by the participation of several
unigue electron carriers operating in a sequential fashions It is
presumed that the geometric relatiohships of these intermediates are
critical in the mechanisi and arevdetermined by the structure of the
membraﬁe itself,

Chloroplast laveilae and mitochondrial cristae afe'very similar
in composition and function. Both contain cytochromes, structural
pretein, quinones, non-heme iron, copper and phospholipld (Green, 1961;
Park and Pon, 1962). Both have electron transport steps coupled to |
the transport of electrons between oxygen and NAD or NADP. iHowever,
mitochondrial cristae catalyze a series of exergonic reactions whereas
Vchloroplaét lamellae“catalyze the reverse process.by means of.energy
: derivéd’frqn_the quantum convérsion procéss, | |

The apbaratus résponsiblé fbr thejabsorptioh‘of,quantaa their
migration to a reaction center and conversion to chemical‘pobential;
is a furthéb_c@ﬁplication of chloroplast.lamellar strucfpfe, Apart

from the intimate geometric configuration demanded by the electron
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transport systeﬁ in the phqtosynthetic unita_one important requisite
possibly facilitated-by structure is the épatial separation of
- oxidized and recduced sites in the brimary quantum conversion act (Calvin,
1959). Such a spatial separation would méke'immediate‘back reactioné |
- unlikely. -
.v Goldneer (1955) and Sauer and Calvin (1962) showed that the
majority of the chlorophyll in chloroplast lamellae is_unériented, but .
; alvin (1.959) has suggested that the porphyring could he tilted on
three axés by analogy to the crystal structure of nickel phthalocya~
.nine, -Such an organization wouid_account for the low dichroisn
observed by Gofdheer, Saver and Calvin (1962), in a more detailed
study of the electric dichroism and electric.birefringencc cftduanta—
somess-demonstrated.a.dichroism anomaly at 695mu. They interpréted
the diohroisﬁ as resulting from a smail fraection of chlorophyll a
which is oriented'at a ?articular site in the'quantésome,'AThey o
suggesﬁed_the pessibility of its equivalence with the long wave ffac~
Jdon (Sﬁ)lpf,chlorophyl; 2 absorbing in the same;spectral.regionv(Brown
- and French, 1959), . Sauer and Calvin proposed avmechanism‘whereby such_
. an orienteq_fréction Qf;chloﬁoppyll grparticipabes'inzthe_¢cllectionf :
: ;andvtrappingzqf_quanta absorbgéiby pigments_in_the‘photosynthetié unit
and conversion to chemical potentizl. ;Absorbequuantazniérate_by |
;rQSOnance transfer'ﬁo,the,qqantum conversion site, the quantatrope,
which,containSjthe;oriented,chlor&phy11; an oriented bytochrome.andbb‘
¥ an’acceptor‘moieculéw The exclted state transfcrﬁ an electron to “
the acceptor molecule and the hole which remiins on the chlorophyll
then migrates through.a conducﬁion‘band of the oréénted pigments until .' o L
it ‘reaches a molecule‘adjacent to the orienfed cytochrome, ﬁere the _ | 3

eytochrome transfers an electron to the chloﬁophyll and is converted
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to its oxidized form., They support their model by pclinting out

that such events could occur at very low tempertures (~150°C)

since the migration of chemical species is not involved and the re-

versal of the process is rendered improdatle by the spatial separation

of the acceptor molecule and the cviochronia, “Arter sucha charge
separation, subsequent electron transfer reactions are chemlcal and
have a temperature coefficient., As yet there 1s no evidence for the

xistence of an orientel cytochrome or acceptor molecule, IHowever,

o

t deoes appear possible that'P7OO (Kok and Hoch, 1961)is the oriented
chlcrophyll a2 adjacent to the cytochrome, and cytochreome £ oxidation
in leaves has now been demonstrated at very low temperatures (Chance

and Bonner, 1963).

The quantasome, as degeribed by Park (1962), is a fundamental

morphological repeating unit of chloroplast lamellae, Evidence that

it may also be a urit of photosynthetic function as originally suggested
by Park (1962), has been recently reviewed by Park and Bigzins (1964),
The possibility appears stiractive on the basis of the quantasome

size and the concentration of photosynthetlie rigments and electron

transport intermediates. . For instance, the guantasome of moleculir
S " : -]

"1, contains 230 chlorophylls, one P?OO and one

eytochrene £, These ere the concentrations of constituents in the

photosynthetic unit determined by kinetic exveriments (Kok and

‘Businger, 1956)3'ozidation—reduction‘tifration (Xok and Hoch, 1961)

and difference spectrophotometry (see T, B.2). That each quantasome
_ : I J s

i3 a photosynthetic unit can only be unequivocally settled by the
isoclation of a moncdisperse preparation‘of quantasomes wnlch 1s active’

in quantum conversion and electron transport and 1is physiologically

further indivisidle, ,Aé'yet, aggregates‘of up to elzht quintasames
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ha#e been shown to be active in quantum conversion. Consideration
of the size distribution as odtlined in I. A. 4 and activity of the
lamellar fragments’ (see II. C for results and discussion), suggests

the possibility that the smallest fragments of lamellae consisting

of two or three Quamtasome are active, unless the large aggregates

in the_preparaﬁioﬁsﬂdisplay an unusually high specific aotivity.

From the investigations of fark and Pon (1961) and this study
(see also Part TT and Sauer and Biggins, 1964) on the photochemical
aotivity of quantasome aggregates, it appears that the critical
struc%urél requirement necessary in photosynthetlc electron transport
processes is the geometric arrangement of the constitdents within the
photosynthetic unit rather than the distribution of photosynthetic

units in chloroplast lamellae, Thus the localization of components

‘within the quantascme is important in our understanding of the photo-

synthetic mechanism,

From an inves tigatlon of lipid-extracted chloroplast lamellae by

, electron microscopy, Park and Pon (1963) showed that there is a consider- |

able amount of residual structure suggesting that the protein exists

‘in macro-units embedded in a lipid matrix., As the unextracted lamcllae
* appear fairly smooth by comparison (except inrregions of membrane

breakage) this would indicate that a considerable portion of lamellar

lipid is located on the outer surface of the membrane, Recent investi»

‘gations (Par;«cﬂ 1964) ‘show that the pigment complement is also associated

with this lipid, as a similar residual structure is also apparent

: afber complete extraction of the 1amellar pigmonts. That the pigncntu ’
. are completely extracLed was shown by qpectrOphotometry of electron |

"nicroocooe grido prior to observation.

Saatry and Kates (196N a) provide 1ndﬂrect evidence supportlnb



80

the notion that a portion of the lamellar 1lipid is localized oh.
the outer surface of the membranes. In an investigation of the nature
4of bean leaf lipids, they found that mono--and di-galactosyl lipids
_are absent in'water homogenates and chloroplast preparations althbugh
'they are present in high concéntrations in whole leaves. They sug=- "
:gested and found (1964 b) that the leaves contain galactolipid-
hydrolyzing enzymes shich act as soon as the plant cells are broken.
‘They showed that the galactolipases are localized in the cell sap
_and chloroplasts and suggested that the reported lossesidf lipids
© during chloroﬁl&ét isolation (Mego and Jagendorfy 1961) may haie -
been caused by‘théée eﬁzwnes._ These observations indicate that thé'
phloroplast«lamellar‘galﬁctolipids (Wintermans, 1962) are gt 1écations
on the membréne which are qﬁite aécessible to galactolipase hydrolysis°
Therefore, for reasons of simplicity it is suggested that they are
aﬁ, or yerylﬁear to, the lamellar surface. ' If so, it 1s possible
that they are oriented with their sugar'residuesbto the outer, hydroa'
philic stroma. | |

From a considerafion of these experimental observations we canb
‘tentatively reasdn thaé a considerable proportion of lipid ihcludihg
. the photosynthetic pg@menﬁs, is localized on the outer sufﬁace of the

~.

membrans,
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Part II. Photochemistry of the lamellse

B, Llutorlcal survey of electron tran'nort ‘

The evolution of minute traces of oxygen by éxpressed 3uices qf
plant material was,damonstrated in tﬁe‘late‘nineteehth centnry_(Engié—
mann, 1881; Gwart, 1896; 'Beije'rinékﬁ 1901, and Wolisch, 1904). However,
Hill (1939) first examined the process quantitatively and he found that
freshly isolated chloroplasts would evolve bxygen.fér an extended beriod
of time when illuminaééd in¢%hé presencé of an electron acceptor sugh as' 
ferric iéﬂ;- The reaction.was subséquently cailed the "Hill-reaction",  |
and a variety ofvother artificial oxidants were found to be effective
such as p»bénécquinone; ferricyanide and indophenol dyes. Finally, a
physiologicél oxidant, NADP, was found to be effective but only whén ah _ 
appropriéte enzymeb.photosynthetic pyridine nucleotide_reducﬁasé (San

51 et 10 ahd Lang, 1958) or the chloroplaét'stroma (Arnop)g§_§;°5 1957) .
was added back to the photogynthntic menbrane.’

_ Arnon,et alo (1957, 1959) demonstrated the couollng of phosphory—
lation to the reductlon of a Hill oxidant such as ferricyanlae and to ‘A
NAD? in what they termed non~§yclic photopﬁbsphorylation.. In addition, .
they aisp.demonstrated the occurrence ‘of ancther type of photophoqnhorv—tv

lation which*proceeds‘in the absence of any gas exchange, but only in’_

‘the presence of an added cofactor such as PMS or vitamin X, i.e., cyclid,

photophosphorylation. It thus became apwarent that chlorowlast lamellae -

are able to reduce NADP, form ATPs and evolve oxygen in what is now

‘generally referred to as photdsynthétic_electron transport. In photo— '»

svnthetic eieétron'transport5 electrons'ffom water are raised to a
uuff1c1ently nevatlve redox potential (F ='~0,37 volts) to reduce NADP,

This enoergonlc proucas is driven by liﬁht abs orbea by the oipment systemo

of a photosynthetic unit,
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| The two cvfochvomes ) and b6 are found excluoively in photosynw
thetic tissues (Hill, 1954, Hill and Bonner, 1961) The possible
participation of these components in photosynthetic'electroh transport;
by analogy with respiratory electron trénsport- led'Hili‘and‘Benda11A
(1960a) to propose a working hypotheois for photosynthetic electron

transport driven by at least two separate light reactions. They

'suggested that the two 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

_evidehce in Suoport of their model, from a study.ofzquantum yields and

‘action spectra in vivo (Emerson and Lewls, 19&3, xmerson,et al., 19)7)

action spectra in vitro (Govlndgee,et al., 1963) dlfferential absorp-

- tion spectroscopy (Fuysens,et al., 1061) and biochemical 1nvestlgations

with isolated chloroplasts (Vernon and Zaugg, 19603 Losada,gg;gl., 1961).', 1

Emerson and Lewis (1943) studled the quantum yield of photosyn~

thesis as a'Punction of the wavelength of actinic 1llumination and -

'found that there was a pronounced decrease at waveleneths lonper than

670 my but still within the absorotion bands of the photosvnthetic
pigments (flrst Emerson effect, or "red drop")" Subseoueqt investiga-

tiOho (zmerson,et al., 1957) showed that the low quantum yields in the

-1ong wavelength region could be considerably enhanced by the adiition

of supplementary 1ight of shorter wavelength (secend Emerson effect,

for "enhancement“)a These results indicated the particlpation of more

: than one pighent oystem in the light reactions of photosynthesis."

