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ABSTRACT

j
The general properfieséof photosynthesis are discussed. The
possible evolutionary histoéy of photosynthesis in green plants ié
deséribed. ‘The current stagus of our'knowledge about the photo-
electron transport system agd the primary quantum conversion acts
in photosyntheéis are bfiefly reviewed. The historical development
“and preéent status of the é%rbon reduction pathways of photosynthesis

are outlined. A few areas and problems for future investigation are

then mentioned.

e

To be publishéd as a chapter in Volume 3 of "Survey of Progress in-
1t :

Chemistry". Academic Press Inc., 111 Fifth Ave,, New York 3, N. Y.

‘ Lawrence Radiation Laboratory, University of California, Berkeley, Calif.®
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- PHOTOSYNTHESIS
(Survey of'ProgreSS in Chemistfy)‘
J. A BSSSbam |
| LawrencezRadiation Labcratory, University of Californiav

. Berkeley, California

‘I. Introduction
' A. General properties of photosynthesis

Photosynthesis is the absorction of light energy and its conversion

'to.chemical energy through the synthesis of new organic molecules, The »? -
“product. molecules collectively have a smaller (1ess negative) free energy
of formation from the elements than do the reactant molecules. This
dif;erence in negative free energies of formation is the energy stored
by pnotOSynthesis. ” | ' o
All living cells are characterized at the molecular level byva con-
- . tinuous expenditure of chemical energy. The energy is»made avallable by
"l respipetion and fennentation.-;These processes degrade compounds of higher
energy content, such as the products of photosynthesis, to compounds of_
lowef energy content such as the reactants in photosynthesis. Virtually

4

~ all substances used for energy release by livin5 cells are derived ulti-

f mately from photosynthesis.

One of the most elementery kinds of photosynthesis ls the conversion»»'
of acetate to larger organic molecules 1byw,light energy in certain types
of bacteria. The far more comnon type of photosynthesis" that : occurs in
green plants” is also far more_complei. Green plants use their absorbed'
light energy to bring about anvoxidation-reduction reaction between watenb

- and other inorganic oxides., The energy from the light'is used to take



- than at the present time. The greater energy of U.V. radiation made possible ;»f:"

. -2- -
| electrons from water, ultimately releasing gaseous oxygen, éo "of'thé'ff«~
electrons arc transferred to carbon d oxide, reducing and ccnvert_mo it -

- to org anic ccnpounos suﬂh as suéars and fats.. Othel clectrons are
. : transferred to nitrate, peducing it to amonia and water.v however, plantsfugfu
‘can use nitrogen supplied in the form of ammonium ion. Sulfate also iu'

reduced, Reduced car bon, nitrogen and sulfur my be further converted by T

: photosynthesis to amino acid° and proteins. '

>' B. ;Photosynthetlc evolution 2 ) . | )

The complexity of photosjnthesis in green olants_is e‘reSult of evo-
a lution. mhe.response.of‘living cells to a changing.environment has beenv:fi
c the gradual addition of nany simple steps to what was probably an uncompli—

cated process 1n the beginninO Let us consider a theory of photosynthetic

evolution. Such a theory, even thouuh at present incomplete and possibly '  S ;
inaccurate in its detailsy canvfonn a useful.prologue to a_discussion of- S
. the mechanism'of photosynthesis. HOpefull§; ourvunderstanding of the |
'_'1ntricate mechanisn which evolved can be aided by even an inperfect reca—.tvi;,ho e
'pitulation of its develop'nent.? | X

It is one currently popular concept that the primdtive prebiotic earth
contained in its atmosphere high levels of. reduced gases such as amnonia and _
methane, as well as water vapor. It is very probable’that there was 1ittle _f_,,
--.or no gaseous OXygen. . B ) : |
Under solar irradiation and perhaps with other energy sources, these
' _gases and water combined to make simple onganic molecules. Since O was absent

~ from the atmosphere ,such more. ultraviolet (UV.) radiation reached the earth v

many more photochemical reacticns than are mediated by visible 11ght.r ,f’_ﬁ";'_ "?;?
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Polymerization of these,eimple molecules, partly'by phoqochemical
reactions, resulted in the formation of macromolecules from which the f/f‘

first primitive cells evolved- These cells, developing in ponds or SeaS,

- were protected from the danaglng effects of U.V. by the water in their

environment. Presumably, these primltive cells used as an energy

source the available complex organic substances, deuradinp then 1nto |

;sinpler organic materials by fermentative processes.,

- We may suppose,that the:prlmitive environment'included molecules of

'pignents which can be fonned;thennallyVOr photochemically from simpler

molecules. ' Thus, such compounds as acetate and glycine could in time be

converted non-biologically oo<tetrapyroles and ultimately to porpnyrins.v
Eventuallj, chelation of a magnesium atom would produce chlorophyll.

Once such pignent molecdles were incorporated in'primitive cells,
they became radiation antennae with which the cells could capture electro;

magnetic energy in the vis; le region. e first mutant cell to make use

of thls captured energy probably performed some simple photosensitized

oxidation-reduction reaction. ouch reactions can be performed today by
chemists, using solutions of_Cn*crophyll and sultable electron-donors
and acceptors. : | 7

As the supply of energy—rich substrates dininished the prbnitive
photosynthetic cells no doubt developed photochemical reactions for storing

more of the absorbed energy. A primeval ancestor of the acetate~utiliz1ng

photosynthetic bacteria~may have evolved, Indeed, the’ central position in d:'7-l

?-netabolism occupied by acetate may well speak for the importance and abun-

dance of acetate In prlmltive metabolic evoluticn.

' We may suppose that the photosynthetic organisms'learned to recanbine»

‘products of the photochemical oxidation-reduction reaction in a useful way.
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’;The energy released by this recombination was used to bring about the j?le”“ =

o formation of ‘the biological acid anhydrides, such as adenosine triphosphate’y;f‘;?~o77

o (ATP) from inorganic phosphate, and orvanic phosphates such as adenosine
o diphosphate (ADP) o | =

The carboxyl groups of organic acid such as acetate could'then bec

t‘.i_activated by reaction with ATL. The resulting acetyl phosphate is much

© . more reactive towards such reactions as carboxylations and. condensatlons. }:fﬁ“"k" s

Because of its low molecular weight hyoropen Bas was continuously

‘j'escaping from the earth's gravitational field As a consequence of . this ffﬁfﬂut;{*g»;d

‘escape, the earth‘s atmosphere became gradually less reducing, and more iy

d_oxidizing Increasing amounts of carbon dioxide appeared in the earth'
f;atmosphere as a consequence of the reaction- _ ---.fv;'; v,fi'“

L = . 4;,
i . L 5
< . . L

S

/ escape | o

W 2azo+ca~———-—->co +le

4 A

~ Even though the equilibrium constant at' 25° in the presence of liquid waterfw X

- for this reaction 15 about 10”23 ‘the continual renoval of hydrogen gas
'pernitted the slow accumulation of carbon dioxide. v

Carbon dioxide provided a source of carbon, but in ito Lowest 1evel

of chemical energy : Chemical energy many have been less a limiting factor -

in some environments that the supply of water soluble carbon compounds.-

' For example, a: small amount of methane could be used together with carbon vﬂ': N

, dioxide to provide both energ, Uy and twice as mnch carbon at the level of -”i

_carbohydrate as contained in’ th methane alone:

@ CHL; . coz——-_—-ez (CHZO) +HO AF = 25 Keal

" AL physiological pii, this reaction goes spontaneously in the‘direction‘;:;;- -

written, releasing 25 Kcalﬂuole of chemical free energy.
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Ihus it may nave happened that conditions favored bacterial mutant°

which had developed carboxylation mechanlsms, in ahich the product of
lcarboxylatlon were reduced by eleotrons obtained fron organic compounds.
‘When supplies of organic compounds became scarce, photosynthetic organismsv
'sdeveloped that were capable of using light energy as an energy source for :
'transferring electrons from less ener?etic donors, such as st, to co-

- factors with reducing power sufficient for the reduction of»carboxylation :

products,

The dissociation of water to oxygen and hydrogen also would be aided

by the escape of hydrogen gas. In this case, the equilibrium constant is_o_ 

very unfavorable, but the reaction rate was greatly accelerated as a
nesult of the photodissociation of nater by the ultravioletvlight_ftrmx»,iu'
the sun. Much of the'oxygen produced must have reacted by nonwbiological‘
procesoes with the varlous organic compounds present in the atmosphere,
thereby converting tham to carbon dioxide and water. Eventually, with the
continuel ascape of hydrogen, enough oxygen would have accurmulated to per-
mit its participation in biological reactions. ‘ |

The eventual appearancevof oxygen in significant quantities;in thel
atmosphere made‘possible the evolution -of new types of organisms. .These

are the aerobic organisms,which are capable of_reacting oxygen with organic -

v compounds and utilizing with high efficiency the large release of energy

" which acconpanles this reSpiration.

The stage was then set for the appearance of the most important type

'of energy conversion.present‘in today's biosphere. This is photosynthesis l:”f‘

by green plants, in which light energy 1s used to obtain electrons for the

reduction of carbon dioxide, by oxidizing water to 0,.

and respiration‘were mutually-enhancing -- each process produoes“.the subfllfh[.

IR

f;?gﬁpxhotosynthesiS'# -



'“?éjmetabolic proce ses as we know them today,_ mhe oath of carbon reduction
J‘.'ﬁ'in photosyntaesis employs many reactions which are similar to those emoloyedfj
by heterotrophic organisms in the oxidation of carbohydratesav The aeparatus

'"~“'for transportiny electrons fron water to the pOint of reduction Ol carbon

"v”j;‘oi these early 1nvestigations has been written by Rabinowitch (19155)°

; strates for the 0uhei.;50ther types of . netabolisn, such as fennentation fp,:l!;;g; o

”iiand bacterial photosynthesis have been relegated to restricted locatlons:;
'\é here the "primitive" enVlronment which they require still persists. e
| Such a thoory of metabolic and photosynthetic evo ution goes far

o touards explaininv the similarities and differences amon st the variousl‘_

ff:dioxide in photosynthesis is similar in many aspects to the apparatus uoed
L ':for the transport of electrons fron the oxidation of carbohydrate to oxygen‘

vin respiration.s o

'jcgf Historical P | ” RS
The first discoveries concerning the nature of photosynthesis occured

,‘at the time of the beginnings of modern chemistry. An 1nteresting account

f]fJoseph PriestIJ found in 1772 that after candles had becn allowed to burn f?frﬁﬁhitd;‘
'o-out in a closed Jar, the air could be "restored" by placing a sprib of.

mint in the *ar for several days. By 1780 Ingen Housz showed that light‘ft

was necessary for this restoration of the air. Jean Senebier reported in

-f:1782 that "’ixcd air" was transfonned by photosynth”sis into "pure air" N

The meaning of these early findinps became clear upon the discovery of

oxygen by Lavolsier in 1775, and fbllo:ing his finding that "rixed alr" is -
& compound of- carbon and;iokygen, in 17810 ¢ Somehov the illaminated olants ;
were replacing carbon dioxide in the air with oxygen. - L

The role of water in photosynthesis was eStablished by de Saussure, ?i_;i.7"'

" in 1808. A meticulous experimenter, de Saussure measured the increasc in F




? T

ﬁAdry welight of a plant growing in a pot of earth, and also mwasured the

' volume of carbon dioxide taken up by the plant and the volume of oxygen

’: evolved., He conf;rﬂed.the fact that all of the carbon made by the plant
} into organic materials comes frOT carbon dioxide. Moreover, he showed
o that the Increase in dry weight of the plant was greater than the differ—~

. ence in weigh between the carbon dioxide taken up. and the oxygen evolved.

jn Th° weight of the qoil in the pot did not cnange significantlj. The only

other source of weight increazewwae water; thus, water is a reactant in

photosynthesis. . »

| - The primary importance of photosyntnesis as an energy converting

: reaction had to await the Qevelopment,of the concept of chemical energy.