Duyseno)et al, (1961) demonstrated the reverslble photowoxidatlon

‘ of 8 c~type cytochrowe in Porphyrldium cruentum by dlfferential absorp~'

tion spectroscopy. “The actlon spectrum for thelox1datlon showed two
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maxima——one at 680- my (Syutem I) and one at 560 My (qutem II). Since .
. the kinetics of the oxidation in monochromatic ‘beams of 560 my and 680 My
light were found to be markedly.difrerent, the action spectrum indicuted :
and was interpfeted os the result_of’the,ihteraction'of,atvleastvtwo
pisment systems,_’Thé interactioﬁ of:thé two syStems_wasvinvéstigaoed
‘by an experimenﬁ in which two actinic beams‘of differert wavelengths
- were uqed._ Light at 680 mu was found to oxidizo the cytochrome, whereas
additional 560 my illumination reduced the cytochrome. They also found
“that inhibihogs of O2 evolution inhibited_the cytochrome reduotion, |
* indicating that System II.1s associated with the photcoxidation ioff
water, . ‘ i | . ’ ‘

Vernon and Zaggg (1960) showed that_ohloropiasts,'ohosé.ability to
' photOoxidiéea:wéter is impaired py ageing,;or 1nh1biﬁed‘by the additlon
of DCMU, are able to photoroduce}ﬁADP-if oopplied with ascorbate and a .
oatdlytic_amount of bEIEQ Jagendorf'and_Marguliesf(i960)‘showedxtbatf
PM3 could also couplevascorbaté to tﬁe phdtoreductionfof.NADP in'a'DCMUAI
inhibited system. Losada, et'al. (1961) showed that during the course -
of NADP reduction by DCMU-poi oned chloroplasts in the presence of ' .ﬂg ‘ i
DDIP/ascorbatc, photophoophorylation also proceeded with an overall d” - .§
otoichiomctry similar to that of noncjclic photophosphorylation., Théy e
also showed that the addition of catalytic amounts of D”IP to a uystem_.
reducing ferricyanide in the Hill reaction reoulted 1n no photophos— |
'phorylation—-only the photooxidation_of.water.. Losada, et al. 1nter~_"
preted thelr findings in terms of the Hill and 'aendan model and pro-
' posed that the indophenol dye, in the oxidized and reduced form, reacts. '
~with an intermediate ln the electron transport chain it the photo- |

oxidation of wqter is inhibited by DCVU, then reduced DPIP acts as
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electron donor for Sjstem I, the reductlon of NADP, If the"D?I15 is ’

: malntalnnd 1n thc oxidized form, by the addltion of . substrate amounta

5 evolution, iu ooeratlve and the

electron transport is tr&ncated prior to the onoqohorylation step

| (.L.e.5 DPIP is electron acceptor) That tha two lipht reactions had

been biochemically sonarated was supnovted by suboenuent worx of

. the same type (Arnen, et al., 1961)g Nhere,monochromatic illumlnation '

was used to aotivate the reactions.. System II the phoﬁooxidation‘ =
of waters was shown to proceed most efflnlent ly at GHU HIT whereao

oystem I, the photoreduction of WADD and coaoled phosphorylation

: r'occurred uith maxiwun efficicncy at aoout 670 mu, 1ndlcatinr that

-the tho Qjoteﬂs are oenoitized by dlfferent roaction center

‘ The second_Emeraon effectﬂ(enhancemont) was shown to occuf for
NADP r-édQc'tion'by isolated ohlor'ool'a';t': (o ovrmdgec, g_g al. 1962, 1963),“
wifh water as clectron donor, implying the particxpation of more than |
one photo—event in OVLrLll ohOuooyntnotio electron thanonort. -

The mooel for the txo light regctlonﬂ in hlvher plant photosynthoa

t;c electron transoort also encompasseo bacterial electron transpovt.

o Frenfel (1954) showed tnat bacterial chromatophoreg can produce A”P

'when Lllumlnated and tnc type of OhObODQOQ“HOPVldtiOn is s;milar to
the higner planc cyclic photophosphorylation. IL was later shown .
(hozayl, et al., 1961) thgt bac*erial chromatoohorcs are also capable
'of non—cycllc photopho phorylation uith VAD as electron aocnotor if

a hjdroven donov such as succinate io aoded. mhe current unifying

concept tlerﬁfore lS that the bacter1a1 @lectron transoort is analo—

gous to the higner plant pnotosyatem I with coupled phosphorylationo

The photooxioation of water, the higher plant ohoto tem II is. absent
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_ iri bacteria, énd the addition of an éxtemal ele_étmr; hydrogen vdo_n»or'

other ‘chan' water is necefssarv vf‘or non-cyclic transtort., These con-

cepts can be ~)uzrzrmctmzed by means of the follo: ving diagram:

-NADP

N T~ /\.""“*\.\ ‘
- ¢yelic - cyelic
. processes Y procegsses
AN ' \

c \\ H \v. H-
photo~. ‘donors vdonors
system o T uﬁv'

| VN v
phosphorylation phosphorylation
. ya . - - /
' photo- . 7
K(/ system 17
, CIT Y
: 0 - >0, o

K hig‘nef plants “ photosynthetic ‘bacteria

. Tne exact nature of the plfg‘xcn’c 'no. feac‘cion centers involw;d
‘vin the primarj phocochem‘lcal even‘cs in oywtcms I rma II is atill un-
}emown. Yok found a pig:mant with abaorotion maxima at 700 mu and
’430 Ty whlch r'everolbly beaches mth illamnation. 'I‘hif; nigmnn’c s |

terrr‘eo PYOO R behaveu in the ddrk as a o*m-—eleotron transf‘erring; agent
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with an :} of +0.43 volts, the absorbing form beiniy the reduced

The oxidation of P20o 1s caused by far red

molegule (Kok, 1961).
, iilumination (System I) and short wavelengths cause'thé reduction

‘which is inhibited'by DCMU. In an investigation'of the kineties of'

the oxxdatlon of P7 and cytochroxe f induced by rapid flaaheo,

00 .

_Wi*t et als. (1961b) found that the P7 9 oxldation occurred more

'rapldly than the'oxidation of" the cytgchrdme. This is consiétent':~
‘with the possibility that the cytochrome reduces P?bo

by Kok, It is appealiné to. think that D7ob and eytochrome £ are

intimately arranbed with the oriented fraction of- chlorophyll a

as suggested -

whicn absorb in the long red rerion (Rauor and Calvin, 1902' onmna"
~and French' 1950 Butler, 1961) and serve as an energy trap for
_pnotODyvtem I as diocu*"ed in Part I
s yet, there io no eV1&ence concerninv the nature of the -

_active canter of photos jutem II althou th action snectra of photo-'
synthe 3is in certain algae and CthPOplautS tend to 1ndicate the
_p 1013atlon of cnloronhyll b or othﬂr aceess ory pigment

Part IT of this work is a Qtudy of WADP ard fErricvanide reduculon
by isolated CthPOpld«tS and lamollar ragments. We have attewnted Lo_
characcerlze pigment Systems I and 1T more definltely by mmasurinv the

wavelenﬁth dcpendmnce and quantum PGQULPGW“nto of the ;ndividual livh+

reaction" in chloropla,t electron tran oort., In particular, we have 1)

: ,conoared the pnotoreduction of NADP with water as electron donor in a

'DCWU-p01aonod system, 1.e., a comoarloon of Sv tems 1 and II operat1n~
: tggether and oystem I onl /3. and 1i) compared the Hill reacticn witn -
férricyénide‘és terminal eiectron uCCthor with t}ab when a catalytlc

q&antity of indophenol dye ié:édded. The abllity of quantaso“e agare-

?atea and varicus nmmo*ane Fracuion" to reduce NADP ls aloo de seribed,
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‘B. Exnerimeﬁtal'

PreraratLOn or chloroolauts and lamellar frammcnt

ChlorOplastg were prepared from opxn¢01a oleracea L. by minor

modifications of procedures 4ccordinb to Hoch and Martin (1963) or
_according:to Arnon, et al. (1956) . Lamellar fragments were prepared
as described in Part I. ‘

Prep7r9tion of CnZVWEg_l,

‘_ Phoho yntheblc Oyrldine nuclpotide reductase was prepared from

Lpmacwa oleracma Lo according to the procodure of San Pietro and’

uﬂﬂ?'(lqj8) uhrough the 75% acetone precipltation step.: The proteln
was redl oolvad centrlfubed and clalyzed against 5 x 1073 M triSn ,

: chloride,ph 8 overnivnt.1 The protein was further purifiod throngh

the firét DEA, cellulose column trgatmant of Hill and Bendall's mﬁthod .r
(l960b)vi r“hiﬁ partlally purlfled proparatlon conta,ned chloroalast
ferredoxln (Ta awa dnd Arnon, 1962) and ferredoxin-NADP veductaue '
(Shin, at al,, 1963), as shown by the:following assays.

Enzyme aosays

The prepuration of chloroplast ferredoxin énd ferrecoxin~WADP re-

- Guctase ‘was not further Durified. It was °°ayed in~the photochemical
reduction of NADP bv 1SOWatcd chloroola L%. The reaction mlxture, 4 ml,
containnd the follouiny in umoleu/ml Lriqnﬁl nH 8.0, 50; NAD° 0.5;

e, 1.0; MgCL,, 7 5,.chlorophy11, oné ;m = 0, 95; enzyme, variable. |
‘ The reactlons were carried out aeroblcally in atoppered vessels in
.an Aminco Warburg Appara»us (Amer. Instr, Co., Maryland). The illumi—'

.-nation was‘providcd by eight ohotoflood lampu mounted underneath the

>tank and the-intensaty was adjuatable by means of a Variac, The voltagg
used was 85 Voifsa.giving é-lightfintensityfof 2000 fopt;céndlesfmeasuped

i

oy
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vaf the point'éf illuminatidn'of the éample. ‘Reactibns Qéré'carried 
out for 10 min at_15°C.' The‘s?mples wére ﬁhen.withdrawﬁ'and'uitraé:
centrifugéd at'M0,000 rpm-(Spinéo_Mbdel L. ultracentrifuge #40 rofor)
~to remove the.chloroclastbmenbranes. ’Thé'clarified'supernatants,weré'f
_then assuyed spectronhotometricallv for NADPWZ gainét’a similarl&bv.
treated control with no enyyuwﬂ - | '
| . 24 uho,s the enzyme ac»ivity of such a preﬁaration“'

The proparation was also 285 ajed for NADPE I,~diaphorase activity

2
by a prqcedure accordlng to Shin,gg.ﬁl. (1963). The reaction mixture
(2.5 ml) cantainedvthe folléwing in uméles/hﬂ;,tris~cl.pﬂ 9.0, 50; |
vNAﬁDH?, erg trichlorophenol 5ndo§3ehol 0112' and enzyme,“Qariable.vi
The reaction Was currlod out in 10 x 3 mm. cuvettes and was started by
the adgition of 10 pl ! NADPH,. ~ The aboorbance decrease at 620 mu was
mOﬁiLored umectrophctoneﬁriCally arter addition of the enzyme. A Cary f
Vodol 14R sutomatic rocordlnx bpectrOpHotomcter was used for this pur~
poge, ana the in;t;&l rateo vere taken as the reaction velocitiesc

Fiy. 25 ghows’ the NADPH adlaphorase activity of the preparatian
which 1s token a@van iﬂdicat@@n of the presence of-NADPHQaferredoxin
reductase, | _ | A ‘ u

. This enzyn& prcﬁaraticﬁ Was used in aturating ccﬁcentr tions in

the quanﬁuﬁ yiéld detefmlnati ns f@f NADP roﬁuction by 1solated chlo”o~

1

ﬁlﬁgﬁﬁs

ZiéhﬁAiﬁt ﬁsitv moauurcmmnta :

fneldent -léht intens;by measuy

- sample illumination by neans - @f 1
12©CG)i lhé wavelehpth déwénaen0é éf;th@ silieon solar @”11 a% dét@r— '

 mined by. use of & Bauseh and Lomb 500 mm ﬁTﬁLinv ﬁoﬁ@cﬁr@&&t@r with a
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Fig. 24. Enzyme activity of chloroplast ferredoxin and ferredoxin-
NADP reductase in the photochemical reduction of NADP by
spinach chloroplasts, '
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Fig, 25. Diaphorase activity of ferredoxin-NADP reductase using
2, 3, 6-trichlorophenolindophenol as electron acceptor,



' tunpoten oource‘and a Reeder thermonile (C. M, Reeder Co., Det oit)

| which had been callbrated using a standard lamp (Wational Bureau of
Standards, Washington, D. C.). ~Corrections were anplied to the results
for the 5% measured reflection loss on the cuvette aldes.‘

Absbrbed intensity calculatioh

For the accurate‘determination oflthe quantum yield of a photo-

3 chemical reaction the intensity of‘radiation abﬁorbed mﬁétlbe lmown.

lThis is especially diffiéult in the case of chloroplasto at wavelen'*mr
longer thén 690 mp, owing to the relatively large contribution_of light
ééétterihg. The use of the measured transm ission of the. éamvle may
lead to large errors. mhe tcchnique for the measu;ement of absorbod
llgnt lntenoitles in this study is b ased upon a reoort by Sauer and
Park (l96&)-on the‘spectral characteristics of cnloropldst and quantu-

' some squénsidns, | | o

uip. 26 ‘shows the aboorﬂtion spoccrum of a‘slnple chloroplast sus-

‘ penuion moaoured uuin tnrne tcchnloucs' direct abvorptlon using a |
Cary Model 14R- recordlng Qpectrophotoweter, tne opal Lli S tebhnique
(Shibata, et al., 1954),.and the scattered transmission method with a
red-sensitive photomulﬁiblier;' The result uoing the- opal glass technwﬂdw
is i&entical to that u31ng the scattered-trangmisslon method. howevera.
-the ooal plaas technique iu unreliable at wavelenpths longer than 700 Ty

° (Saunr- and Park, 1964), | |

| Flg. 27 whow~ long wavelength qbuorotion eétré bf concénfrated

lchloroolastu end quantasome aggregates measurod by the ocafteredn_g

| Lransmi%sion method. mhe absorotlon maximm is 678 mu. It is apﬁarentv
from these data that measurewent@ of chloroplasto in Lho lon waveQ
lonwth "tail" of the chlorophyll a.absorption band are unreliable, even

when the sca terudntran mlssion method 1s uued. uovever, the quanta Ome
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Fig, 26, Absorption spectra of spinach chloroplasts from 550 mpu

' to 800 mp., 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 69141 photomultiplier,
normalized to an absorbance of 10,0 at 678 mp,

Curves are
lower

curve (dashed): computed quantasome absorption corrected

for light scattering,
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._ aggregates scatter considerabay less and 2 correction, bas edvon turbi—b'
dity measurements from 760 mu to 900 mu, can be applied. |
Pig. 28 shows the measureduoptical density of é quantasome pre-
_ paration from 735 mp to 900 mr vlotted versus l/AQ. Th&,rélatioﬁship
is llnear in the r@rion 775 mp to 900 mu and passes throuvh the orirln
as is elru ted for light ocattering by small particlea.- ”hio line was
extrapolated to shorter waveTeng@hslandbthévéontribution.due tO-this
aylelﬁh ocattarlng, whlch is quite :nalis was subtracted out of tho
m@asurpd scattered~tranomios¢on spectrum to give a reliable ‘true absorm«
tion spectrum as shown in Pig. 27 (lower curve).
If one as;unrs that the true aosorpuion spectrum of chlorp#lasts
is‘identicél to that of quantasome aggregates, then it ié.nossible‘to
cbﬁpute the true ébso pulon of a chloro“lnqt suspension from the corroctuq
- quantasome absorption spectrum. The valtdlty of the assumptlon that the
spectral characteristics qfiquantasome‘and chlqroplasts’are similar is

discussed by Sauer and Park (1954).

Actinic 1llumination | |

| i) Light from a tdngsten projectioﬁ'iémn (G. B, DVK,'IOOO‘W)'bowered
“with a Variac was collimdted by means of a spherlcal mirror and passed
'throuuh Y cm of water, a Corning 1m60 infrared abs orbinp glass9 one or
more cut-off filters aﬂd an interference filter. Table 7 shows the
various filter combinations used to. loolate these monochromatic bear"
(approx. 10 mu bana NlOtho)

ii) Alternatively, a Bausch and Iomb 500 rm gratlng monochromator

wﬁs}used 1nstead'of the arrangement’pf filters. However,»only low light

intensities were then possible., -
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.Fig. 28, Rayleigh scattering of spinach quantésomes from 760 mp
to 900 mp, Turbidity of quantasomes versus inverse fourth

power of wavelength,
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Téble T
‘bard isolated by R suppleméntafy
“interference filter cut-off filter
mu
550 S 3-68
600 - S0 . 3-68
. 649 - : 2-58
- 660 S : 2~58
679 | 2-58
€88 - c . 2-04
703 . _ L 2-64 + uu77 -
708 . o 2-6h + b7
720 . < 2-64 + 477 -

730 S e 2-6h + 7-59

- a.” Baird Assopiatesvape‘ﬁ-l.
b. .quning, ,

1ii) For meésdremént'df fheuéction spéctfﬁm of fe?fiéyanide” o
reduction (Ii.E.) an interference wedge filter (Veril—ZOO, SQﬁbﬁt
and Gen., Malnz, Gernany) was uscd instead of the single inter—
‘ wferencevfilters and cuteoff.filters, to 9imultaneously provide
eyciﬁation-wavelengths‘frOﬂ 592 mﬁ to 716 My, lThi° was used in
conJunctlon w1th a specially designed nultl-compartment reaction

vessel, to be descrlbed later.
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T., NADP reduction by preparations of chloroplast lamellae

Introduction

Prior to the studies oo the quantum requiremént ano wéveléngth
dependence fof_NADP feduction by chlorcplast preparation about to be
describeds 1t was necessary to select the conditions moét'favorable

for the preparation of lamellae. It was also of interest to investi-
gote‘the effect of various treatments oo the pembrane ehzymology such
as sonication and extensive aquoouq washintrs,7 Park & Pon (1961) showed

- that la.ellar mag;nen’ca9 consis*ing of up to 8 quantasomes as seen in
the electron mzcroscope; are active in quantum conversion and_support
the fixa t%on of carbon olox1de. This shows that the octual integrity
4of.the grana areas or stroma lamolla as such 1is noé essential ond implies
that the major structural requireme nt necessary is the intimate arra angz-
ment of tne coqatituents W1th1n the photosynthetic unit. | |

Antlmy01n A is an effective inhibitor in reopiratory electroﬁ
tranépor% and'prevents the'oxidotion'of cytochrome b by cytochrome ¢ in
mitoohondfia‘(chance &VWilliams, 1956),V Cyelic photophosphorylation in

~ chloroplasts is inzensitive to Antiﬁycﬁn A wﬁeo vitamin X 1is cofactor
v(Arnon, gg.al,, 1956), but when ferreooxln is cofactor9 the reaction is
severely impalreu. This implies that cvtochrom@ b6 may be an interme-

" diate in electron.tranofer during ferredoxin-catalyzed cyclic photopnos~
phorylaﬁion and may be byapassed whenvvitamin K is cofactor. Bécterial
non-cyclic photosynthetic électron traﬁéport is also sensitive to Anti-
-mycin A when’suCCinate i3 electron donof,‘but'not when ascorbate/DPIP 1s.

%-” - donor-(Nozaki; et al., 1961). ﬁhe effect of Antimycin. A on NADP reducticn
- b&;chloroplast lamellae was studied when water and féduced indophenol

are electron donors.

P
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In this s»udy whole chloroplasts were: is oluted and were then
washed free of the soluble stroma. The membranes wcro then oonicated
and the sonicate clarified by differential certrifugation. The various
fractions wére assayed 1n the ohotochemicaloroduction of NAD? in the
presence of addéd chioroplast ferredoxin and ferredoxin«ﬁAb?hreductase.
Pr’)cocure | _ | _ | | B

| Chloroplast lamellar fractions were prepared as outllned in Fib, i
(Dart I)- ”hevfractlons assayed were ;1, whole chloroolasts washed_

with dllute buffer to remove th° soluble stroma fractiong leonicateos

to fnvestlrato the effcct of uonication, S.s the supernatant after the

2
‘.removal_of_large lamellae from the.sonicate; and Pny 8 pelletlof very
small fragments obtained by ulfraoehtrifuqation of Szo The reason forv
aexlmentln? the small fraamenus to form the nellet P2 wéé to free the
‘vlamellar fragnents of any components detachea from th° lamellaé by
sonxcation. ‘ |

4y -'NADP o. ol 51 trlS—Cl

The reactlon r*]:LJt:t.xr"a was h 15 x 107
pH 8 O, 100 ug enzyme/ml and 1amellde adgu:tod to give an a.bsorbancr>
of 2 at 678 my (1 cm path). The final_volume was 5 ml. The reac‘cmnc
wére carried cut in 30-ml flat-botéomed plass vessels illuminated fron
below w;th bﬁtdfatlnm white light in an Aminco warbur Apparatus as
, described 4n’ Sccﬁlon II,B The NADPH2 forved after lO min was weasured
.quectrophotometrlcally after removal of the lamellac oy ultracentrifu»
gation (10 min, 105,000 g, Spinco fodel L ultracentrifhpe). In the
'case of the sonicated preparationo, where the purtlcles wcre exceedlnﬁly
- %mall, their sedimentation wao gre atly facilitated bv the addltlon of a
small volume of concontrated Nafl (5 M to brinﬁ the solution ionic _

strength to at 1eaot 0. l orlor to ultracentrlfugation. Using this tech-

nique, fraction Pg'was sedimented at 105,000 g after 10 min. (Spinco
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Results - . } ' o , c c_ _ o . | E
mable 8 shows the capﬁcity of various 1gmellar fractions to :
' photoreduce NADP in saturatlng white l;ght The data show that soni—.
cation of the 18LE11&8 results in about a 30¢ loss in photOCnemical
‘acb1v1uyo Removal of ‘the larpc membranes and isolatlon of the small
particles results in a preparation, P2, which is just as active as the'
sonlcate, 1ndicatinb that large lamellar frarmento are unrncessary for
NADP reduction. Only the addition of ferredoxin and ferredcxin—NADP
reductase 1is Necessary.,
| fTéblé 8

Photochemical activity of various chloroplast lamellar fractions . - .

S L ' “TWADPIL, formeq - ’ R
. Preparation - cpmoles/fg Chl./hr | % activity -
~of lamellae . * - S

plus enzyne

minus enzyme

;"control Fll. _. ' 65°7f - ’ 3;i ' : f34 100 -
sonicate7i | cquZ,i'ﬂ - o 67c;
SZ , 5,3.‘1 - 80. T

I

Table 9 ohOW* data demonstrating the inoenoitivity of the NADP~rc~c5f

ducinﬁ oystems to Antimycin A°

| Table 9

Efiect of Antimycin A on cnloropla%t YADP—reaucing systems et .-

T umoles NADDI2/mb Chl /hPaA

2 Electron donor _ 7
; e o _* AnthVCin A -

| - water ‘ 7 62 .60
: R aucorbate/DPIP/DCMU 1 59 : . 56
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Chl. A,78 o 21 (fraction Py), enzyme 100 ug/ml, NADP 7

4,15 x 1070 M

M, 0.05 ﬁ‘tris pH 8, and, when added, ascor-

~ bate 20 yH, DPIP 0.2 yif, DCWU, Antimycin A, 10 y per ml,
Dis cu331§n

These results show that under conditions of whitévlighf saturation

small 1amellar'fragmunto consi tiﬁg of u;'to 8'quahtésomés aré‘capable
of'pho oreduCLna NADB in the preuence of add@d chlorOpla t‘ferfedbxin
and ferreaoxin—&ADP_reductase. The onotoreduction of NADP is_insensi
_tlve to inh;bition by Antimycin A ¢n the normal sys ten when water is
 01pctron donor, and in the DVHU~poiuonmd system when ascoroate/UPIP is
electron donor. ) | !