2 In 18L5, Robert Mayer:feoogniZed that the energy of sunlight was converted =
by photosynthesis to the‘stored chemical potential of.the products., Thus
today, we write the equation for the photosynthesis of carpohydrates from

water and carbon dioxide:

(3) CO, + B0 + light~———->[01-1203 +0, AF = 4113 Keal

. ‘ of- .
_ We recognize the fact that th° conversion of one mole eaanwater and carbon _

- diox1oe to carbonydrate and molecular oxygen stores 113 Kcal of the absorbed

light energy in the form of increased chemical free energy of the chemical

bonds in" the products over that of the reactants, B : R ﬁ'.e;}

; IIo Recognition of componert reactions of photosynthesis

A, Light ‘and dark reactions _

The first clues to the mechanism of photosynthesis were found in kinetic
studies. By 1905, Blackman hau discovered that . even when the rate of pboto-

"synthesis could not be further increased by additional light intensity or 1ncreaSe 1n ,f



the level of earbon dioxide, an’ aeceleration of the rate of photosynthesis  ]-&wf7f .

|‘ /‘

could be acconplished by raasing the tenperature. These results indicate ih;r;i;vb.

that photosynthesis includes ren»photocnenical processes whose rates are ;)f.};'rf-

thermally controlred. In *1ving cells, such reactions are typically cata-j' IRRCEE o

- lyzed by enzymeo. :fét

The next couple of decades saw the advancement of many hypotheses and“b
theorles, frequently erroncous.§ However, advances in the chazc”ac:terization‘~
of the structure of chlorophyll, the most important photosynthetic pigment
viere made quring, this period._fs

"The beginning of the modern area of rapid advances in the understanding

,g of photosynthesis can. be placed at about 1930, Van Niel and others made i

extensive studies of the stoichiometry of photosynthesis in various photo~ B

synthetlc baCteria.\ Van Niel, (1931, 1935), found that in the green sulfur;_ IR

' bacteria the photosynthetic equatxon could be represented by

W C02+2Ii s—————é_[cao]ffﬂéo-p 25

; Frem the nature of this equation and others, Van Viel proposed that there

..'io a common mechanism for toz reauction amongst the various types of photo-}h“

;_synthetic organisms. ”he differences among the organisms were attributed j
. to their means of obtaining electrons for the reduction of carbon dloxide.

. Thug the general formulation for- photosynthesis in all organlsms became

o

@ ,002 ¥ ZHéA‘J' light'—'[mszr éA-eéHgo‘ |
where_HzA represents the'eiectron_donor. :fwx’ | L

' B. The Hill Reaction -

- In the case 'of green plants, therelectron GOnorr'fg@watépgjéccbfdiﬁgeﬁas

‘Vari'Niel's theory.This view wes supported by the discovery of the Hill
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'Reaction, (Hill and Scarisbrick, 1940), in which electrons are transferred

in the light from water to an aftificiél eleotroh acceptor by"fragmentsvof _
green cells or chloroplasts which have 1ost most or all of their capacity
for .~ carbon dioxide reduc»ion. ther experimenus some years later would -
show that 1solated chloroplasts;and even small fragments of chloroplastS"'/
oould oxidize water to oxygén, and at the same biﬁﬁ .fonn;;natofal ooféctors

required for the reduction of carbon dioxide. (See Sec. IV)

C. Iso@opic okygen experiments

Experiments with isotopic oxygen showed that all of the oxygen evolved

3_during photosynthesis cormes inSﬁantaneously from watef, (Rubén, et al., 1941).

When photosynthesizing plants uare supplied with elther water or CO_, in

16

2’

_which some of the oxygen atoms were l80 instead of 770, the oxygen evolved

Just after the adaition of th° heavy isotope agreed in isotoplc composition
with the water. Thus, photosynthesis in green plants should be represented

as followg:

6) CO. + 2H OF + light K0} + 0% +
(6) , 5 2 light —>[C 20]_ o2 HEO

D. Cearbon dioxide reduction in the dark -

The first studies of the path of carbon reduction in photosynthesis

i by Ruben, eu.al., (1939-U0), showed that the dark fix“tion of C02 by photo~
.oynthetic plants is mich greater immediately following preillumination

“than after the plants have been in the dark for several minutes, This is

in accord with the concept that CO2 fixation occurs by "dark reactions" . .

‘ which use relatively stable chemical s pecles formed in the light, Calvin
- and Benson and the*r co-workers used the radioisotope tracer method to

. study carbon reduction in phot0¢ynth°sis (Calvin and benson, 1948, 19&9)°




| " the entire patnaay fram carbon dioxide te ca "bohydrate 1s accomplished by -

1 f.:lei'fstrdcture of the photosynthetic apparatus“; .

. in certain areas than in~others.‘ These regions of greater thickness and

[ closer packing are often disk-shaped,and stacks of these disks are sometines BRI

RO | =10~ _-A R R f R
' ' o 1h " Sy
.;.They;found that‘if C~labeled carbon leYide io added to the green plant

- {mmediat ely after the light is turned off some of thn labeled carbon is

: reduced ﬁo the level of su@ar ohosphates,. Eventually, Calvin and his co—:.

7_vworkers mapoed the path of carbon in photosynbhesis, (Sec. V), showin* that{“f,igjf;;s;

dark reactions mediated by enZymes. Some of these reactions require co- 7f.,€?‘”

_ factors derlved from the earlier lloht reactions of photosynthesisg

A;.”Chloroplasts _ ‘ - |
lThe subcellular unlt responsiole for phoﬁosyﬁ;hesis in'greeo plahcs
is a nembrane-ehclosed eotifijhichv*s called the chloroplast; .The_colorofA'_Q;’}f7'
plast ‘contains a conplex structure. Promlnent fea tures - of this structure
{ &re the lipid and protein layers which are called lamellae. These‘lamellae,
- are large thin sheets which may extend the length and width of the'chloro;’i'f,
'plast.:'lhey were reVealed‘originally:by techniques of electron microscopy;m"f€{r7"ffL'
If a chloroplast is stained with osmium tetroxide or potassium oer- L
. manganate, embedded, sectioned and viewed in the electron. mlcroscope,
alternate dark staining -and light layers are revealed (Steinnan and Sjo-
| ~“strand, 1955). These lamellae extend throughout the chloroolast° Such an  1\ih
\ electron micrograoh is shown in Fig. 1. In some chloroplasts, particularly_

those found in leaf cells, the lamallae are thicker and more closely packed_ k

called grana. The grana correspond to the small green areas which are just (lﬁfefﬁie,

. visible under the light microscope.

Grana ‘appear not to be ess ential for photosynthesio, since they are fV;‘ZTl;15 7é5l
~ not found in unicellular algae such as chlorella. Probably the Era“a,are R DO

£
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-appear to include most of the enzymes required for CO

iy
useful to some functional svecial‘zatioq in hlgner plants. For example,

leaves of higher planus may . convert a large fraction of carbon taken up

”_to sucrose for transport to non~photosynthetlc parto.of the'plan»;- :

The lesé pigmented region of the chloroplast having fewervlamellae--

" i3 called the stroma, and the lamellae can be censidered-as'embedded inj]\f'”

a stroma matrix, (Park, 1963). The entire chloroplast is usually eufrounded

by a double membrane. Variations in the structure have been found in a

wide variety\of’organisms with organized chloroplasts. Even in blﬁe~green
algae, where the membrane swrrounding the chloroplast is lacking, a similar
lamellar system is seen, (Ris' and Singh, 1961). The repeating interval

. in the closely stacked. lamellas 1s usually about 160 K'

Trebst, (1958), ad well as Park and Pon, (1961), fragmented chloro~

plasts from sp;nach and obtained mixtures of particulate green matter and

 soluble enzymes, .which tOgether vwere capable of slowly reducinb carbon

dicxide to sugar dn the light. When this preparation was subjected to
centrifugation at high speed, the particulate matter containing the chloro-

phyll and other pignents-seéiments to the bottom of the centrifuge tube,

”his materlal uoon resaspension was found to be capable of convérting
absorbed light energy to chenical energy. As part of this energy conversion,
the green particles transfer electrons from water (liberatingxnoiecular

oxygen) to electron éccepters.iheSe can be either natural cofactofs, or.

~such substances as fefriéjanide. .Part of the energy conversion results

in the formation of a bioclogical acid anhydride, adenosine triphosphate .
(ATP), about which more will be sald later. - |

The soluble proteins 1eft 1n the supernatant after the centrifugation 7

5 fixation during

photosynthesis. By themselves, they are capable .of very'little fikation:f; ff};.



-] D

" and reduction of: carbon dloxide. howevers when the particulate groen éhrsr,*vﬁ'ﬂ»":-

Ry

i

,s_material obtained by sedimentation was recqnbined w1th the soluble proteins [qffi :

"'and illuminateo in the orecence Ol radioaﬂtive carbon diox1de a significant

.;;Tamount of fixation of carbon diOdee and fonnation of reduceo carbon comn.”"‘;:llgk'»

vnpounds was observed.' Thus, thc oeparation of "lignt" and "dark" phasos ol'fflﬁ"“*”-f?;

photosynthesis (predicted by Van Niel and confirned by the exoeriments of "ﬂv‘j - X

| lﬂill and Ruben) was demonstrated in terms of the physical separation of

-',;the "lignt" and "dark“ biochenical nachinery. df::

~ Under' certain conditions, ‘the ‘green particulate naterial is capable ;1fwf7f

of rates of energy conversion and oxidation-reduction reactions comoarable .

oo to the rates exhibited by whole cells. R uﬁﬁt.ﬁigscvFxTé&;ugjgngihi,i',

,“:unf - However, in the combined system, the rates of carbon. dioxide ﬁﬁj;fgiMf;}_i

, flxation and reduction are at: best only 1 to Sn of the rates of the f

intact organism on a unit ¢hlorophyll basis. It is importanc that thls if‘*'“*""‘

difference be kept - in mind when one considers the probable organization

and relationships of the component machinery of photosynthesis as it is

perforned in vivo (Bassham, 1963)

’.23. Quantasomes

~ The particulate material obtained by sedimentation of broken chloro—

'h7 'plasts consists of lamellae and‘lamellar fragments,. Park (1963) has sus-i*

pended this green precipitate in water and then nrecipitated'it:accordingv"'

to the eritical point method of Williams, (1953). When the precipitated .’

-material. was dried down on a sereen, shadowed with heavy metal for viewine.

in the electron microscope, and photographed ‘the material was: fbund to be: L;:;-

clearly 1amellar in structure (Fig. 2).

' By this method one observes the horizontal surﬁace of the lanella. j

'There were found to be two types of surface, one ‘smooth and another,part1;47r??
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cwlate, = ... ... It-occasionally appears ;nat the shoéth lgyer has been
‘i torn away, révealiﬁg the particulate layer. Thié suggests that the smooth
layer may in fact form a kind of envelope cohtaining the partiéulate mat
' whlch 1s almoot crystalllne 1n appearance.., nese particles have been _15.
" named quantasomes, (Calvin, 1962). Ain individual quanfasome appears to-be 185 R
1ong,_155 R'Wld@5 and,lOO_R‘thickg(Pa:K u_Blgglns,gl96M1, *They;areiembeddeq 1A the
enveloping lager, which 1s composed of the material which stains with |
- osmium tetroxide. Presumably, the converslon of light energy to chemical
_ energy takes place in a system which includes both the oblate spheres and'
2 part of the membrane. A quantasome is “TOUEY. £o be one of these.
. spheres with 1ts attached membrane'. -+ Tt must contain all of the mach-
| inef& heéessary to~éarry out %he photochemical oxidation of water and
transfer of electruns to some acceptor. wheﬁher or noﬁ an individual
»quantasone also ne”fonns photosynthctic phosphorylation (formation of ATP:
in the light). is not yet entirely establlshﬂd Certainly, photosynthetic
phosphorylation is a function of the lamellar systen. - 1
Chemical compositlon of the photoelectron bransport sysnem. _
Park {1963) has investivated the chemiCal nature of the lamellar frag~

- ments jas they are‘relate¢ to biochemical function. These fragments can be
lyophilized and, upon resuspension in water, retain theif Hill activity.

'Fowever,‘if the lyophilizud quantasomes are~extra~téd withrorganic solvents v
- such as hexane, approximately 50% of the material is scluble and the residue
._ has a nitrogen content of 1BZ 1ndicattng thac 'h¢t is 1eft is nearly pure
protein, - -Under the electron m*croscope the extracted vrotein globules
appear to be about half the size of the original quantasomes, Spectro-
chemical analysis of the lyophilized material revealed the presence 6f;i_

several metal atoms, The ratio of magnesimn:iron:copper:manganese is about



'ﬁ%}tains one'a*aa-of m&gﬁeeiuml)v;‘ach quantasome contain 12 iron atoms (2 in i

o oxldation of water, or in the evolutlon of oxygen gas rrom some 1nter- : f_f

{

Sl _"

ey

N 150‘6'3'1. However,, he calculdted wei&ht of Lhe euantasone _;f based
. on its: size, dcnslty, etc,, is 2, OOO OOO. Therefore, there ohOUld be about

“,(,3oo_chlorcphy11 molecules_pervquantasome.;” ach chloroehyll molecule Con“;-;;?

: £
e *z._.

; lcytochromc) 6 copper atoms, aeA 2 manganese atoms

”he iron atoms “nd COpper acons very liyely play roles in electron

" transport. ‘he presence of wanbenese is- of great *nte est since it is ;f ‘ ii'f,;‘f:}”

- ‘Jnown to be required for thC,OAngﬁ evolution 1n pno»osynunesls. Pre—f;{]:_f- o

+ sumably, the atoms of manganese play some essential role in elther the PR

”ifmediacc oxidation state’ o oxygen, such as an orgenlc peroxide.. The L

T PR

_g:aspec» of photosynthe31s about which the least is Anown at the presentjsji"
ﬁ;timc is the mechanism of the oxidation of water ard the ’lberation of ‘ff[7f'fs§f«*?n“
molecular oxygeq' __ o : : | | E e

: A number -of moleculcs known to be involved in electron transcort
and 1n oxidative phosohorylation reaCciong in biolorlcal systems are lffﬁﬁﬂ"siﬁfffoff; .
:_rouno in the lameller,macerial. Cne Cla5¢ of these compounds are thQ-;  o Sl

cytochrovcs. These substances-are protein molecules which costain iron,

.. -chelated in tetrcpyrrole pigment structureo.' Th se substances are electron

- chrome 66 at =0.03 V By COT?&rioOn, the potential for hydrogen ion HY to«fx““” '

carrlers in blOleical systews.. rleCcrons may be accepted by Lhe forms ;e;;“T

v_ln which the iron is in the +3 stace,ard donated bJ forms in whlch iron

"~ 1s in the +2 state of oxldacion.‘ Through variatlons in the conf “ation _flzk::7a14

R of the protein, cytochranes found in chloroplasto have. phJsioloﬁical redox

pote“tials (electronotive fOrce for. the reactlons in which ‘they uccept ;f** ifff 1 ;(Q

electrons at pH 7) raoging from that of c;tocnronev at +0. 365\/ £o cyco- ;;’_'1f‘ ””73*

' accept electrons at p’ 7, and feerebj he- reduced to hyorohcn gas, ‘is ~O 42
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volts. .
which :

Protein, f\contains;ypon not bound in herP, is also found in chloro--
plasts in’the;lamellav-One such compound which is not tightly bound to
_ the lamellar system is chloroplast ferredoxin, (see Sec. IV). Thg";édox
potential of ferridoxin is ~O.&3‘volts. Ferredoxin and cytochf&ﬁe £
represent nearly the extremes of redox potentials associated with substéﬂées
nOrméllyjisolated_from;elegtrgn érahsport¥systems.'rOthergsubstances whiéh
~are stronger reducing aggnts tﬁan reduced ferredoxin, or strongér oxidizing
agents than\oxidized eytochrome T, méy exist in the naturally occurring
material; but would be difficult to 1solate. |

Another class of ccnvounds of lmportance %Elelectron transport
systems, and foundvin chloroplast m%terlal" areAglinones. Plastoouinona
is thought to play an important role in..both: photoelectron transport
an& photophosphorylation. (Crane, et.al., 1960): It has sometimes been

suggested that vitamin K and other quinones may be cowponents of the photo-

: electron transport oystem, (Kegel et.al., 1962)

. B. Evolutionary.relation between particles from mitochpndria’A
and from'chlqréﬁlasts. |

‘There are many similarities between tﬁe photoelectron transport par-
ticle frqnvphmtosynthesis, the quantasomc and the basic electron'transport -
paggiizg'involved in ox1dative pICSQhorylation in non—photosynth@tic cells.
| Thel\partlcle, found in mitochondria and sometimes called the elementary
particle/\oxosome, is also probably a high molecular welght particle with
dimensions in the order of lOO to 200 K It contains a comolement of
cytochramhs, non—heﬂe 1ron proteins, quinones, etc., and perforﬂs the
t:ansport o¢»electrons couplgd to the formation of ATP. Thus, one can

make a strong case for the evolutionary relationship between the basic  ’

oxidative electron transport particle and the photoelectron transport .
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particle; opeculltions as to wnich one camt flrSt in evolution are .

'dependant upon what one assumes to qave been the environmental con— .

K4

'"'ditions under which the evolution occurred

Memorane structure

TR

Lit le is. known about the | structure of tne continuous 1ayer to E

| {_which the particles of the quantasomes are attached or embedded° Pre? ;7f.

& sumably this lamellar membr»wm is nostly lipid in character. Tne major
":;ffraﬂtion of lipids in the chloroplasts are surfactant molecules which

'are coacentrated in the grana.g of these, galactolipids are predoninant

"conprisina about two—thlrds of:the chloroplast lioids, (Benson, gg_al.,o 'vﬂ'“:if-u'

_5:_1958)7 The rapid labeling with carbon—lk of thcse compounae durinm

. “fiﬁ;phOtosynthGSis in the presence of radicactive carbon dioxide suggests é,lging;;"f;j;
'I".f vtnat they may be involved in carbon compoand metabolism ouring photo_ vie;téi;“et
.synthesis. Benson (1961) has ou?gested that there may be two. types oflii?;~“”T”
- lipid lamellae surfaces: an outer one ocminated by galactolipids in therf;f{]'ff”';;

region of carbohydrate synthesis, and an inner one dominated by chloro_flfgiﬂ»f“

e

hyll and the electron transoo*t systems. . '1; ' ’L.:‘~“ L ’_7.‘f»
This interesting proposal leads one to wonder if the entire process

‘ of carbon reduction during photosynthesis could be occurring in enzymes

K located on the surface of. the lamellae. On the other side of the lamellae;;f

- could be embedded the photoelectron transport particles. A system with

-tthe various components . of the ohotosynthetic reaction brought into such:'

- close juxtaoosition could be highly efficient  For example, electrons

'with a high reduclng potential (generated by the photoelectron transport

system) might be conducted by some mechanism directly through the 1ipid - .

layer to the carbon reduction system° Such suggestions are at presentls

-

R R A P
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ourely speculative. There is much yet to be learned about the nature of

'the detailed arrangement of molecules within the chloroplasts in the
:living cell,

'F. Orientation of pignent molecules
As for the photoelectron transport system itself sowethine is now
,known about the arrangement of its molecules. It.appears that_the chloro—
phyll moleculesefif‘e ‘to scme QXtent a@SPegated L.t in the quantasome.. B
Thls.arrangement pennits the trensfer of energy from one molecule to
4ranother. 'Thus; when a photon-ie absorbed‘by the chloroplyll molecule it
may.migrete through'tle quantaeome'by some'type of exciton migration,
MoreoVer; certain of the pigmeot molecules are oriented in a rather
specific~way. These‘oriented molecules’appear to have a maximqﬁ absofption
peak at longer wavelengths than ordinary chlorophyll a, (Brody, 1958)
Butlggng;onstrated that fluorescence at 720 mp and -196°C 1s due to a
plgment which absorbs at 705 to 710 mp,-\,ipﬁf;h‘;;n.;.m Ordinary chloro-
phyll a absorbs very little in thls reglon.. It is also shown that energy
absoroed by ordlnany chlorophyll could be transferred to this longer_
wavelength absorblng pigment, at least atl—l96?‘ Olsoc, gﬁ,gl,§196l) ;
studied theipolarization of flucrescence of long-wave light emitted by
chloroplasts. They concluded that the molecules emlttlng the long wave~-
length fluorescence (a) accept energy from other: pignent molecules,oand A
(b) are hignly oriented, . =

Sauer and Calvin (1962) demonstrated the orientation of some pigment
molecules, in splnach quantasomes. These particles exhibit electric bire—»
fringence and electric dichroism. Thus. the orientation of pigment molecules
is not solely related to the whole lamellar system, but is a property of

the basic macromolecular perticle involved in quantum conversion.