'AntimyCin A is a powerful inh bitor of respiratory electron transe-
port and préﬁenus the oxidation of cytochrows b by cytochrome ¢ (Chance
and Willlams, 1956), oacterial photonbosohorylation and higher planc
'férredoxin—cdtaiyzed cycllc photoahoomhorylation (Tagawa, et al,, 1963)
are botb Antirwcin A uensit1ve, hut thp cyclic photopho phorylutions
e atal;znd by P”V, }40 or vitamin K are inoensitive° This suggests the
Darticioation of a u~type cytochrome in ferrodox1n~catalyzea cyclic
.ohOquhoqphorylation but not’ in the non-oyclic transfer of electrons
"1rom water %o ferredoxun with NADP as terminal acceptor (see Section
II F. for full discus sion). | | |

The resulto obtained for the photochemical activity of the smﬁll
lamellar frarmants confirm and exten the nrevious data of Park and

Pon on carbon di oxiae aosimilation (1961) and- Hlll reaction activitv

: _(1063) by 81m11ar preparations. In tnﬂ exncriments deﬂcribed here in

this study, the lamellae were washed free of soluble stroma nroteln
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quite rigoroﬁsly.prior to sonication. Park and'Pon_(1961) sonicated
whole chiorbplasté and then isolated a high 'g' fraction of lamellar
“fragments- hat would fix-gafbon dioxide only in‘the prééence‘of.the

- final supérnatané which”contained the stromé proteins ahd oéhertco-
factors, They also found (1963) that the Hill reaction with ferricya#.
nide as pxidanﬁnwas unimpaited after washing lamellae with hypotonic
buffer, Howevﬁréltbé-capacity {or phptophosphoryiétion'was destroyed
bvaashing and they suggesﬁed'thét a coupling factor was removed f

during such treatment,

The results reported here in this section show that under conditions ‘

of white light saturation the photdréduction of NADP proceeds only in
the presence of added ferredoxin.and a flavo-enzyme, ferredoxin-NADP

reductase. Ferredoxin is normally removed from the lamellae by washing

with hypotonle buffer (Tagawa and Arnon, 1962), whereas the flavo-enzyme

is bound more strongly (Avron and Jagendorf, 1956) and a prolonged
incubation at-room temperature is necessary to remove it completely.

The effect of sonleaticn in this connection is unknown, but it is

possible that 9 Kc sonic rupture could remove the enzyme from the sur-

face of the lamellae,

The résults on the é&antum-éffiéiency of NAD? redﬁctidn édnducted"
| under cbnditiohs.bf‘limiﬁ;ng'light intensity,vdescfibed ih the'nexf
section,vsh@W.tbat'the.sméll'laméilarAfragments_are, at best, half as

efficient as the intact membranes,
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D.. Action'speCtra and quantum yields,for TADP reévvtlon by chlorow1q't:

'  and quantasomes?

Introduction

If the working hypothosis-for photosynthetic eiectfon'tfansport in
chloroplasts envicaged by Hill and Senda gall (19602) is correct, then the
‘pGOuoreduction of N,W“, using water as reductant snould proceed with a
minimumn quantum reou*rtment of two per electron throughout uhe opeo+rnl
regions where hhotoayatem II is not limiting. However, if electro
ganerated by system II are replaced by the as oorbate-indopkenol couple
.(Vérnon and Z VLT, 1960) and the.réaétion'is therefore driven by photo-
system I only, then ﬁho'reduction of NADP shouid proceed with a mininum
vquantum‘rcqulﬁouwgt £ cne per el tfon transferﬁeog‘ Vurthormorc, i
pﬁotosyétem I is truly oo“Atize by chlo “Hvll a only, then thlS maxi-
T QuAutum yield shc&ld3oe ohtainM where the “viMer light absorber
in tbe mnotosynﬁhetic unit 1is only chlorophy;l a,vi.e.g at wovelengths
longer than 710 My, where absorption by chlorophyll b i% approachin< Zero.

FOr the_norma; redgctloo‘of NADP by chibrOplasts w1th~water as
electron.donor, seVeraiﬁrepontsnhave'reoentiv appearnd (Bluck et ﬁ;.g
19633 Hoch and Martin 1963, and Govindjeo, et 91,, 1963) and for Naﬁ“
reductlon with aoooroute~1ndopnenol as electron donor, one report (Hoch
and Martin, 1963) For the.normal system with water as.donor, there is
- considerable d;sagreoment'a@ong the rosultéf"For inéténces at 700 my
the'féported‘quahtom'réquirements~in einstéins/eqoivalént NADP‘reduoed.
are 14 (B*acx, et al;;'i 03) 2.9 ( ch and Vart nn 1963), an* 6.3
(Govindgee, et al., 1963). |

This study is a comparison of the photochemical Droperties of HADP

¥ Saver and BL”&in09 1964,
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redactlon by 1 olated chlorOplast whcn water and reduced indophenol
are electron donors. . It was undertaken in the hope that measurements
of the guantum efficiency_and wavelength dependence of the two'feactions
would bear pertinent information conéerning the two ﬁhotésySteﬁs in
photosynthetic electroﬁ transport in higher plants,
Prooedure ‘ |
Our initlal andlytical method for Jtud ing; the photoreduction of

NADP by chloroplast preoc“ationo was 31wilar to that of Blacx, gg_al.
(1963) and Hoch and Martin (1963). Samples were 111uminatea for a Tixed
perloa of time, tho chloroplauts removed by’ ultracentrifupation and the
mupernatant analyzud spectrophotomourically Por @ADPHQ In our.hando
we found this technique very unreliable owing to thg very active first—
- order reoxidation of NAD?Hg. YWe subsequently shoWed that this activity
was assoclated with our enzyme.prep{ ation aﬁd ‘helChloroplast.stroma
fraction; and we. could not remove it by short-term ultr ucentrifuﬁation.

~ We overcame this difficulty by continuously assayingvthe photopro—v

duction of NADPH,. by spectrobhotometrv at 330'mu. Uéing this téchnicue,.'

2
the,initlal velecities for the ﬁhotorPdUCtTOﬂ were obtained. from which.

| quantum yields were calculated.' \ Cary Model~lun_automatic recording -
sPectrophotometer wiub a scattered trénsmﬂs"ioﬁ éttachﬁenﬁ wés adaptéd “ *
for this purpose. " Fig. 29.show% a diarram of the arranpercnt of thc ‘ |

| cuvettes and {ilters in the spoctrophotOﬂoter, The beam of excitinb .
light was directcd through a hole in tne side of the inotrument., The.  ;-5
interfervence and cuueqff filters (IP and CD ) wore attached to the
spectrOphoﬁQmeter and the,excitlng beam was concentrated with a lens

' inside thetcdmpartmenﬁ and diréctéd on thé side wall of the“saﬁﬁle Clw

vette, An opague barrier prevented the actinic beam from illuminating
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CARY 14 }
' |
SPECTROPHOTOMETER | PHOTOMULTIPLIER
o |
|
|
— : E—INFRARED-ABSORBING
: 3 { — FILTER
WATER \
FILTER | -
ACTINIC LlGHTs ,K
MUB-2802
Fig. 29.

Apparatus: sample compartment of the Cary Model 1462
Scattered-Transmission Accessory, showing the modifications
for illumination of the sample cuvette, Filters IF {4 (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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be reference cuvette., An‘interfernnce filter IF (Baird Assbciates)
and cut-off fllter FF (Comin;r9 T7-60) were attached to the front of
.the photomultipller (uamont 766“) with masking tape.tO’prevent the ex-
" eliting light of 101&ew wavelength and chloronhyll fluorescence inter-
fering with the 339 my absorption measurement., The 0 to,0.2 optical
density slidé wire Qa. used, and the chart speed was varied deoendinml
upon the reaction rateo

Reaction mlxture

The reaction mixture-qéntained the following in umolea/ml' potassium.
phosphate pH'?.S,.SO; NADP, O.S;VAD?,vl.O_ MiC X 7.53 eqzyre, satuaating-
‘quantities_and chlorbphyll, Vafiable.‘ In the DCWU-v01qowed preparations,
the above reaction mixtufe‘wag'uséd and, in addition9 the following in '
umoles/ml: DCMU, 0.01; Na-ascorbate; 5,0; énd DPIP, 0.04, Solutions of
these compounds were prepared immediateiyzbefore_use.:

Thé réactidn mixture‘(é ml) was distributed equally between the
reference and sanple‘cuvettes. After. €} 1c_estab1ishmeﬁt of a'stab1e bage
‘line in the dark, the-samglé:éuvette as bhen Jlluminated with the acti-
nie béam‘and the reacﬁion‘allowed to nroceed for about 8 min, ‘b'tpout,
modifying any of the inotrument sct‘cims9 the actlvity of the Ds“um
poiéoned preparéﬁion was studled immediately afterward (elapsed time
' 10 miﬁ)s_ The.actiVities of the two systeﬁs wer e utUdl°d in this way, as
2 func01on of incidcnt intcnsity for wavelonmths iﬂ the range 550 ru to
730 mus -

Course of fhe reaction

- Flge 30 shows an example of the time course of NADP réductibn by
_1llumlnwbed cnloroolaots, and the following features were invariably obe

erved ln these studles
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LIGHT OFF

PHOTOREDUCTION OF NADP 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 my,
(DCMU/ DPIP/asc rbate sysiem _fr molar extinction co-
efficient of 6, 2.)(10 1-mole”~ for NADPH, at 339 mp.
was used, :
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1) A stable level of absorbance at 339 it in the dark 11) an
Iinltlal rapid rise upon 1llumination durlng which aoout 0. 2& cf the
ﬁADP is reduced; i11) é neriod of qlower hut constant reduction of

‘ADP iv) a gradual decrease 1n reactlon volociuy after reauction of‘
about 5% of the available &ADP' v) a rapld decrease in aboorbance upon
cessation of 11lumination followed by, vi) a slower grédﬁal decreaée
of abaorbahce. Stage 11) wés not observed upon a second periodvof
illuminavlon even after a darx 1nterval of several minutes.. The steady
, inltlal veloc ¢y chosen for the reactlon was the llmltlny >lope of the
nearly linear portion of stage 1i1), as @hown in Fig, 30. In veneralgs.
th_s could be d;uoranmd unambl*uously. After thlS stage, the PEOXi-
datlon of the mADsz became cufflciently preat to cause a distincL
. decrease in the net rate of NADP: rcductlone
| A number of samples were scanned from 300 my to SSQ-mu before ahd
after 111umination in ordef to aséertain thaﬁ otﬁer éhanyes in absdrbéhce
in the sy%tem were not influcncinf the PGbUlLSo. The xpect*‘a conoioted
of an aouorption pcax at 33@ “u and there was no evidcnce of anJ sizni—
-ficant bloachinb of the pigments or turhldity change> wnich would modify
the base ine. .
v_PcsuTts | |

Quantum roquirem@nt and action speotrum

Quantum requirements for NADP reduction were calculatod from the
initial velocities and ‘the calculated absorbed inten itieq, At eacb
wavelength the incident intenuity was varied over a tenfold range by
‘;adJustlng the lamp yoltaée. | |

‘Fig. 31 and 32 show ekéﬁples of the inteﬁsityidependence:of the
reaﬁtione For all wave lﬂnwths studied und for both reactlions, the re-

-
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NADP REDUCTION BY CHLOROPLASTS AT 703'my ‘
28 r ' . =

o= Hzo ‘
© = Na-ascorbate, DCPIP, DCMU

einsteins
equivelent

QUANTUM REQUIREMENT

» I i I ' 1
0 5 10 15 - 20

INCIDENT INTENSITY: nanoeinsteins /cm? sec.

MUB-2805

Fig, 34, The relationship between the quantum requirement for
NADP reduction and incident intensity, ——o0———, the
normal reaction with water as electron donor and ——as
ascorbate/DPIP as electron donor in the DCMU-poisoned '
system, " '
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NADP REDUCTION BY CHLOROPLASTS AT 720my

28 - —
I © =H,0 | |
® = Na-ascorbate, DCPIP, DCMU

24 -

cls 20 .
s
%12

cl3 | 4
a3,

16 - o ]

QUANTUM REQUIREMENT !