"nylymust accent the electrons frdm the ox1datlon of water, and act 1n thelr
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:{_JIV,;;Pnotoelectron transport and phOtoohosonorylatlon

o
P

A. End reactlons fkﬂnj;fvgi.:.ai}fj ,ffj[‘;jv'

l Cofactor requlrements for reductlons and syntneses
In Sectlon II the argument was oresented that pno*osynthe31s 1n

-;[ green plants 1s the ox1oatloa Ol water couoled to tne reductlon of carbon

‘l_ﬁdlox1de nltrate and sulfate tovcther w1tn the syntneses of oraanlc com— ?;

‘ ;pounds from- thesealno anlc ox1des. Such reductlon and syntheses requlre

4two types of carriers of electrons and chemlcal energy. Electron carriers

l_lreduced lorns 2s the reducmnd aeents for the enzyme-mediated reductlons
= of the carbon nltrogen and sulfUr Electron carrylnv cofactors such as

hreduced nlcotlnanlde adenlne dlnucleotlde ohosohate (NADPH) and reduced

'chloroplast ferredox1n, a non-heme 1ron_prote1n, function near»the_ter—:iff'”

_minal stage of the'photoelectron transport system. 'These:cofactorsvare
‘closely associated with the final reactions, in which the reduction of

- inorganic oxldes to organicvcompounds‘is accomplished.

B e T S .o T e - - —=
. C LC<NH AN S Cee e
B I N T L
HC\\ CH” HCo g_NICH , . R r N*CH

‘

'Hé o—pP o"ér o"cH’ e - a H?-_—; o 9
,o . : SN H 3 ,0

ﬂlcotinamlde aaenlne dlnucleotlde

. phosphate (oxidized form) (NADP*)j_? , _"l"vdd n031ne trlchosonate (ATP)

pr T s e m T ~ . . -In adénosine diphosphate (ADP)
HO R L0 - - . - terminal phosphate is
¢ < o ' replaced pby. -Od
H%/ f\%/ NHp o S . . . g ‘
HC CH . :
\N/ : l
R i 3

"Nicotinamide'oortionﬁofjr--'
NADPH (reduced NADPY)
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The-other claés ofxenergyjcarrying‘éofactoré are tﬁe acid anhydrides i
of the type'adeﬁosine triphbsphate (ATP). - These subs stances - are'; acti-~
vating reagents., EnzymeS'ﬁtilize these écid anhydrides to convert sub- _V
? strates to forms which are more réactive in subseqﬁent enzymic steps. Fér
example, an enéyme Cf the type called kinases may replacé the hydrogeﬁ '

atom 6f an:alcohbl with a bhosphate group. This occurs in the photosyn-

thetic carbon:reduction cycle. -As wevshall‘see; ribulose-5-phosphate (I) is B

phoaphory aued to give 1 ibulose-l,S—diphoéphate,'(II}QJ[ReabEion,KY)]. The *

resulting sugar‘diphpsphate is a sufficiently reactive molecule to permit
titstenzyr"nic‘: carbbxyiation.. This is the basic carboxylation steb of the; |
‘-éafbon reductioﬂ.cycle’of pﬁo*oéyhﬁhééis; The produut of the carboxylatlon
reacbion 1s 3~ph03phoglycer1c acid (PGA), (r1m)., [Reaction (8)]

Anothev enzyme of the carbon reduction cycle activates. PGA converting
it to phosphoryl«3¢pnospnog1ycer1c acid (IV). This acld anhydride can
then bé reduced ;n a2 subsequent enzymic step mediated by ériose phosphate
"dehydrogenasé.,vFor its redubing agent, this enzywe uses nicotinamide ade-
- nine dinucleotide phosphate (NADPW) and thereby converts the carboxylic
acid to 3—phosphogﬁyceraldvhyde (V). This resulting triose phosphate is a

,‘sugér phosphate, .The~following sequence ‘of reactions

e | y -
Héfpﬁ o zfﬁgfi-_ A

?fo (D "?éo-r - 00, ~'L§?:' . H2i0993ﬂ° ,
H?OH +- ROPOBHf———~§.H?OH_+-ROH-5:>E;F,-ﬁ> 2 Hidﬁi.
| H?OH o EoW. . HO . ﬁ-o‘
BC-OPOH™ T HpCOPOT g

I @) II (a0P) IIT

e = e



=;Q:athus uses nolecules of ATP and NADPH to accomplish the fixation and reductionj!:

=20 , } R s

H COP0 Y I S POH™, i s H,CoPOHm f
SRR g T *:NADP& (10) 2| -3
- HC-0H + ROPO3H"'-————> H(’}-OH + "{OH > H ou + HOPO3H"'
RN o o T £-0PO0 H‘
;0 R '.'O [ -

S (ATP)‘_"_-- - IV '.(.ADP)* v i

NS

.~ of carbon dioxide to the level of | sugars 'j;‘f.'iiﬁi”"f',:ef - ffg;vu .A“"';iiez;,h-

’ i)

The reductlon of nitrate bO ammonia, which occurs through several stages,

l.and the reduction of sulfate to the sulfhydryl groups of amino aclds also

o requires electrons which are supplied by NADPH reduced ferredoxin or both. _;f‘fl

e

o Ty PRV e R e e e

1t appearsn iﬁ }r that reduced ferredoxin is a branch point from which :
:._the electrons derived fran thc lluht reactions are - distributed to various ;{,ff,i; Vi-%
'? metabollc pathweys fo" a veriety of reductive steps. ,_:-41525 ‘4 e ‘ :é
' The synthetic reactions requiring electrons and ATP are not linited to vé

. the initial reduction of the inorganic oxides. Many secondary photosyn- .:;
.thetic pathways in the chlorOplast convert the.products of the primary ?
';,carbon reduction cycle plus ammonium and sulfhydryl to a host of secondary f"» . ?
‘: products. Amono these are carbohydrates, fats, proteins nucleic acids, Ii
various coenZynes, and many other substances needed for both the growth and E
activity of the chloroplasts.and for»exportrto_other_parts oflthe cell or _\_u'_vv . é
- 2. The production of cofactors by isolated chloroplasts l”; B d' '? ‘A.:_dg
~In experiments w1th isolated chloroplasts, the photoreduction of _\:Y- ::. Fi‘é

NADPt to NADPH with sirmzltaneohs 0. evolution was. demonstrated by Vishniac . "

~ and Ochoa (1951), Tolmach (1951), and Armon (1951). For*nation of ATP 1n
t
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the light, called photosynthetic phosphorylgﬁion, was discovered by Frenkel
© (1954) in particles from photosynthetic bacteria, and by Arnon,‘gﬁrggr(IQSH)
in isolated chloroplasts;‘ - ' '

The electromotive force for the reduction of NADP* to NADPH at physio~

logical conditions is E!' = -.324 volﬁs, This means that NADPH is a rela-
tively strong bioclogical reducing agent. However, an even stronger'reducing
agent is produced in the lightvreactioné of phoﬁosynthesis.- San Pietro and
Léng (1958) discovered an enzyme cofactor in isolated chloroplasts capable
~of transférring-eiectrons from‘water to NADP+ in the presence of illuminatedv
chloroplast ffagments.' They named this enzyme "phosphopyridinelnuéleotide
reductase” (PPNR).: It was subscouently'shown by Tagawa and Arnon (1962)
that PPNR 1is a non-heme iron proteln cofactor. This cofactor 1s called
chloroplast ferredorln and as already noted, it has a redox potentlal of
0,43 volts., This means that in its reducedvform it is a strong biological

- reducing agent, comparable to hydrogen gés at pH 7. Fbrredoxin;funqﬁions

in conjunction with a flavoprotein enzyme found in thellamellar material of
the chloroplast. Together, enzyme plus ferredoxin facilitate the transfer
of electrons from the photoélectron transport system to.NADPT However;’j
ferredoxin can functioh as a cofactor for ﬁhe reduction of other substances
vesides NADP',

' PhotOphosphorylation by cnlorOplasts has been classified as cyclic and
non—cyclic (Whatley, et. al., 1959) Durinp cyclic photophosphorylation,r
electrons which have been transrerred by a photochemical reaction from a
weak reducing'agent to a stronger reducing agent, return through electron
transport'coféétoré to the‘weakér reducing agent. The energy which would be

liberated by this chanical reaction is utilized in the fonnation of ATP «

from ADP and_inorganic phosphate. This utilization of chemical energy frqn. L



. 3 phOSphorylation and oxidative phOSphorylatxon. fhe mechanlsn OL the

- ,_4coaplinb between tbe oxidation reduction reaction and the formatlon of

”'»fwere 1nit1ally removed,ﬂtnere is no stoichiometric converoion of either

o .__22_." B

;Hone chcmical reaction to pronote another ie connon | £6, photosynthetic

§ ZA”F 1s not pre01sely known in either case. In cyclic photOphosphory--; ff';

V'lation, since the electrons return to the same cofactor from which they
) (sec vlg,. )

- electron dono s.0r" acceptors. ‘The reagtion of cyclic photoohosohory-';fFiafﬁfﬁ'ﬁﬁf,fff
'1ation may be. written as follows: | :
_(11) ADP +;’HPO)4 o H-—;»ATR +_H20_ AP = +11 Keal |

. c S DI . u N e g
This value for the free enenby change io based upon an assumed physio- ;

'ﬁvlog;cal stundard free enerbj chanve of +6 9 Kcal when all reactanto are ;

at unit activitieu exccpt for hydrogen ' ion at’ 10 -7 molar. This standard i 3ﬁ;fjk,f'i

hy iologiecal fres energy change is then corrected by assuming the aCtivity'fﬁpsﬁ;ty,i;%
i of lnorganic’phOSphate to be 1073, The correction in fres energy change 15
then -.RT }(n (10-3) = +l$ 1 Kcal. o - e

Arnon (19)8) reported a stoicnionetric relation between the simultan—'ezeiff. _ljf;

"_teous photoelectron transport of electrons from water to NADP and photo— ?
phosphorylation._ This, conbinatlon of reactions which 1s called non-cyclic RSO
photophospho“ylation may be expressed by the followin? equation' | fmf: fvﬁf;:f-';l7“¢*§
(12) NADP + rIZO + mvo,4 2A +ADP"§__._.> 1_/2‘.‘ 0, f-fNADPH fATP",L-‘ AF® = +63.6f Kc}n" i

L Other studies (Turner et al., 1962) indicate that the stoxchiometric ratio )

2,

of one for ATP{"H NADPhgﬁtduction is not realizeo under nany conditions. rFhus,

either Am? fonnation can be uncoupled from photoelectron tranSport, or there»
are alternate pathways of electron transport of which only some require ;; 
couplimr to ATP for'mation. - o e f:':: T
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B. Two lignht wavelength effects ) o : ‘ e
,1. Enhancement ' : _ _ | 7, | ' : 'Q/{