! { 1 x
0 5 10 16 : 20
INCIDENT I”NTENSITY: nanoeinsteins /cm2 sec.
MUB-2806"

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 —e ,
ascorbate/DPIP as electron donor in the DCMU-poisoned
“reaction, :
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‘lationship is linear and the slope is positive. However, the relation-
ship bet ween the cependencico of the two oy stems is irregular, The
zero intensitj interc 'pt 5, Obtained by extrapolation of the plotés are

shovn as & function of exciting wavelenith in the form of an action

2N

spectrum in Fige. 33. o S "_ -

The noraal 555 uem for elebtron transport, with water as electron
donofa is qualitatively very ;iﬂ&lar to that obtained for complete
photosynthesis inﬁhigher plgnts and algae, in tha; L‘e‘ is -an increasing
re quir;meﬁt for guanta at'wavelengths longer than 68C mu (l.e., first
Emerson effect, or ”red drop')., From 550 mu to 680 mu.theiquantuﬁ 70w
guirement increases slightly but is in the order of 2 to 3 einstein per
| equivalent of § DP reduced, nt longer wavelengths the quuanitum requiré«
ment reaches 14 einsteiﬁs/equivalent at 730 nip. We consider it uirqifio
cant that NADP "GQUCULOH by 1solated cnlompl'lsta9 usinr water as
electron donor, does occur au wavelmngths lon&br 720 mp and, particulzlly,
with requirements‘of only 14 einsteins/equivalentq - We.checked to ascer-
tain that the 339 mu analyzing bean waé ineffective in activating the
‘reaction at these long wavelengths(by féd&cing'the spectrophotométer
slit to éefd\for_a period of time dqring several'ﬁinétic runs, Resumptioh"
bﬁ the 339 mu absofption’measuremént by reopening the slit showed that |
the course of the reactlon waé unintefruptédg‘ Also, by the ihtrdductioh
of additional-supplementary_filtgrs5 WQ'showed’that no stray,light 6f
shorter wuvelen, th was sensitizing thé reaction. -

The DCHUmp%%épnéd systerﬁs with added DPIP ang ﬁscorbate; beha%és
Veny ruch Like/normal system at wavelengths from 550 au-to'680.mu but_1
'slightly nmrebinefficiently; The quantum VOQulPCWQHt ls about 3 eln=-

- steins/equivalent NADP reducedo At wavelenrths 1onger than 680 mu,
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B—r—T1T T T T 1T T T

| PHOTOREDUCTION OF NADP BY SPINACH _a
CHLOROPLASTS |
16 - - -
0 fnd Hzo . d |

® — ascorbate/ DCPIP/ DCMU

14 |

QUANTUM REQUIREMENT einsteins /equivalent

i i ] i 1 | i i
560 600 .640 680 720

WAVELENGTH, my

MUB—3085

Fig. 33. - The action spectrum for NADP reduction by isclated
chloroplasts for the normal (—o ) and DCMU-
poisoned (——» ) systems, The quantum requirements
are values obtained from extrapolations to zero light intensity,
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> 1

‘nowéver3 we found that the réact on proceeds very efflclenbly with
qu&ﬁvum requirements of 1.5 einstelns/equivalent andg in genérala
the results WGrG ﬁore_repreﬁucible than thosé for the normal systen
in this repion of the spectrum,

'Fiq,IBM 3h0WsS the dep nden f Mf i ction on the concantra ion
‘of DPIT in the 0409¢on Juuxuro fbr the DOMU~poiscned system at 6oO Ty
for the ﬁﬁb inci‘ent intensitiesé The data show tq?t ‘the reaction satu-

rates at DPIP ¢ CGAVTJLLuqu of 0. OM unole /ﬂl. This concentration was

used in the reaction mixture ard therefore th@ DPI? is not limiting in -

Table 10 shows a comparison of the vuluéo obt ned in thxs study

-

for NADP reduction by isolated chloroplasts and quantasomes,(Sauer and

Biggin», 1964) in cownaribon with the.literature valuese For the nor-

(9]

mel ysteﬁ3éf NADP redu09ion with 4atpr as el ectvon donor, our ouanuumk~
'reﬁdiremon“" awreé vefy well withitho%@ of Hoch and Martin (1963).
ONCVCr, our values sre lower than those of rov1nu3e et al. (1963)’and
Blgck, et al. (1963), particularly at 550 my - and at wavelengths longe;
than 690 m mu. We attribute these GiocrenanC1eo to Q¢ff€f€ e3 in the_f'
measurement of absorbed lntcns;t s, Black, et al. (1963) used the cbai 
glass‘technique ?or the mea uremént of chloré?iést;absorptiono Fromlthet
arguments outlined in Section.li.B; concerning the errofsvintfoduced by
inadequate correctiohs for scattered light, it'would_abpear that they_:_ 
may have considerably overestimated the quantum rgQuirvmehts in regions

where the relativL ccntPLbution by scatterin ng is large, i.e., at wave- -

lengths longer than 700-mu and the region of minimum absorption in the

Y o

green. However, qualitatively the agreement is fairly good in that the
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NADP REDUCTION BY CHLOROPLASTS

30 [~ Dependence on DCPIP Concentration

nonoeinsfeins ' o
n | 00 Tomi e /}————Qmm

20 /

)

/L’_‘O.’J?S

¢)
I,-085

equivalents
einstein
——

(

nanoeinsteins
cm?— gec

10

QUANTUM YIELD

fi \ | o DN B |
0 02 04 06 /
DCPIP Concentration (yp moles/ mi)

/‘ ]
—
MUB-3257

Fig. 34. The effect of the concentration of dichlorophenolindophenol
on the quantum yield of NADP reduction by chloroplasts at 678 my.,
The standard reaction mixture was used with sufficient chloro-
plasts to give an absorbance of 0.8 at 678 my. (1 cm path). Incident

light intensities used were 0,30 (——e ) and 0. 85 (—o )
nanoeinsteins/cm“-sec, -
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mable 10

Quantum requiremcnt for IADP reuuctlon by aoinach chloroplasts at i

uavelengths from 550 to 7&0 Mi=—CcoMmpari.son w1th llterature values.‘
Q i% the Zero intensity quantum requirement in elnstein /equ;va- A

" lent at wavelength A Cmu)e

Normal System (Hzo'Donor)

Black, Fewson, . Govindjee, This ptuay

Gibbs & Gordon Hoch & Martin Govindjee & Hoch (Sauer & Biggins)
(1963) . » (1863) - . o (1053) S (195”)
A 8y . A . OO X o B A B -
: Chlerophyll - . _ '
550 - 5.0 10 wg/ml 50 yg/ml : © 550 2.40
600 - 4,6 - S 600 2.62
650 4,2 . 0G49 2.0 ‘ . plg 3,30 i
660 3.9 - 668 2.4 o S 660" . 4,05 7 v
675 3.8 678 2.3 - 678 P 679 3.75 e
690 HE L‘e3 693 T 2-0 300 . 693 ) ;400 : ()8' 5-6 ) »
700 14,0 700 - 2.9 3.3 . 700 6.3 .. 703 6,15 T
: : 710 - 6.2 5.5 714 10,0 . TO8 W60l
720 . 9.1 721 9.8 - 720 11.80, .=
730 80T T30 - 12.5 S 730 ¢ 1b.40 -
THO . 8.3 740 17.0

DCMU—poisoned System (Ascorbate/DPIP Donor) |

Hoch & Martin "+ This study (Sauer & Biagins)
(1963) 1 - (1964)
A % L %
. Chlorophyll 4 ~ Chloroplasts - Quantasomes
550 3.00 -
R 600 - 3.60 oo
649 3.7 649 . 4,20 9.3
668 4.3 - 660 3,30 S
678 4.8 679 4,20 9.3
- 693" 2.0- - - 4,8 688 - 2.8 I
700 - 1.8 2.7, 703 2.25 6.0
“ 710 1.6 2.1 708 1.35 o
720 2.4 720 1.80 6.0
730 205 730 2055 ’
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_ long wavelength decline in quantum efficiency appears to start at aHOuL :
680 Tiye | |
For the DCMU-p01ooned oystem, with aocorbate/DPID as electron uenoL;
jour results agree with those of Hoch : d‘Wartin (1963). mhev erd an
' 3ntegratine sphere uDectropho‘cometer for the meauurement of their chlovow
pla 3t noqorbancee, wnich marxedly reduces the effect of ucatterinp et
'long wavelengths. _Hewever, although they were. aware of the darx,reox1~
dation of ﬁADPH2; it isnnoﬁ apearent frbm their report that a correction
for it wae epplied. Thio factor could be exnected to contribute to the
discrepancies,unicn_re nain between thelr daua and ours for both systen“
studled, In narticular, these differences appear to be'greatest for the
‘.EWVU~DOISOHPd system with auded ascorbate/DPIPs ‘where we find the reoxi-
. datlon to be more pronounced. | A - o
‘The Values for the normal oystcn obtained by (‘ovindjee9 et al. (1963)
are subotantlally grcater throuphout the lonb Vevelength region.‘ thb
dxscrepancy is puzzlmo since their meas urements were carried out u03n~‘
the same techn;que - and reaction mixture as were tho e reportcd by Hoch
and Vartin (1963)! '
At wavelengths.énonter'thqn 680 mu buf meaeurements for:bOth’the
normal and D”NUmpoisoncd Oystems 1ndicate a quantum requirement of about
3 elnsteins/euuivalent and not significuntly quelength dependenta honq,
Nartin and. Blacka et-al. aluo report llttle change in quantum requir
mentv from 648 mu to 678 e The relative quantum requirement Obt&iﬁ“ﬂ
by Arnon, 92.810 (1961) for the DCWU—poieonod uyotem with added ascor-
[bate/D?IP shows a mnxumum at 661 mu and lower valueo at lonper and
shorter wavelenvth This benavior lc dlfferent from our sLudy and the
- other previous Suudues.v Arnon, et al. did not extrapolnte their results

to zero llght intensity, and in the abs ence,of sufficlent experimenual_
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details in tlieir report, the other possible reasons £or the dlscrepancies
‘cannct be discussed. o |

vThe.quantuﬁ éfficiencies obtatned for NADP feduCEiSn Sy‘sméll sseTe=
gatés'onQuantaSCmes (Fréctioanzg Fige 4) are sufprisingiy‘high¢ In
the DCMU~pC&SOned system with added ascorbate/DPlfﬂ thé Quanﬁu@:éffiu_
.véienciés'are some SOV those of the un%oniéatéd lameilae} :Iowevers under
conditions of white li5ht saturatlon (see.Section II.C,) only 307 of the
 act1v¢ty appears to be lost. ﬁhis is pqssibly due merely to the condi-
tions of light saturatlonvand differences in experimentaI design¢

,Thé ﬁéct that'the'small-fragmeﬁts retain éuch a high act{vity; Dar-

: ticularly after such drastic. physical traatment9 such as waohing and
:sonlcation, relnlorceo our asuumptlon that the Pragments are physioloo|~
cally rapresentatlve of 1ntact lamellao and therefore, th:t their Glelclarg
taon spectrum i3 also representacive of that of the true absorption |
spectrum.: : | | - ’_

‘The results obtained in this study for the redaction Bf’NAbP by
‘chlor0plésts with water or reduced ihdophenbl a'S‘e).ecﬁron‘dcnors.sﬁpportB
in part, the wbrkinm-hypothesis for'phoﬁbsvﬁthetic'elecﬁroﬁ transport
formulated by H;ll and Bendall (1960a) ‘and adopted by ditt, et al. (19613)
Duysens, et al. (1961), and Kok and H001 (lool) . Qur results can be
.accounted for in the framewori- of this tmo-nirment system wecbanlc' by
assuming that, -at wavelenbuho longer than 700 111 TIN pigment system I _:V_f
accounts for auproxinately 80% of the total aboorption and pigm@nt Sy 5w J
,_tem 11 accounts for 20%. At wavelengths shorter than 680 mu, each pig-
~ment system absorbo about 50% of the ineident radiétiOﬁ. 'Assuming'that
electronic excitation energy cannot‘be_tranéferred from_dne pigmént to

another, one can, therefore, conclude the following: TFor the normal
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system'with water as electron donor and driven by systems I and IT, o

~then at short wavelengﬁhs.(ioewa-<680‘mu) an optimumn quantum requires

1

ment of two einsteins/equivalent NADPH,

5 would be optained;’sincé both
systems ére,activated_at equal rates; at longer Wavelengﬁhﬁ'(i,e,9
>680 my) the quantum requirement will increase fburfold since the low:

absorbance. of plgment system II at these long’wavelehgths 1imit$,the

. overall efficiency With which electrons can be ébtaiﬁed from water; for

the r\-”Uu-poisoned yotem. with edded a%corbate/DPIr and sonaitized oy

4system I onlys a quantum reouiremcnt of 2 would be obtalned at short

wavelengths since only balf the dbgorbed waanta are trappcd by oyste m Iy

‘and at longer wavelenbtho, where 8ys tem T becomes the major light ab~ |
.sorber, the quantum requirement should anproach unity.-. ”hese COhclua-
js;on. are verv nearly Verfied by oxpnwlment in Lnis study, qnd 1f thmv f

.:hynotheses are correcL they lead £o the ob~ vatlon tnat at very low

light intensities the reactionb observed here are operating at near

- optimum values.