The possiblility thatvtwe separate photochemical acts were 1nvolved

| in photoelectron traneport wae firstrsuggested by'experhnente of Emerspn'
| and cb~workersl(l956, 1957). These workers studied the yield of oxygen
proéuced 5y photesynthesis in Chlorella in the presence of enly long wave;
length 1light. The production of oxygen at wavelengths of 1ight around 700 mu
is ver& inefficient‘in terms of oxygen-mo1écules evolved per quantum absorbed.
Hewevefg'if‘supplementaryv1ightvof a shorter wavelength is added to the long
wevélength rea light, the total evolution of okygeﬁ is now_greater than the
sun of the.oxygen evolved separately by the long wavelength and shortef |
waﬁelength lighﬁ.' In,fact, the amount of oxygen evolved becomes almost as
great as if the long wavelength light were used as efficienﬁ}y as the shortef
wavelenbth li&h .‘ '

This eyperlmental result strongly SuFPESuS that the longer wavelength
light (7u0 mu) can only acc0ﬂplish part of the transport of electrons fran
water to NADP+, Presumably th° shorter wavelength light can accomp;ish theb
'eniire process by itself. However, if both kinds of light are present, the
shorter wavelength light can be,used:exclusively to accomplish the more
_difficult part of the phOeoelectron tranSpo*u, leaving the easier part to
| be ccomplished by the lonr wavelenbtn light. 'with only short wavelenauh
lignt, oOWQ of the ;ight rust be used for each of the two parts of the process.,
Thus, the addition of some long wavelength lighu to the shortcr wavelength
light becomes equivalent to adding more of the shorter wavelength light by
itself. Several mechanlsms may be proposed to explainlthis’enhancement
 effect by ‘itself. Many ether.studies have been reduired ﬁo show that the
copperetion between_two light Wavelehgths seemingly oeerates througﬁ a
biochemical mechanism, o | |



3 -?%rate upon a. sudden change in tle wavelengtn of 1ncident 11ght._ The orga”

'”;é.at each wavelength th° same photosyntheblc rate was obtained. - When the»ﬁ;
"V;i.Iq some of the organlsms which he studsed tne absorption spectrum of

'st.”;pnyll 2. Thus he was able co demonstrate thut the uransients ob erved_on

;214': -

;, 2 Lign wavelengtn uransienco

Blinks (1960 1959) Studied tne tran51ents in the photosynthetic

f.f;nfsms ﬂhlch he studled include a var;ety of red green and brown algae, ﬂv*'p:"’

FIn ‘his eXperinents, the incident li ht was adrusted in intensity 80 that

“'ﬂ"incident wavelength was suddenly changed transien vchanges in rate occured':}‘4 .}75?13

~-accessory oigmencs is well separated fron the absorption spect*um of chloro—f%J‘d

'f-iswltchlng from one wayelen?th to another were relat q- to tne ab orption by;fi
7vifrdi ferent pigment systpms.,'ﬁJ 5 _: _ : A ‘i‘f
' Myers ‘and T*rench (1960) studied the Blinks ef’f‘ec’c by observing the ‘

vf‘transient increase in rate upon changing fron 700 m light to lignt of

:_another Wavelength " They also studied the enhancement of photosynthesis

" (the Emerson eff‘ect) by adding_, the otner wavele-'uth Light to 700 rrp light. L

| "',When the two effe its in Chlorella were plotted on conparable scales as a .g\ iidlﬁft”;%j

function of tne added wavelquth their action spectrum were found to be

identicel,_.Ihus, enhancement  and chromatic transient effects appear to bc _f~5"ﬁ

: ‘manifeStatiOns'or the same pbenonena-:vthere is a possibllity in-photo~ ;1f}~ffﬁgﬁ”u;3§

- yﬁthesis for the produccs of one pbotocnemical reaction to be used as .-

S requires shorter wavelenouhs is tenned Light Reaction 2.

'sunstrate for a second photocnemica; reaction to brlng about the cm"eral‘l fﬁliﬁv""iilﬁf
photoelectron transpor% from ‘water. to the co;actors required fbr the carbon r;1i_kfl .

ro cycle.v The *1ght reaction nedlated bj ‘the 1onger wave*ength 1ight has

o

o come to be: known as nght Rcactlon 1, while the other light reaction which 1i3‘”'"

._v,;

o~ 7 s A
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3. Chemical separation of two lighﬁ steps
Many'experimants have now beeo pérfo*med with cﬁlofoolasts and ;
~other photosynthetlc material in vhich electrons are ingecteo or withdra
;from the photoélectron tranSport pathway by the addition of electron donors
or acceptors, ‘hese studies, together.with the enhancement and chromatic
transient experiments, have led‘to the formulation of a currently popular
<', soheme for photoeloctron transport, shown in Fié. 3; -
According to this scheme, there are two pigmentosyétéms; These‘aro )
'”‘labeled’Pignent System 1 and Pigxent System 2, for the longer>waveiength e
'1ight_reaction and éhe shorter wavelength ligh; reaction respectiV°~y.
5i~went oystem 2 13 reSpOﬁs1ble for the absorption of light energy and the
-conversion of this energy to br:mu about the oxidation of water, 1iberating
oxygen and transferring electrons to some intermediate cofactor of the
electron transport system. vElectrons then {low through a sequence of electron
' ﬁransport cofactors, which may include such substancos as‘plastiquinone,’
cytochrome b, cytochrome f and perhaps others which are not yet known, Light |
'enérgy absorbed by Pigment System 1 is converted to chemical energy by the
okidation of chlorophyli a. This ozidation results in the donation of -
eleotrons to some acceptor which becomes a'strOng reducing agené.' The.'
oxidiéed chlorophyll a regains electrons oy.the oxidation of cytochrome‘gp
. the terminal eloctron—carrying‘cOfaptoroin the intermediate sysﬁem. The
energy liberated through thé flo& of electrons iﬁ the intenneoiate sjstem
fis'used_by méahs of coﬁpiod reactions to convert ADE and inorganic phosphate -
to ATP. L | ' .

. The strong reducing ag°nt fonned as a result of the Plgnent Sys»em 1
énergy conversion reaction then brin?s about the reduction of ferredoxin,
which in tum reduces NADP and supplies the cofactors for the carbon

reduction cycle. Alternatively, some of the electrons from thé Strongv
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”!reddcing agents produced by Pigment Systen l can be shunted back to the

’ 7'_;belectrons flow back through the coupled reactions bO cytochrome f";i'V«f"i“:'”"ﬂ”;“°
'f”,:allowing the production of ATP‘; This process is called cyclic photo~~”“‘
' phosphorylation. The transport of electrons fron water to NADP with

fl‘the concurrent reduction of ATP 1s the non—cyclic photophosphorylation.r

‘5Jf evidence in its suoport.v One can choose only a few of the many ihterestins ffét :
'if?experiments which have been pabli hed. tore comolete dcscriptions of thesei!ifﬁx‘él.m
‘v'exoeriments may be found in collectlons of oaoers presented at symposia :5
i such as that SpOﬂoO”ed by the National Academy of Sciences (1903) and the R
';Centre National de la ?echerche Scientifique (1963).: _f;x"* - :

' fcould be photoreduced in a Hill rcaction by spinach chloropllsts. Since
;no electron donor was added -1¢ was presuned that this reactlon was accom-f* -

'v1~panied by the evolution of oxygen.f Reduction of both dyea was strongly

inhibited by the addition of dichlomphenylmethylurea (DCMU), which is ©

- utilization for the reduction of the dyes. . ”has, System-1 was presumed to

'_'by the action of DCMU.
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'cistart of the intennediate electron tranSport system.' From there, the

l

With thio scheme belore us, let us consider some of the biochemical

Ash et. al. (1961) first showed that tetrazollun blue and methyl red

E thougnt to block photosynthetic oxidation of water leadinv to oxygen evo- -5‘;4;,,_3"
- “lution (>ystem 2). Reduction of the tctrazolium blue or methyl red was |
| restored upon the addition of ascorbate and dichlorophenol indOphenol (DPIP)

. ‘as electron donors. It was presumed that these electron donors were suppljing

electrons to the intermediate electron transport system, permitting the trans— _i.

fer of electrons throagh.the light reaction of Systen 1 and their eventual l; . vwfi

be operating under artificial conditions ‘eveh thougn Systen 2 was blocked

Losada, et.al, (1961) reported the separation of the two light reactions «,’f'

JORPI
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e
An nOﬁ-cyclic photoohosohorylation and NADPT reduction in grenn plants.
Th@y blocked Systeﬂ 2, which ox1d¢zes water, by adding the inhibitor
DCMU and then addlng a dye as an electron donor. Under these conditions
| ﬁhey were able to‘demonstraté'the photochemical‘reduction of NADPY and

the simultaneous non-cyclic photophosphorylation.

Levine énd Smillie (1962) used mutants of ChiamydomOnas_reinhardigto S
" show olearly the separation of photoeiectron transport -into two phases,-v
each with itciownrlight reaction. Two mutant strains.which are incapable
of carrying out the dlll reaction are. aole to photoreduce NADP without
oxXygen evolution, provideo they are suoplied with electrons from an electron
donor.' Both mutants had an increaaed content of cytochrome f and a de-
creased content of plasthuinone. Presunmably they are capable of performing
the reactions carried out by System 1 only. |
Another mutant studied by Levine and Smillie was able tc carry out
both oxygen evolﬁtion and photoreduction of NADPH, provided that an electron
donor was added. This mutant had a'normal complement of plastiquinone. ‘In |
this case, both liéht systems apparantly are operative, but there is a  o
blook somewhere between the pléstiquinone and cytochrome { which can be
bridged upon the addition of the electron donor.
Fron these experiments and many others, it seems established that -
- photoelectron transport. in green plants can occur via two photochemical <«
| steps, togeﬁher with some 1ht¢nﬂodiéte dark steps. In one photochemical:
sﬁep (System 2); plus one of more dark Steps electrons are renoved from
water and transferred to an electron acceptor which may be plastiqulnone.
Dark react;ons plus 5 second photochemical step transfer electrons to another
electron'occeptor, which becoﬁes a reducing agent of at’%east the strength of

hydrogen gas or reduced ferredoxin. Coupled to one or more stages of the



' n: shown in Fig. 3 accounts fbr many exoerimental observatlons, ‘and 1s

'3:cannot be considered ao proved - In partxcular, 1t should be noted that

., electron transport, ATP formation by«non—cyclic_photophosphorylationﬂg;:fa;gqfﬁ

R

ifv‘occuro - Upon the:addition of cofectors to brokenvsvstems, electrons.ffan R L

v; tbe strong reducinu agent formed by System 1 may ‘be cycled back to an, ;;,il:'f.,wu' :

‘intermedlaue reducing agent -and’ in tﬂia process cyclic ohotophosphory-:k>%@

- lation occurs. Quite pOSSJbly the formation of NTr by cyclic phOtODhOo~lG” EO

ho"ylation takes place 1n the 1dentical electron transport step involved;* ?*;;iE”f

1in non~cyclic photophosphorylation, thoubh this point remains to be demon—_f_i;t:'

'tstrated. -v_'f -fA b

Fven though the scheme for pnotoelectron transport in photosyntnetis fﬁv:'r%

'"hcurrently widely accepted as being at least approximately correct, it ?369}-“:

_even thougn some photoelectron transport nay proceed v1a a two—lignt

reaction pathway, there may be other‘pathwﬁys in, which elect;ons can be 7>¥'i5;ﬁ S

taken. from. water to some cofactor such as reduced. chloroplaut ferredox1n

~in a 51ngle light reaction. In other words, the two-light reactlon path

may not be the exclusive mechaniom of eleotron tranSport photosynthesis;e_ t&.

'._in all organisms.,

C. Quantum conversion
4 l. Photoinduced changes in absorptlon Spectra and EPR signels
’ ”wc types of experimental observations have been particularly*

useful in studies of the ﬁechanlsm of the primary steps of conversion offjclln"‘?

,electromagnetic eﬂergy to chemical energy, or quantun cooversion.- Theseb jiF

‘are the measurenent 'of changes in absorptloﬂ soectra for visible light
x'_and of electronagnetic energy of the frequcncy 109 cpn (wavelength 3 cn)

In both cases, the changes measured are elicited by alléw1nv the plant

- material to absorb exciting light WhiCh may be either a’ flash or cont;nuous'A‘:'

g

S
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light. In ooth cases, the 31enale observed are- by no means limitna at
. room temperature to pr mary quantum conversion events, but may be asso~-
ciated with other subsequent steps in-the photoelectron transport process,

or even later metabolic reactions. However, in the cases of those changes
=which ére still observed at very iow temperatures, such as the boiling .
point of liquid'ﬁz, it caane.argued that one is dealing with phenomena, .
relatéd only»to excited states of the nolecules, electron migration, and g
charge separation. These are acts considered to be involved in the

primery quantum conversion steps, |

" The photoinduced‘changes in absorptionﬁspectra of plant pigments
Cusually are ver small comnared to total absorotion. Thus, measuremeﬁt
requires rather sensitlve uechniquese Two 1izht beans ére used in thé ex—
periments, Tﬁere is an activating beam to cause the change, and a meaguriné
-beaq which is partially absorved. It is the amount of absorption of the
- measuring beam which measures the extent of the photoinduced change. Elegant
tbcrx#ques have b en dcv1°ed for measurinb the abqorpt;on change for the |
measurinw lluht without 1gterference from che exciting light, and many
studies of the kinetics of the changes in absorption under a variety of .
ondifioﬁs have been published Some of theée have been revieﬁed recently
" by Rumberg, et.al. (1963) Duysens (1963) n? ka (1963), Chance and |
 , Borner (1963) | ,‘. |
Electron paramagnetic resonance (EPR) sigdals are detected by measurlny

the amount of absorption of elpctromagnet ¢ energy (wavelength 3 cm) by
. samples which are in the presence of a strong magnetic field, This'field
causes a splitting of energy levels of unpaired electrons, permitting enérgy'
absorption, Thus, E?Rféignals indicate the preéence in the sample of unpaired

electrons,. The signifibance of EPR signals has bgen discussed in recent

7
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-+ review pa.pers._(Calvinjand_Androes,fl962;;Commoner9 1961; Belnert andeok,,v; L

!

',{ 1963).

'f'nas been e“ten51vely studied by Kok (1963) - This change was oose“ved for 5?7;d"
. the mcst paru in chloroplasts from leaves of plants such as spinach. Thex.

bleacning of the pignent can be caused chemically (1n the dark), and the

5 A negaulve chanqe in absorptlon spec»rum (bleaching) at around 700 ™ ﬁ?f;ﬂff?”;“

.ﬁ;bleacned forn has the prooerties of a weak oxidant (redox potential +0. MB V) -

v Kok has termed uhis plgment P700 )He has concluded that it is'a form of o
:'>-chloropnyll a., and a key substance ln Pignent System 1 (see Fig. 3), which '7;_;v”
l"mediates the _"1ong wave length" step in photoelectron transport. This R
:.;step is- responsible for the uran sport of electrons to a high (negagive)
redox level, from which they can be used to reduce oxidized chloroolast -
'ferredoxin and subsequently Napp* . This conclusion is based on such evidence 45_.
as the LOllONiné. o 7 | |
“The reduction of Napp* was studied'as a‘functiOn of exciting.light-
wavelength both in the presence and absence of the poison DC”U (whlch blocks
the flow of electrons through Pigment oystem 2), (ﬂoch and Martin, 1963)
}'&hen DCMU was present (poisoned chloroplasts), reduced dye was added to .

supply electrons in place of Pignent oystem 2 Measurements were made in -

_each case of (a) amount of monochromatic flashing light absorbed (to glve the fl L

number of dquanta used by system), (b) number of equivalents (moles~of '»"
\electrons) transferred to added VADP . (c) number OL moles of P700 bleached
(actually the sum of repctitive bleaching) assuming an extinction coefficient _
: dequal to that of the red absorption band of chloroohyll 2. The following ~
results were reported-' v , | |

In the unpoisoned ‘chloroplasts, two auanta of 690—680 mu light are.

required to tranofer one electron from water to VADP. ln the: p01soned chloro-.
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plasts, with dye as an electron dono;, the quan cum requlrement is rela-
tively high at shorter wavelengths (some quanta presuned "wasted™ in -
poisoned"System 2) but falls'with increasing wavelength until it approeches_
one quaﬁtum per eiectron transferred at long wavelengths (around 700 mu).
The number of woles of P700 bleachéd corresponded to theunumber of e@uiva—
;lents of electrons transferred to NADP
Such measurenento are Qlfflcult and different results have at times
N teen renorted : Recently, iggins and Sauer (1964) have made a very ex-—
ten51ve axmninetlon of the gquantum requireﬂents {or WADP reduﬂtlon as a ..
function of wavelength with polsoned and unp01soned chloroplasto. Two
respeots in which their technioues differ from those of Uoch and Martiﬁ
B bave to do with the method of correction for light scatterinv (a very serlous
problem in quantum requirement mtasaremento w1tn parttculatc material) and

their method of moasuremeﬁt of NADP reduction. It is reassurlng to find |

o that while their results differ in detail from ‘those of Hoch and Jartin

they do get a quantum requirement of about 2 to 2.9 per electron- trdnsft“red
in the unpoisoned chlorOplasts_ana??%Fttérptne poisoned system plus reduced
dye. Thus the role of.. - fi ©: -~ the long wuvelength 1ibht reaction
of phetosyhthesis as a one quantum per electron transfer {rom the interme-
-diate electren traneport system to NADP+ seems almost: . g |
established, | | ( |
The‘photochemical transfer of a sinéie eiectroh should:result inutﬁe
fornation of species withjanpairéd‘electrons; Thesevspecies can be expected
to give EPR sigals, and 1t has been of interest to see if the EPR signals
‘produced by the absorptlon of light in photosynthetic materlal can be |

lcorrelated with the P7OO reaction,

Beinert and Kok* (1963) comnared the number of unpairea electrons (as '
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.indicated bJ LPR 31gnals) produced in 111eminatea pnotosyntnetic materlal
'l,of various types with the amount of P'{OO° Both the nunber of unpalred ,v:v'n
:Helectrons and the circumstances and kinetics of: their appearance and dis-w;df
| appearance correl te with the amount of bleached P7OO whlch they write asl-h
| P7oo+ .‘ They had prev-iously shom that with particles from red algae they g
'could produce correspoadin@ mnounts of P700 and unoaired electrons in the
dark by us1ng ferricyanidc as an oxidizine agent All of this does not - S
- prove that the soecies directly responsible for the EPR signals is P7OO
Indeed, ev1dence presented below for the presumed corresponding systen.in
| bacterial chlorophyll suggests thac the OYidized plgmnent does. not glve V
" the LPF signals. Perhaps a move likely candidate is the hypothetical v,
iiwhioh is supposed to accept an. electron fram the excited molecule of chlorc~fﬂl;
'ohyll.» ‘ | ) | |
Clayton (1962‘ and Loach et al. (1963) demonstrated a relationship

between ootical'changes_in absorption spectra and EFR signals with photo- : '_g:_j

synthetic bacterla. In those experiments, 1ight-indcced absorption changesf'-‘f-l*;

and EPR signals coulc be. simulated in the dark by chemical oxldation, -

. Calvin and Androes (1963) studied the chemlcally—induced and, photo—

induced EPR signals in spinach quantasones and in the photosynfhetio bacteriall,?fl

' chromatOphores fren R. rubrum.- In both cases the LPR signals could be

produced in the dark by adding ox1dizing agents with a potential of +, HM V‘;;
- alone. o

. 1slmilar EPR signals were produced by the 1ight;\ Ruby et. al,: (196H) examlned ST

the Kinetics of the rise and decay of the EPR signals and changes in ab—f.;':
sorption in chromatoshores (the photosynthetic particles from photosyntheticv-ea'
‘bacteria) from R. rubrum, The molecular species of bacterial chlorOphyll

whlch undergoes bleachine (and may correspond 1n functlon to P700 in green
plants) has its long wayelength bleaching maximum at 865 mp It was found o
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~ that the kiretics:of the decay 0‘ the EPR signals corresponded not with
:the absorption change at 865 ru, but instcmiwepecorrelated with a change
at.ﬂ33 M. The‘conclusion'is that it is not BChl which exhibits the EPR
signals, but another subsatance., _Prcsumably'this substance might oe'the
electron acceptor.v o | |

| 2. ‘Mechaniﬁ .of quentum conversion

Calvin (1958) has propoeed esoentlally the follow1ﬁg mechanism ,-7

Afor the primary quantum convcr51on steps.of phOtOSjntheSlche“i4ﬁm,ﬁ\:ﬁ oy

Co

w

T S L ', Cilna Lt vesn ol o> Followe

ing the absorption of light'by any of the,"antennée" chlorophyll molecules

in. thc quantaso e or chrdnatophore, the excited state of the chlorophyll

Amolecule may be transferred from one pigment molecule to another by a process._

of resonance transfer or exciton migration.’ Ultimately the energy is
"transferred to a set of specializeu' cnlorophyll or bacterial chlorophyll

molecules (the long wavelengtn absorbing species) which are part of an .

ordanlzed orlented array of pigment molecules in close contact with electron '

acceptor and donor molecules. _The acceptor and donor molecules are required

to be separated from each other by a.sufficient distance to prevent recom-

Ibination, however,- Once one of these Specialized Chl or BChl molecules ln R

contact with an acceptor molecule receives the exciton,‘its,electrons arelc

raised to an excited state from which one of the electrons can be transferred -

to the acceptor molecule, accomylishing thereby a charge oeparation. . The
reduced acceptor holding a localized unpaired electron, exhibits EPR. The.
charge on the Chl+ or Bﬂhl 1s delocalized over several molecules causin&
.broadening of the oPR slgnal to a p01nt ‘where no EPR signal attributable to

 the oxidized pigment-molecules can be detected. Ina very short time, thls

delocalized positive charge or "hole" interacts with an electron donor, such . -
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I cytochroqe 1, causlng oxidatiOH of the donor and neutralizatlon of

-v-L‘ bacterla living 1n the shade OL green plants and utilizing lonu Navelength

the.piument. All the processes describeo in this paragraph can oceur: at

"very low temoe aturcs apd are not enzynic reactions in the usual sense.»';e‘ '

It may be supposed tha* lnnent Systen 1 and the, bacterial syetem
'7'are both evolved f"om a common. prlmatlve photosynthetic system._ The fact ',Ei;e“ ‘l:;
that bacterial pho»osyntdesis ooerates at ;oneer wavelenethsiﬂattbe a AR
'consequence‘o ohotosynthetic bacte ia aoaotmU to a world in which green”

g plant photosynthesis has becoms doeinant One coula inagine photosynthetic~llf -

' lioht (710—850 nu) net absorbed by the olants. }'

2
Tho pnotoelectron transoort of electrons from water to the inter« 5:f 5{:;n1 .

‘ 3' “1gment System 2 and O evolu*ion L @»R7'”“_,};‘f“'] i,f1i “tiq”_iiuff;

'3:'med1ate electron transport systen (plastoquinoues, cytochromes etc., Fig. 3) .