_The quantum requirement_forﬂNADP reducéion by chlércplasts with:
either water o?.re@uced inGOpHenbl as electron donor increases with,
increasing light intenéity. The relationship is liﬁear and is ébéQPVed ;
at all wavelengths studied; hoﬁéverg the slopegvof.the,plots of'éuantum‘:_u

requirement versus light intensity fof»ﬁdth systems appear to be_indé—_

pendent of wavelength.

This behavior has been reported previously by Hoch and Martin (1963) -

and similarly for the fefricyanide4medidated Hill reaction by Lumry, o

et al, (1957) and Rleskes et al, (19 59)s Lumry and Rieske-(l959) pos~>'
tulated ueveral mechanisms for the interpretation of these results, and '

he following is one of the simpler ones also proposed by‘Kok and musin—'_'ﬁ
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‘ger (1956), which appears to be sufficient to explain our observaticns:

BN
. 2)
T# +-reactants-(ﬂ) **f*f;L‘ﬁ‘T + products (P) .- .- - - 4)-

o Here, libht inteénsity I aboorbed by piovent molecules C 1eauo to
“excitatlon to rnactxve opecieﬂ c with prlmary quantum efficiencx é
(equatlon 1. - At very low inten51uless some fractlon p of c# tran,Lcr¢‘ '
.:iCo excit%tion to a trapping site or reactive 1ntermsdiate, T (equation
'3)Q The re,ainder of C# is deactivated accordlng to. equation 2, uxtx
an 1ntr1n51c probaoility (lup) and will not lead to the formatlon oi

1

proaucﬁoa_ The e¥01ted thDplhE sites9 T#s once I‘or'med9 lead to t%o

-

conversion of reactancss R (such as ferredox1n and water or reduceﬂ Indo-
hmnol), to pﬂo uct g P (reduced ferredoxin and oxygen or oxiszed indo-

‘phenol), by a series of reactions summurlzed in equation M At th)

lipnt intensities the oteaay-state concentration of the trapo9 ¢; ”]L1

be reouced fron the value T, presant in tne dark or at very low (limi

', tingv 11gnt intnnsitles, and the probabllity for the reactlon dCQCPLde
| by equation 3 Will aecrease from to p(T/T Vo | '

' Usin" the oteudy-state approxinat¢on for tne conccntration of the
ex01ted opecies c# d ”‘s one reudily obtains for the reaction velo»_
ity the result - .

v = J‘MT L T

'kl-Ts + p é I

' I . o o o
where v = dP = kl RT# = kl T#, The pseudo first-order rate constant,
. dat : T
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klp will be con%cant only aurinv the early stages of the reaction beforev
the concentration of reactantQ has decreased appreciablj. mhe ouantum

requircment, Q, is then given b]

Q=1= 1+ _I=Q+ 1 e
' Vo Py leo ' lf» - ‘ v

Equat*on 6 DrEdiCbo a linear rclatiOnuhip betwcen thn quantum féquire—
 _ menu and ﬁhe aboorbed intensity with a p031tive alooe. The Intercept,
'Qos is uhe 1ntr;nsxc quantum requiremenc for the'overali reécﬁion-at
‘:zefo iﬁteﬁsity5 énd the slope _1 iSia‘measufe Of‘the'rate parameter

D

The ekperimmntal results of the dependenca of the quantum rﬁaquc“

' for reactlon M

- ment o; 'NADP reduction on ingident‘light intens 31ty suggeot that at %1"1
Cintensitlies an 1ncreasing'fraction of the energy absorbea by the plgymnt
system is nob utilized in the quantum convefsion proéess. Thé,simplest
explanatiOn'is that an intermédiate,or tré@ is preséntvih low concen=
trations and the return of this trap to iis unexcitedlstdte after Acti-
vatiOn.isislow_at higﬁ lighﬁ intensities compared with the abSbrption
ofIQuanta;"Under these coﬁditionsg the excess absorbed qnahta are
ore"umably dlusipated and a hibh quantum requlrement for the. overall
process is observed, | |

From a calculation bf ihe‘ﬁseudo zero}order rate"coﬁstants kD’ from
all the résultsvénd assuming ﬁhat there is only‘one trap per'photoeyn«
vthcc;c unit of avout 160 chlorophyll a moleculeob the decay time o“ LD“
traps was estlmated (uauer and ?1n gins; lQ6H),- Thn aecay time for the
trap in the DCMU—p01aned.system is in the order of 150 msec,vand for
the trap in the normal sysﬁem is about 50 mSeCs‘ Thié latter Qalue is

in FOOd avrocmnnt with the value 30 msec for the timu betwcen %ucc** ive

/
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| effeéﬁiveiduahtum absorption'actsAdeterminéd in inﬁermiéﬁeﬁé iilgmin5~
tion sggdiég.by Emerson and‘Arnold (1932). The rate limiting step’
 could be due to an intermediate endogenous to the photcsyntheticxunit
béund in'the'membrane, or thé enzyme system responsible for NADP re-
duetion (féﬁredoxin an@lferredoxihéNADP'réductase);

An explanation for-the decrease in effiéiency of the small lameilar
fragmenté in the photoréduction of' NADP iﬁ the_normal}syétem, with water
: as~electron dénor, could be the loss of some factor during the isolation
of the fragments. This féétor, possibly a coupler of the two light |
reactio@ss could be a redox compéund'invoiVed in the electron transfer
process. itself (plastocyanin) or some agenﬁ functioning in a structural -

capacity (a metal).
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E. Action spectrum of ferricyanide and ferricyanide/indophenol :
" peduction®*

Introduction -

In the current scheme for phbtosynthetic electron transpért.based

on the nérticipation of two distinct photoevento, the exact points of -

interaction of some of the H1ll oxidants thb thc endogenous intermedi-

- ates of the quanta;ome appear to be in doubt. ' Mayne and Brown (1963)
report no enhancement (second Emeréon effect) for.ferriéyanidé‘reduction
in isolated chloroplasts, 1mplying that only one nhotosyster is lnvolved
Thls is in contradiction to Bishop and Vlttln@ham (1953), who. sugrest
that both sy stem I and II are necessary. ¥

~ Losada, et al. (1961) believe that ferricjanlde 1nteracts at’ the
same point as ferredoxin (i~ei, two pho osyatemq), and the incluuion c?

catalytic amounts of indophenol dye truncates thc electron tran fer

~ chain petween the phosphorylation atep and system IT, -They-ﬂarthermoreﬁY

believe that reduced indophenol acts as an electron donor at the sain
:;mhm. | o

Reéent invastigations by nromet—rlhanan and Avron (196&), Keister
(1963), and ohen, gg_al. (1963) show that oxidized indophenol, in con-
centrationS'greater than 10 u{ﬂ, uncouple photophosphorylation. Shen,
et al. suggest that catalytic amouﬁté'of indophenol do not modify the
ferricyanide-~1i1l reactlon as implied by Losaoa, et al. (1961), and that
1t nerely acts as an inert uncoupler.,

If the reduction of ferricyanide by isolated chloroplasts is a re-

- ® Blgpins and Sauer, 1964
%% A similar contradictlon applico for the quinone-mediated Hill ‘

reaction._
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'sulé'of.thevbéeration of photosystems I and II; and iﬁdophenol tfuly‘.
truncates the electron transport chain to syséém‘Ii oniy;'then the’tﬁo
reactions should exhibit quite'diffefeﬂt wavelength déﬁendences. This
report 1s a study of the waveiengmh dependence of thelferricyanide and
ferricyanide/indophenol«ﬁill reaction to investigate the effect of the .
added indophenol. = | F—
PrOcedure3  | _ o

_  Ch1o£op1astsvwere prépafed{by~the procedure of Arndn; éf al,‘(1956) )
- and washed once withv0.035 M'Naél. The reaction mlxture contained -
'  0.525 umole potassium ferricyanide/ml in 0. 05 K tris~Cl buffer pH 8, O. |
In the erricyanlde/DPIP system, C&t&ljtlc amounts of DPIP i e., O 013
V.UmOleﬁﬂl were inclu@odo Chloroplaocs were added to give a final ab—g
'sorpt¢on at 678 my of 0, 22’.‘;.'. o

*Reactions at 12" wavelengths uero run aimultaneou 51y in 2 mu1€i¥3'5-uv'

compartment vessel conotructed of moon (caroon-filled). ~4ach compart-_A
ment has a 3—cmvlighﬁlpath and is‘2.cc_in.volumes4fThe_chpa:tments were;;q"
made“by milling the block of prn. A glaés mﬂcfos¢oo° slidelﬁas - SR
| attached. to the Llower surface, and - the compartments were made lep ~ )!_:;} 
‘proox by the inclusion of a Parafilm gasket betwecn the polished sur- |
. facé,of'tbevblockAand the:glasé"slidé, | |
The multi-compartment cell was placed directly over and in im&e~7lﬁf:“-
dlate coﬁtact'with an Interference wedveAfil ter (Véril~200, Schobt and
Gen, Mainz, Cermany ) oUCh that each comﬁartment recelvcd light of 10 my
band width when illunﬂnated from below, Illumination_was:provided by;
| meahs of a tungsten lamp (ueneralvglectrlc DFK 1000 ﬁ)}' The light was -
collimated,'passéd throﬁgh h_cm_watér”and an infrared absorbing glass =

(Corning 1-69), and a short wavelength cut-off filter (Corning 3-72).
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The sppctral reg¢0ﬂ studied was’ 392 my o 716 mu, and an*aent 1ight
1nten51tieb were in the order of 10 nanoewnstnins/ﬂm /oec. ' ﬂ:,’y~
' The reactions were CarTled out at room temoerature 1n the expertmﬂn~
tal arranwement described above. After *11umina+1on, which was: usuall
10 to 20 ﬂlﬂa the reactlun m*xturps vere ra vialy_w1thqrawn-from the i
compartments‘and ultracentrifuged to remove the chloropiast lamblléé, f
For this DUTDOoe, a Spinco Model L ultracentriﬂlpe was uoed with a ﬂho
rotor and 2—m1 adapters (ﬂ303376), and ultracentri”ugation condltioﬁu
were 10 min at 105 000 g. rr‘he :upernafant> viere analJznd opectrophotg-,
metrically:at azo My for reoicual potassium Lerrlcyanide againat darx
controls using a Cary Model 14 Opnctﬁonhouomyter. ‘
Incidéht_light'lnten51tles were measured at the poih€ qfvsample
i1lumination and the absorbéd_1ight:intensities were,calculated-by”tbe‘
procedure described in_SectianiI.B.' A corfe@tion;fér 1ighﬁ absorption
by.oﬁidized DPIP was made by.consideraticﬁ dfjthe‘inﬁer filtef,effects
e.g;9 Kling;‘gg_g;,,(l963)i-:From the corrected ébSOrbédlintensities and
’hﬂ,amountS‘offferricyéni&égreduced, quantum‘yieids Qere.Caicﬁlaiédo
Results | o -

CFigs 35 shows Lhe wavelenﬂth denenderce of ﬁhe quanfum yields for
ferriOJan_de rﬂductlon ana ferricvanide reductlon in the. preqence of
‘catalytic amounts of DPIP. ;Lgchwreaction has a reglion of maximun effi-
éiency‘at 6SO'mu_and a decline in Quantum'eﬁficiénCy:at wavelengths
':-1onger tban 670 mu.’:For identical expér*mental conditionss'both the
wavelength depcnuencp and magnitude of quantuyxef;mciency oP the two
‘uystems_io‘similar, These giwllarities 1mp1v that the ferricyanide is
reduced by_the,same photoreaction in both systems and that‘the catalytic_

amount of DPIP does not significantly modify the.waveléngthAdépbndence
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Fig, 35, Action spectra for the Hill reaction mediated by ferricyanide
and ferricyanide plus catalytic amounts of dichlorophenolindgphenol,
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 myp,
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or pnotochemical cffAulency of Lhe ferricys nlae reduction.
DlnCQ&alQn

These'aétion_spectra-are characteristic 6f the short_waveienéth _ é
photosystem for photdsyhtheﬁis (photosystemn II). The daté‘are Qualitam ’
“tively similar to data obtained by Lumry, et al. (1957) Arhon,‘gg‘ggc
(1961), and Fork (1902) for oxy en evolutlon in the ferrlcyanide~
mediated Hill reactlon, and by dOPLO % San Pietro.(196e) for ferricyanide
reduction with coupled photophosphorylation., ALl iﬁvestigatofs_report : ;;
a region of u ximum efficiency at abdut 655 Mye |

The wavelength dependence and the megnitude of thé quantum éffi-
ciencies of the febriéyanide'and ferricyanide/DPIP systems are éimilar,
These -s'imilar*i’ci.és imply that the two systems ave s’énsi"ciz_ed' by "che
same photoreaction and‘thét the addition of cétéiytic ambunts‘of ihdq~
'phenol'£o'ferricyanide does not significantly'modify the'réductién-of
“ferricyanide in the Hill reaction. . - S

x‘ShAng'ét al;'(1963) shdweﬁ that thé fefricyanide'and‘férridyéniﬂm/,

DLL‘,systemg have iaentlcal sens;tivlty to nO dO powerful inhibxtow
of mltochonurial uleccron trano;ers where S thc D“Ip-hill reaﬂtion is
'inSensit;ve Lo oimllur'concentraxlows of’ he inhib*tor. Our findin*q
in this study are cons tent Wlth their uzgcocion that the addcd indo-
phenol is inc”t in th° ierricyanide uyotcm, Tt appcars9 then, that the
g'reductiOﬁ of ferrlcyanide by ioolated chlorowla ts 15 sensitiaed hv
photoayotem.ll in yhotOoynLhetic electron trdn sport and includes a
_phosphorylatlon Sthg

Indophenol dye acté vériously depending upon its concentration,

. oxidation state and condition of the chloroplastss In concentrations
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iess ‘than lO“g H, the 6widized.dve‘acts éq a terminal electron agceptor
1n the hlll react101 with couoled photonhos*)horylc.tion° Suéh a'reacﬁion
, can be performed for an extendea period of time 1f the vefy ;ow conceri—
tration of indophenol is nm;ntagned in the oxidizéd ébndiﬁién by the
incl@sioﬁ of‘subétrat%-éméunéé of an iﬁert oxidant suéhvés MnOéwih the

reactlon mixture (Gronet-Elhgnan & Avron 1963) .- HOWever, at concen-
tratlono hlpher than 10 M, o;¢diaed inooohenol acts as an unceuplor o“
| the phouphorylation it mediatc°‘ (urom°t—rlhanwn and Avron, 196&
Keister, 1963, and Shen, et alos 1963) | |
_ Reduced in dophcnol is not an uncouvler of photophOSphorylation anc o
it can effectively act as an’ eloctron donor for ohotosystem I when I .DP
h is the terminal electron acceptor (Vernon & Zauyvs 1960 Hocn & martlns
196 3, and this stuay) As ‘the ruductlon of NADP with reauced indopheFOL
as eleCoron donor also rcsults in phosyuorylatlon (Lo.,adaD et al,,
1961), then the ox&dlzed and reduced form 'of *naophenol must interect

- transport
with differenu endowenous 1ntermﬁd1qte in the electron./chain9 ausurﬁnh
that the pHOthoryTation in question occurs at the same slte. In'
addition, 1ndophenol can act as a cofector ina DCWU-insensi ive cyclic

photowuoophorylatiOH by chloroplast" (Trebst & i 'ck,‘l961; &ok, et al.,

- 1963).




" F. Summary of Part Ir -

preriments concerning the photoreduction of NADP by preparotwoss
of chloroplast lamellae Sbvath&t a 30% 1oos in activnty occur* wﬂ | §
the lamellae are sonicatcd; -Laheiiar fragments con31sting of up to ¢ Q
guantasomes retain up ﬁo 50% the quantum efIlClGHCV of 1ntact lamelles,:
The photoreduction of NADP was Uhom te be insensitive to Antimycin i, s ‘é
| A comparison of the absoluce quantum requirement for NADP recuction
by isolated chloroplasts as a function of wavelength was made betvcen
thefnormal system for NADP reduction with water as electron donor, and
e DCMUmpoisoned-SystemKWith redcced indophehol as eiectron donor;' Both
reacﬁions proceed with a‘ouantqm requirement of about three einsteins/

equivaleﬁt_NADPH from 550 mu to 690 my. At longer wavelengths, the

2
normal system is less efficieht ("fed dron") but the effioiency.of the
DCNU~p0Luoned system increases until the quantum requiremert aoor0ach
one einsteln/equlvalent ”ADP reduced.

The quantum requlremenu for NADP reduc‘cion9 Wluh both water and
reduced indophenol as elcctron donors, increases linearly with_inc”naoLng

llgnu flnt;:ensl'c:y'a It is proposed that. a photochemically penerated inter-

rediate, with an es tmmated lifetime of 50 msec *n the normal system gnd

3 150 msee in the poisoned system, is reSponsible for the intensity
dependence. _ | |

The action spectrum'for the reduction of fefficﬁehido by.lanellae
~in the H1ll reaction sugmests the part101pation of photosyqtem II only.
| The. ‘addition of catalytie amounts of irdoohenol dOC° not significantly L

' modify the photochemical efficiency or the wavelength depenoence of the

reactlon,_suggesting that the indophenol is inert and without effect.

TrL GRS
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G, Generai,cbmments onotosrnthotic mloct*on tran%“ort

The qenerally acceote scheme for elcctron transport in higl
plant nhotoqyntheSLS at thisvtvme is summarized on an oxxdation»
rcductlon potential. diagram in "ipd 36, The basic_featuré of this'forﬂ
mulation 1s tne Darticznatlon of two separate light r«actions conafcf?
in series.such that ther@duiant»formed by System II reacts thfough
several intermediatés with the oxidant : formed by System I, However, it
has been alter atively subﬁe sbed that the two nhotosysuems operate in
parailel over the same range of potentzal-ana the oroduc»s of the L*o
reactions then dismute to form HADPE,, ATP _"end. oxygen. - The Ares,ults of
?fench énd'Fofk (1961) would tend to favor the parélléi formulationo As
yet, unequiﬁocal evidence for either scheme or a possible intermediate
situation has not been obtaﬁned,_ - |
“Hoch (1964) déubts the series formuiation from aJcbhsideration of
‘quantum_réquireménts.u Ir the'quantgm requireméntvfor'coz assimilation
in vivo is assumed to be eight (see Kok, 1960 for review), then eight
.qﬁanta :ésult in the formation ¢f_2¥AD?HéCand 2ATR,.aSSuming the series
fonnulatioh and the e#nerimeﬁtally,bbser#ed stoichiometries to be correct,
The carbon reauctlon cycle, as is currentlv wrltten (Basopam d Calvin
1957), demands 2NADPL2‘and BNTE per carbdn @o reduce carbon dioxide to
' le&el‘of_carbohydrate and.éegenerate the five cérbon acceptor,_ribulose
1-5—dibhosphaté. Hoch claimu that although' the addicxonal ATP neceﬂ"“ry ’
may be obtained by cycllc photophocphorylauion, in actual fact at 1nuwb
three more AID‘S per caroon are necessary for overall growth of the.orran-
ism and, t“,*eforo, the scheme as formulated requires revision. The
yalidity of this particular argument can be questioned on several‘grounds,
Assuming the eneréetic requirements of the carben cycle to be true, then,

one hexose ie genefaﬁed at the expense of 12NADPH, and 18ATP, However,
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Fig. 36, Working scheme for photosynthetic electron transport in higher
plants (after Hill and Bendall, 1960a), Letters a to g represent elec-
tron transfer intermediates in the photosynthetic unit, The known
intermediates can be tentatively assigned as follows: ‘

a, P ; b, cytochrome f; e, plastoquinone; and g, cytochrome b
The p01nts of interaction of the exogenous electron donors and H1ﬁ
oxidants are as follows; d, reduced indophenol; f or e, PMS, K. &
FMN; b or ¢, oxidized 1ndophenol and ferricyanide, Antimycin A
acts at g and HOQNO at b or c, :
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to po]vafj79 the hexuap into ﬂo1anccnﬁr1de9 onWJ'ona ATP per-héxose

:1s rnﬂujrcd, 1.4y 3-1/6 ATP per golysaccharlc " The same is frue for
the synthesis of protein., One AT? is‘necessary for aminb—&cid éctivation
'for"ha fornation of the. S—PMA~aﬂino~aﬂid complex prior to incorporutj
into proteln at the ribOoOue where »bout one GIP per peptide bond is
required. | |

The supposition that carbon dioxide is always the ultimate oxioonu

“during in vivo photosynthesis may aléo be misleading in these calcu whiong.

reduction of nitrate

RO]

It is quite likely thaf du:&ng some of the tire, th
r sulfate oceurs which oniy requifes the narticip““iOn of NADPdZ,

During such circunstences any‘ﬁ P formed oauld well be used for anahbolic

b

o
I8

&

YOLRIEEs. The nﬁd—ddy closﬁre of stomata in some specles of succulents,
or during perlods of water stfess_when the net uptake of carbon ‘dioxide
is‘theréby preVented3 points to the poss iblﬂ var*ation and latituac in
éellular métabolic pxbcésses dufing photochemical activities. Thus,
there is a problemvof cellular regulation 1nvolved. Furthermore,'if
‘necessary, "extra" ATP can, re?d\1J he senerated by hﬁgn efficzency oxida-
- tive- PenCLiODS, €.f., One triose when metabolized by t%e Krebs! cvclc |

and oxldac ive electron tranaoort in the m;tochondrlon, liberate% in the

corder of'15 ATP!

Two major hypotheues conoernwnq the 1nteraction and revulatinn of
tdv two photosystems have been propOSed by Myers and Graham (1963) and
are termed "Spillover“ and "seﬁarate package”. The sp llovpr hypo*he51s
maintains that %hort anelenath quanta are aboorb@d'by the pigmento and»
_eﬁurby tranSLer occurs within the photos ynthetic unit. However, 1f the

System II trap is exczted, short wave quanta can migrate and excite Sys-
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tem I sincé energy transfer can occur from short 46 long wavelengths.

This mechanism would tend to maintain a fairly constant‘enérgy yieid

throughout the opec trum but a decrea%e ofcurs at long wcvelengths owing

'to Ainsufficlent aboorption by the accessory oigments. The senarate
'package p"opooal is vory similar except that the entire niqmenu COMi i L

‘ pliment is soparated equally lnto two grouno,‘ norgy transfer can occur_

within each of the two groups ( ygtemu I and II). but the trancfer of
cnerqy between them does not occur ow1n5 to a ?eometric or some other
type.of restrictlon. In this hypothesis, tho everall ylold is only
maximal where the fractional abs orntion and yLeld for the two photos
systems are equal. Theoe two hypot hese represent limiting cases and it
is possibie ﬁhat the overall process may depeﬁd.upon some intermedia;e _‘
sitwation. | | | . |
The data of Myers and Graham_ (1963) obtained for enhancement in

Chlorells are conéistent with the spillover hypothesis with the modifi;_:

cation that the spilllover mechanism itself operates with limited effi-

ciency, thus resulting in yields intermedlate between the predictions =
of the two limiting cases.  Our own data in this study (Sauer and Bigglins,

1964} favor the separate package hypothesis. In the quanfum'reqdiremént

: deﬁérminations for NADP reduction in the DCWU—noisoned system with added
’ ascorbatc/DPTP (System 1), we observed thau the short wavelength require~'

'ment was . double the rcquircncnt observed at long, wavelenvtho (sece “ing_

33). If energy tranofer from System II to oystem I occurs as pootulated'
in the spiliover hypotbésis,‘then one would prediot ‘much lower quantum
”equiremenﬁs for System I in short wave llgnt. |

Bannister ‘and Vrooman (1963) conductad a very thorouqh invcotigquion'

of’ enhancement in vivo in Chlorella and concluded Lhat their data could




oL explained in te s of éither hypotﬁesis; Henceg as yet, 'tﬁere i; no
unequivocal ev*dence in aupport of eithe” mechanlsﬂ in the dis trlbution -
of lignht quanta collected by the. two compon@nt systems.,