”has not been resolvea into its comooneﬂt “eactions. These must~include the '

‘ prinary quantum conversion act of Plgnent System 2, the ox1dation of water,.

the evolution of O, from the immedlate product of this oxidation, and the :::’!s:ii. ;
- reduction of some stable intermediate electron carrier, such as(plastoqulnone, '1».;
. by the electrons from the oxidation of water. It is knovm tnat the ooeration s
of Pignent Syster 2 oecones very inefficient (in terms of electrons trans- n ;;f;v;f?
ported per quanta absorbed) at wavelenbths longer than about 700 qu The.o D
e volution of 0, requires manéanese (Kessler, 1957) and is inhlbited by such

. 2 BN
subs tances as DCMU (Kok and Hoch, 1961) This system is dlsrupted much rore -

easily by aging -or breaklng of the oarticulate system than is Pigment RN '."%.'{
System'l (Kok and Hoch, 1961). B e PR PRSP
(Méﬁ) L S , T .

Rumbersg, et.al. Ahave ascrlbed photoinduced changes in absorption at =
515 my and at 254 mu to the operation of Pigment System 2, ' The action
spectra for these ohanges (amount of change as a functlen of wavelenbth of - e

activation light) is the same as for. 02 evolution and has its peak at 674 mu ‘
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The changze at 25& m; is wresumed to be due to reau tion of pla uoquinone;_
'Both the 515 mu- and “bu i changes can be dirlnished by partial extraction
of ‘the plustoquinonc from the plant material (chloroplas» fragments) and -
© reappear . when the Dlautoquinone is added back. It‘seens that the 515 mu
change 1gﬁgégjgsﬁanhe closelv r’clate'1 to plaquoqulnone in the reactlons :
medlated_bngigment System 2, 1t could in fact be the substance X (see
Pig. 3)’which accepts electrons from the quantum conversion reaction. -

It is possibly notevortay that nelther EPR nor temperature-independent
”'visible 1ight aﬁsorption changes have been'felated to the oﬁeration of
rPigmeﬁt Syétem 2.1 Thus one ig_nqt constrained to assume that the qqantum
réonvgrsionfmechanism of Pigment System 2 is similar to ﬁhat iﬁ Pigment
System 1, beyond the migratidn of éxcitons‘tO'the'locus of the quantum ¢on~
| version”maéhinery.‘ Evidencg Has been.given that quantﬁm convéréion.by Sys€em
l'is a one electron transfer mechanism, and that one quantum of‘lighptis o
_required;pgr eleétron; It has been rather widély assumed- that thé mechanism
of Sysﬁemlé‘{ppéfateéu,;.in similer féshion and w%iifalso requirefone qﬁéntwnA

pey eiectroﬁ.*iThus two quanta would be requiqéd to transfer each electron

e ‘ + : , ‘ -
from water. to NADP  and ultimately to COZ, ~Jor the reduction of one molecule

of €0, to éarbohydrate (reaction 3) four eleﬂtrons must be transferred, thus

. the quantun requircment would be 8 quanua per 02 ﬂolecule evolved

' However, one should not ov&rlook the pOSolb¢lity that Plnncnt oysten 2
is capable of transferring 2 electrons.from water to X or plastoquinone,
* for example, with only Qgg;quantﬁm.'?ln this cagé; the'quantwn réquirement :
for tﬁansfer of féur'electrons‘throughvthe two‘ligbf reactions would be

4 +2=6, If we recall thqt the free energy chanue correopondin~ to reaction
‘3 was 113 Kcal per mole we can ca¢ﬂulate what the efllciency of photosyn-

thesis would be for six or eight quanta per 02 molecule, Using the relation

E =Nhe *, ahere N is Avogadrog rumber (6 X 1023), h is planx'" constant,

.f‘
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! ’ ’ o L -

‘.o the'velocity of'ligh“ andJ3‘the wavelength of light which we w1ll take : S ’f g

as 680 qp, appllca ion of the ayproorlate units glves a value of about 42

. Keal / einstein (an einstein ‘being a mole of quanta). Fo” an 1deal quantuﬁ”:?J
requirement’ of eigho . he eff101ency would bei113" / 336 = 34 | |
Despite a large amcunt o; W K from several laboratories, autemots to
measure the overall quantum requi"enenc of photosynthesis have not yielded :'i.-'
f',results which could permit one to make a conclu51ve ch01ce between these';feio
meohanisms; One.oen say that exceot fo” the ‘studies by arburg and His 4
A oollegueé,.ﬁeasuremeots of the quantum requirement of photosynthesis hevelllj
j,’generally glven values around eight or _more, with a few reoorted values . R ;g ;ﬁ;
between seven ‘and elght‘ (ror a review of this subject see Kok, 1960) e
”:'The author 1s amm.nL> a minority of LﬂVGSti@&tOPS in this field who belleve | J,", ﬁ;

that the closeness of many experimentally meaoured quantum reqalrements to

elohu, and bhe fact that some are even less than eight, suggests thab the
‘btheo“etical quantum requlreﬂen+ 15 in fact below elcht and is probabl; six

or seven. This is another way of saylng that less than two quanta,may be

reguired to transfer an electron fromrwater to NADP ‘“

V. ' The reduction of carbon dioxide in photosynthesis

A, Methods of mapping the path of carbon

. 1. use of radioisotopes as *racers
’ ’ " Now let us turn our attention to the reductive and Synthetic- react10n$ of
photooynthesis.The basic carbon reduction cycle by which carbon dioxide is reduced

o sugar phosphate 1nvolves at- leas» tw elve intenrediate compounds. Somo» i

of these substanoes are foundoin_very_small concentratioqsf,‘Manyrs_milar
compounds are also present'in the phoﬁosynthetic cell,. In some cases they f,,a.. -%*f
are closely linked by metabolism to the intermediates in tne carbon feduction

cycle, In order to understand the.mechanism of'photosyﬁthetic carbon reduction, - - i



- one must know the ldentity of the intermaula es involVed:andgihe.sequence
in which these substances are madc._ | |

. These’ oroblems resisted scientlf¢c investigation until the advenu of :
moﬂern biochnmical methods. One of.the most valuable of these new methods-
proveo 'tc be the use of radiocarbon as a tracer'element to foliow the - -
newly ihcorporau d carbon.dionideeduring'photosynthesis ina green plant.
'.7Photosyntne5121ng plants do not discriminate sipnificantly between ordinary
carbon dio;{ide, 1200, and radicactive carbon dioxide, 1l‘coz. The plants

incorporate 1 CO, into the intermediates in the caroon reduction pathway.

2
?uben; et.al., first used’ radiocarbon in_studies of the path of carbon

in “pho’cosynthesis (1990Y.,. They found that co2 fiicationin the dark is

' gfeater foilowing preilluminaﬁion, This 1s in eccord-with the concepﬁ

; tnsﬁvCOé fixation.oceurs by “dark reactions” whioh usevreletively stable

' henicai species {ormed in the'lighf. They discovered tnat the radioactive

product formed from labeled CO2 after prellluminatlon was ‘a carboxylic acid.'

These “‘ndings suggested that the-path of carbon reduction in photosynthesis

'might very wcl¢ include 002 fixation mechanisms similar to those found in

non-photosynthetic plant tissues. : .
Calvin.and.Benson and their cofwofkerslused the radioisotope method

:to study earbon reduction in ohotosjnthesis, (Celvin and Benson, 1948-49),

They allowed the plants to photosynthesize intermedlate compounds fro

' laCOZ for short periods of time (a few seconds) and under a varlety of

\ exper;mental conditions.l The plants were then killed; stopping the bio-

' chemicel reactions. 'The-radioactiee products in the plant material were

analyzed and identified. A Careful‘study was méde to determine the amounts

of radiocarbon incorpeorated into chemical substances as a function of the

experimentalAconditions. From the results of this studi, they were able
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'.:to map tne Datn of carbon in photooynthcoio.»“

S 2. Analysis and ;dent;ficatloo of Lntermediate compounds‘
| a. Paoer chromatography - ‘ » 'v |
The separation and identiflcation of the minube amounts of
;; radioacoxve or*anlc compounda formed by ohotos;ntneoio w1th luCO

":a dlfflcult analjtlcgl pr oblen. This problem was solved through th° use

"Of lvO—diﬂ'E"]SlOual paper ChrOTB.tO”'I’aU")y (BQPSO"I C'C al., 1950)' In thls L

14

'nethod after the plant has pnotosynthesizod organic compounds from vcoé;.:"°" o

it is klll@d and the soluble cowpounds are extrao»ed w1tn such solvents asf 5jf;;f€~'

. alcohol and water, 7Then one removes the excess solvent by evaporation_and P

dries the concentrated extracts on a large sheet of filter paper near the,

' corner. After that, one allows suitable mixtures of organic solvents wet = -

" with water to traverse the papef by capil’arity;v.Thcse solvénts diséolve.'-io“~-'~""

‘ and cérfy aion§ the various compounds at dlfferent rates of tvavel ‘The
'vrate for each compound depends on its physical properties. -
Jhon thls development by a chromatOHraphic SOlVLﬂt is conplete the
- paper is dried. At this point the suostances have been snpar ted 1nto a’
.vrow near one eooo of the paper. r"ha’c edge of the paper: is then dlpped in
a second solvent wnlch has di ferent solvent pronerties from uhe flrst one, ~
f,This time the compoanc are carrled in a direction at a ricnt angla to the
>f;rst dlrection,f,As a result, the c0mpounds.which have.been_separated 1n
é rowffollowinp the rirst develoomentﬂ-sooarate into ‘a two-dimensioﬁal”':ja
pattern over the paper after tha second stabe of vhromatography. L

L.

' b. ?adioautograohy , S
. The compounds of inmediatc 1nterest contain atans of 1“0 wnich
| emit <3 partlcles. When a oheet of unexposed medical Xbray film is placed
in the dark in'contact with the dry paper chranatobram,~the areas of phe o
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paper holding radioactive compounds are a source of the. naterial which
'veXposesthe.X~ray film, After a suitable period of exposure the X—ray
film'is develoned Dark spots on the film reveal cor:r'esoondincr areas of
radioactive substances on the paper ch“onatoglam. Such a radioautograph.
made from unicellular planto which had photooynthe51zed with 1”co2lfon'é
few seconds is shown in Fig. 4.

c. Idcntiflcation of "aoioaCtive products

Small amounts of many known chemical compounos have been .
;“chronatoéraohed one at a tlwe, using the sane chromatographic proceaure.