Thevrelatlve positions of tne.xnown phy 1lclogical electron orans“ort
.components andvpoints of interaction of somo of the Hill reaction OXi~
dants with the eloctron transfer chain can now be assigned thh some
degree of CGr*tainty° The primary oxidants of photosystems I and I\ are
st11l unknown. ho~ever9 chloroplast ferredoxins a protein containlrv :
sulfur énd non-hene iron; and related to a class of proteins founo in
hydrog enasemcontaininD non»onotoqynthetic bactcriaa is the fl“st idontim ,
fisble electron carrler to become reduced by photosystem I, Ferredoxin
then acts as an electron donor in tho reduction of NADn by fervodox*n~
NADP reducta es a flavoenzyme reoenblv erys stallized by Shen9 et wl¢ (1“”1)u
The enzyme is specific for NADPo Howeve:, the enzyme also catalyzes the
oxidation of WADPH,, not cnly,by the revefseoprocess oy-ferrédoxin, but
Waalso‘by‘a wide range‘oﬁ oxidants inoludiﬁg NAD, FMN; FAD9 indopheriol dyes
and ﬁéﬁadiones Thus it has ﬁhe propévtiee-of thé Fﬁﬁncohﬁaiﬁﬂng NADE 5~
diaphorase of Avron and Ja ndorf (1956) and the tranohydrogenase of
Kelster, et als (1960). Avron and Ja@enﬁo"‘ found that the flavoenz‘n“
lis bound to;the lame llae quite stronrly and éqn only be reﬁovod by incue
bation of'tfe 1ao¢llao ab room temperature, The effect of sonicatmon in
this connection is unknown. éhlofooiaéé foffé&oxiﬁ (Tagawva ano Avton,
1962) iw the same proteln as photosynthetic ovrldlne nucleotide reductase

(San Pietro & Lang, 1958) and the methemoglobin redueing faotor.(Daven»

port, et al., 1952). These reactions can be summarized as follows:
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) methemo- - FA-NADP “ wd-:rADP
v _ globin, 02, fedu¢téééf“-“f' rcducta
' Hydrogenase =~ .. . ‘ 3
H, ——medy  Ferredoxin * NIDD- ----—-»—-—-7 mm rw, PP
System I = - o : t’ _

_M;NP7OO app@ara uO bL Lho dLrent vtductant of onotosgsten I (9031tion ; '

a, Tig. 35) and9 from Lbn kinetlc exoe:;zenks.of“Witt,*g;ggQ,i(196l) and”

Chance and Bonner-(1963), cytochirome f reduces ?700 aﬁd~therefofevacts
at position "b" in the scheme represented in ¥Fig. 36. - Evidence for the
direct'oxidant'of photdsystem,li is still lacking, but.many-inﬁestigators'
hé;éﬁﬁéétdiébééwgiééthuinéﬁe~aszawiikelkwggpdiggygln‘investigation”of7;-.‘
the reactions reaidual'in chldroplaﬁts»after extéaétign ofjblaséé@uiﬁoﬁev_’
and restorabion of aCbiVLtieb afcer the aaclcion of the puré cqépound |
back Suggest that plas toqulnone 13 unnccewaary fbrlNQDP'feductidﬁ when '
- reducad Lndopncnol is elmCurQn donor, Wowovcr, it iJ manaatory in the
fﬂrricyanide—mediated.Hill reactioh with water as-donor (ArnonvandAHoru'
ton9 1963) and for cyclxc pho onhounborylation catalvzaa by MS vitamin:
K3_and FMN'\ﬁhatley and Hortons 1963); These data ,urqest that pla sto—
quincne is at position.Me" ana tﬁat electrons.from»reduced 1ndophenol-
vin teract at "d", whereas those from PUS; iitéﬁin‘K3 énd FMNrinﬁerac@'
at "f" or thb tze quinone directlv,. - -
"F?om'the‘accumul lon of data on the paotoremuctlon of ferrlcyanioe
and iﬁdophenélidyea it cen be concluded that in che Will roactlon thnv :
lntnrnct with the olectron tran sfer chain oubucquen+ to the phoophorva-‘
lacion”step and are photoreduced at SySuem II._ Hencerthey probably;,_-'
. interact with an endogenous 1ntermcaiaue at position fel with cyto?y

chr0m~ f directly (po 1tion "y, The Ter icvanLa@ and D”IP reauction

‘are dissimlilar in their SanitiVity toward HONO, which nug«ests tnat
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| they either interact with differenf‘ih ermﬁdlate" in the photooyntnCL‘c
 un¢z ‘or tneir wode of blnding io deferon | .

Many redox compounds have been shown to be_éuiéabié.as'cofactops
in thc re-cycling of photcsyscem'l,.i;e., cyclic photophcsphorylationo
PMS, FIlN, vitamin K3 and D?IP are aii effective'ahc réceﬁtly Tagawa,
ét al. (1963) snorod Terredoxin to he a cof1ctoro A féature of the
ferredoxin~catalyzed c;clic pnotophoschorylatlon not found in Ouh@P
cycllc phocophosnhorylatlona 13 its sensitlvity to Antimycin A, This
aonci iVltV is oiﬂllar to the endowenouo cyclic photophogpnoryla+ion

cbgervea iﬁ soms bactmrla and lmpll uhe pqrtlclpatiOﬂ of c:y‘cochr(r0

‘b, in this mechaniom. uv1dently tnis swte of Anuimycln A inhibltlcﬂ

O\

'is'by-o assed wn@n PMSa etca are used as cofactoraa Vuvthermores he
results in he utudleo deocrlbea hmre suprest that tne 1te of " Anciwy—
cin'A inhlbxtion is al 30 by-pasoed in the overall tvansfer Of electron~
from watcr to. NADPg ug@eotiny thaf cytochroma b6 is not an int@rm t €.
Hefercnce to uhe worklng schemo pres nnted in Pip. 36 mould uuzgeoc that
"q" 13 bhe 1te of Antlmycln A inhibition (or c«tochrome b6) and this
is normaliy oy—pa ged whcn cofactors such as ﬂo are anluded, Tahd Ay
et a1, (1963) howed that the Lerredox1n~caunlvzed cycl&c pho*opnoo—

| phorylatlon occurs rcadlly in lon wave 1ight (708 mg) and is inhibited
» mhen ohort wave 11gnt is suppllea. Ho,xrevers short wave light is
effec»ive is %yotem II is lnanlted by the addition of DCMU. _Thio
indxcates that ex01tatlon of System II reauces the normal acceptor

for recuced ferP“dOXLﬂ 1n,the cycllc prOCCuoe Evmdence for the par~

chlpation of cycllc photophouphorylation in vlvo ‘has been provmdpu

by Fortl & Parlsl (1963).
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:As far as thelmechanism for oxygen evolution.is con_cémédS very
. o . e : ' :

little is known other than the necessity for manganese and chloride.

The appafatué for oXygén evolﬁtion or‘some'part 6f,Systém II appears

to be farlmore senéitive to denaﬁgraﬁion than System,I.':?or instance;

System I resists heating at 55° C for 10 min, incubation at 25° C

for 24 hours, 0.5% digitonin extraction; €0% acetone"éxtractionb and

partial lipase digestion, whereas System II is rendered completely

ineffective by even less drastic treatment, This indicates a far more

stringent structural requirement'fér System IT,

~
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Concluding remarks concerning structure and function in photosyn-

thesis . N

The lar @llae cf chloroplusto are unique double unmt mampranes
medilled for quantum conversion iﬂ tho photo ynthetic Drocesss Qrom'
the amounﬁ of experiroqtgl evidence now accumulutod 1t appears- possible
cnat the ouanuasomoﬁ a re peatinb unit of lamellae, is a woroholoylcal
expression of the pbys;ological photosynthetlc unic ﬁhich contains
, 200 to SOO-chlorophyli molecﬁles, Unequivocal eviconco concerning the :
validiﬁy of this no»lon would be Lhe is olation of a ohotOSJnthetically'
active sub-unit of quantasome size which is further indivisible. With |
the development ofwlarge polymer beads suoh as'polyacrylamide, for the.“

xclusion chwoma,ograohy of viruses and sub-cellular particles,. the |
isolation of a homogepcoua fracclon of quantasome from a polydioperoe

preparation is now technically feaslhle, The development of more subtle

etnous of membranc fraﬁmentation would be an adoitional benefﬁt to |

™~

~ fthis problem._

The lanellar protoin fractlon is utlll 1argely ha”acteri7ed in

terms of the exact nature of the constituent molec ar "bacios. From

‘the otUdleu reportco hbre it seems that th@ specles are of aporox1mstelj

the same molecular sizey 1.€., M 225000 and about 40 A diameter,

Bt the moment only thfee spocieé have. been identified; the tﬁo cyto;
, chromes and a large‘ouantity of str&ctural protein, It is possib7° |
that the mechan;sm for oxygen evolution requires the participatlon of

one or more proteins with which manganmse is prequmably ausociated° 'A

profltable experimental approach to the separatlon of the very ins oluble v

_protein fraction would be the use of cholate, deoxycholate and digi-

tonin, as these detergents appear to denature less than dodecyl sulfate, |
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An end—terminél aminovacid analysils of the protein ffaétiqn would be
- helpful infthe éstimaﬁion of the tota1,numbér of polypeptides pfeséntc
~ The use of speéific enzymes as an aild in the fragnehtation’of.
laﬁellae has not yet béén fully exploited. Particulérly useful enzynes
would be these isolated ffom ?reeninc tissues where assembly of the
~ photosynthetic appar atus takes place at a high’rate; .The use of these,
Ceoy chlorophyllases specific proteasos and 1ipaseo etc., would be of
gpeat‘value inAthe systematic degradatior of lntactllamel%ae particulerly
in conjunction.with electrbn microscopv and photéchemicai activity
measurerents. The I ﬁbhdﬂism of oxybcn evo]uuion remains an unsolved |
problem in pnoto yﬁtheolu and tqe uue of a protease for the mlld degra-
dation of 1amellar protein‘fraction would be of considerable'value'in»
'the investiéation of the stéte éf the manéaneseﬁ If a manganeée'péptiﬁe
could be 1°olated from such a protcolytlc alﬂest;\vhe probability ol
‘1dent1f1cation and.cnaracterLzation of the manganese state.would ﬁé 3
considcrably 'feater, | |
.  As far as future reSCarchlin‘iamellar structure is concérneo, it
aooeafs Lhat owing o) thu high level of analytical sens;tiv1uy now reached
in these problcms» far more strxngent contéol of the physiological
conditlon of the atartln biological material ja neceosary The miniiun
COﬁdltlon to be 1fmpu4atelj otrlved for should be the level of phySlO-
loglcal homo&eneity oi bacterial and algal pOpulations now avalla,ble°
~ Qur knowlpd*e of higher plant photo ynthetic electron tranqport has
increased tremendouuly on1ng to the biocqemical advances whlch have poer-
, mibted_a study of Lhe proceso extraccllularlyé In comblnation W v
‘anGStLFatiOﬂo on intact orbani .if I lear now that the process -

is drlven by two livht acts sensitized hy tvo plyment wy stems.  However,



136

\

the relation between the two llvht acun remains'unﬁol§ed,“ﬁlthou¢h the

"series! rormulrt¢on aopearo to be well QQDSbantiated bJ wide varlety

of’ experlmental observations, the "parallel“ formulation, or someﬂinter— .

mediate situation, must’still“be conﬁidered.
xne results obtained in this ~“udy confirm the quantum requirements
obtained by the majority of wofkers in the field and alsopoint £o new -

parameters which require fﬁfther inves tiﬁas*on° | ﬂse are the effect of

light intensity and tbe'dis ributioq of sbsoruod quanta in the photosyn-‘

tﬁéﬁic wits These.wbuld”most proflcably be studied in connection.w1th

the nroblem of enhunLQWAnt.

‘The reaction ccnter for photosystem II, the role of accessary pige

ments, the primary oxidants and reductants for both'lighﬁlécts are

- unknown and hnowledu- concerning the ﬂature o the exact coupllng betwben o

electroh tre sport and phosphorylaflon is otlll fortbcominb.

It is anulolpated that future work in ohoco Jnthe 51s w¢11 continue
‘és inaependent1y defined problems of structure and functlen, but the
findings of both'approaches will, by the véry'nétdre of tﬁe'prbcess

itself, tend to complement one another.
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