" Chemists found the locations of these substances on the paper chromato- .

grams by: spraying the papers with chemical reagentstwhichvreact with the

_substance to give coloredAcompoundsf The substances are:revealed.as

" colored spots on the paver. From the locatlons of the compounds, a
chronatographic map of known compounds was made, This map helned in-the',
identlficatJon of the unknown radioactive convounds from the photoayn—
thesio exoerlmentg. ' |

Compafiqon of the location of an unknown radiocactive compound:on the

paper with thils map gives.a preliminary indication of the possible identity

of the substance. One may tnen elute the radioactive corpound fram the
) pépef.chromatogram with water{ Next, one mixes the labeled substance. with
“an’'unlabeled sample of the suspected comnound, and rechromatographs the

. two together. 'Following‘this co—chromatography and radioautography, the

paper 1s sprayed to'give a colored Spot. If the~radioactive spot coincides.-

precisely with the colored Spot, the radloactive subotance is tentatively

| identified. Further chemical tests, and chromatouraohy with different

solvent systems, verify the.ldentiflcatlon. In this wayvthe_compounda;;ti’”

,lebeled dcring photosynthesie_with-1“002-werefdiecovereé (Benson,,gtfggﬁsi_



C formic avid and fordalaehyde whicn were derived rebpectlvely “rdn tbe

»O«

1950, 1951; Benson, 19515 Buchanan, ot. al.,’_l952)

J.;Cdemlcal degradatlon of labeled oroducts 5*}*f.€*
Inlormauion about tne dcrlvatlon of one’ intennedlate ub tance ﬂ .l‘f-t
‘ 7fr0ﬂ another alOﬁb 3 metabolic path can be obtalned by degrading the sub—*t”JTf: l1 ”1g
stances- cheﬂlcally. One detennlnes the amount of labellng in each carbonl;: | §
aton Dooitlod of the moleculeo, Fb” etample, Bassham et al (1950) 7

:hydrol zed 3npho ohoglycerLc acid and then allowed the glyceric a01d to 1;y¥dﬂ.v

react with deriodate to give hree dlfferent subs»ances, cgrbon d10x1de,§]5jf-§;§¥;_f“i

v alpha - ST beta e
wboxyl grouo,_the \ carbon aton, ané the A carbon atom of the orlglnal o

doleculeo. mhey de»crmined the P&diO&Culve content oP each . of these derl-lyfﬁii
-vativeo.- PrOﬂ this content of luC the dlStribution Ol tracer in the

v-original nolccule could be. calculated. 1parlson of- thls distrlbutlon of

]i: label within the molecule ulth fhe o;strlbutlon 01 label within a sugar

molecule such as a molecule of glucoe » gave. 1nfonnation about the oossible

- biochemical relations between the two oubutances, (see Fig. 6) o o ‘c;fﬁs

Experirental results ano their interpretation
1..First labe led proaucts o
2. 3-Phosnhog1yceric acia L ,4-':ﬁf: ,7?o=l:{vd-ﬂ; R

1u

The labeled products of photosynthetic reduction of 002 for ,

. 60 seconds (Fig._ﬂ) are several auoar phosohateo and diphosphates, 3—phospho—
glyceric acid, phos,hoenolpyruvic acid and small amounts of other carboxylic i ,f 'a:'
- acids and amino acidu (Calvin and Bedson, 1949). At only 2 secondo (Pig. 5)

‘ by far the most'prominently 1abe1ed producp is 3—phospboglyceric acid (PGA)

o (IID)

CaIV1n, et.al (1951) deavaded labeled PGA formed qurlng 5 seconds'

puotosynthecis and showed that 95p of vhe radlocarbon was located in the



T | o
carboxyl atom,' Thls finding supperted their conclusion that the f¢r3t
' dioxide - - St
reaction in the fixation’of carbon. f .- *nCO“?OPatGEMiAtO the carboxyl
group of PGA. The nature of‘€h° subsﬁanee which onpplies the_other two'
© carbon atoms of PGA remained for same time unknown.' | |
b. Sugar phoophates ‘ | . _ iw
Amon~ tne first uLgaL phosphates 1dent1fied were fvuctose~6—
A; phosphate (Vi) and lucoee—G-ohosphate. Soon therafter dinyaroxyacetone
"i pnosphate (VII) and 1ruﬂtose-l G-dlpnospnate (VIII) both of" wnich oceur
rather small concentrationo, viere 1oentif1ed. The finding of these
'.-compounds led Calvin and Benson (1948, 1959) to conclude that the path of
c?fbon dioxide reduction in'nhotos§nthesie'ineluded a reversal of seve;él
' steps of the glveolytic path&ay which leadsvfraﬁ'hexose phosphate to PGA..
| After a time, several other sugar phosphates were identified.- Most
inportant among these were the 7-carbon compounds, sedoneptuiose47—phosphate:‘
(IX) and sedoheptulose-l, 7—diphosohate (SDn) (X), end the 5—cerbon compounos,
jinlbuloue—l S*dioaosphate (RuDP) (IL) and “1bose~5—nhospnaue (xX1), xylulose;_
~ 5-phosphate (XII), and ribulo e~5—nhosnhate (1), (Benson, gg,gg,, 1952).
.The roles of these compounds in the path'of carbon in photosynthesis became
more‘clear after tney hed been degraded'to iooate the position<of radio- .
oarbon atoms within the'indiyidual'molecules (Bassham, gg,gg,,,1954); |
| 2;fLocgoion of radiocarbon within molecu%es::
'.=_ a. Carbon dioxide to hexose phosobate |
As already mentioned most. of tbe radiocarbon f‘ound in PGA was fn

1ocated 1n the carboxyl carbon follow1n shor+ Derlods of photosynthesis. ;:i:7

- The pemaining radioact? vity was found eoual'ly dl tributed at all times |

between the two other' car'bon ‘atoms. @eno’ced aﬁ CH’\O! ﬁ)) "-=’v'=-1—=or exémple,

2 gfter 5 neco ids of onotooynthesis w1+h 13002, the dlstrlbution of" 1“0 among
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.carboyyl a,and /5 carbons reSpectivelv was 95%, 2;5%,'2 5% After 30
seconds* pnotoqyﬂthesis the distrlbatlon was SOA 255, 25p.'

if tho forn“tlon of hexose phOSphateo ‘oceurred via a reversal of .

tne glycolytic pathway from PGA bo»h carbon atOms 3 and M of the hexooe '

should- oe forned from uhe carboxyl of PGA. Carbon atoms 2 and 5 would

-

come from th° a carbons of PGA, while carbon. atoms 1 and 6 mould der¢ve

from tne,@ carbon<~ of PGA dhen Calvin, et.al. (1951) degraded hexoae

molecules in such a way as to obtain these oairo of carbon atoms, they ;/5

'.found the distribution of radiocarbon in the hexose to be as pred1c»pd by
this naubway, (cee Fig, 6).- They concluded that during photosynthesio,

',.the PCA forned by the primary carboxylation reaction is reduced to glyC°

- raldehyoe phos;;hate (V), [Zgs. (9) and (10)1], mich isonerizeo to dihy-

d;oxyacetonp phosphate (VII). Thcse two triosc phosphates then condcnse

-end to end to make fructose-l,ﬁ-ulpnospnate (VI), and eventually fructose

and glucose monophosphates, (see Flg. 6).

i
[ —
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It is possible that these reactions are catalyzed b&ienZymeé_sim;;ar
to those of gLyco;ys;sf;fg ;M;J.gg‘hzv" C.» % S Many sueh enzymes -
have been isolated frém»élanﬁ tissﬁe, including photosynthetic tissue
(Peterkofsky and Racker, 1961). Such tissues usually are capable 9f
'glycolysis§ 80 tﬁat'isolation of the enzymes invélved does notviﬁ itselfl.
i_prove their role in:photosyﬁthpsis. Somé pﬁotosynthetic or&aﬁisms appear”fﬁ'
to lack sufficient amounta of some of these enzymic actlvitles (as assayed
in cell-free systems) to cataljze thelr aasigned step in the path of
carbon in photoaynthesis (Richter, 1959, Fewson, et al., 1962). 'lhio
might mean that thnse organlums perform carbon reduct101 by a dlfferept
path. Since there is no direct evidnnce for such an alternate path, a

more likely explanatlon.ror_tnetappar@nt enzym; deficxgnc1es is that thg

photosynthetic‘path is mediated by enZymes whose activity is in some way
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lQSt'of'diminished ddring the pfeparation-of avcell#ffee system;*:?efbaps;_l

”‘v‘the,phdtgsyntheiic carbon'reductionvacle enzymes are ;mm%.égtivé,in:é.j '”'

' particulate,'or organized enzyme syste$ in vivo, than ghéy a?e‘féiloWihgv .
isolation. ,f ' B »:.;,'. :“. ‘  : 'u f_‘ ;:af'_¢i1 .‘ ;;.,f"

- ﬁeactlono (9 10 13~l5) brinb about tnu conversion of PGA to fruCuose-':;f

 6~phogpna e (Vl Je Tne correspond;nb glycoljtlc enzywes would be
(9) pnoupﬁo6lycery1 kinase; (lO) trlooe pqoapaate dehydrogenaae, o
(13) triose pnosPhate 1somcrase (14) aldolast,° nquation (15) would

require a yhosphatasee

Do ﬂ”kOce plospnateo to. heptose pnouphates to p°ntOSL phogpnateg, -

The 7~carbon sugar pnosphate, sedoheptuloue-7—ph03phate(iX} was

- isolated from plants which haq photosynthesized in lucoz_for a fewvsecondsof"

~ Degradation of the sugar revealed that its label of 18C was located in the -

three middle carbon.atdms numbers 3, H’ and 5 (Bassham; et_alo, 195“).

- We have already seen trat the o—carbon gagars were 1abeled in their two |

ceﬁtur carbon atoms (ﬁumoers 3 and M) and that the trioses were laoeled

in thelr unpnosphorylated terminal carbon atom. COndensatlon of a triose'::~a5i

phosphate wmth elther carbon atoms’ 1-4 or 3—6 of tne hexose would glve(
ueaoneptulooe labeled as foand exper;mentally.

| “The enzyme transketolﬁse (Racker, et al., 1953§ Horeckéf;-éﬁ'él,A
1993) mediates th° removal oL carpon atoms 1 and 2 of the ketose phos-:f
phgt such as fructose~6-phosohate, forming a thiamine pyroonoophate— :
glycolaldehyde connound(fll) witn tne 2-carbon plece and producin6 at f‘
the same time -an aldose phosphate with two fewer carbon atoms in its
chain [R§action ael. L :

: _ . . i
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In this case, the resulting aldose phosphate is erythrose~&-pbosf‘

1 T L St

" phate (XIV), labeled in carbon atom positions 1 and 2. When this §¥cég§qn_;‘"
sugar phosphate 1s condensed by aldolase with dihyﬁroxyacetoﬁeAphoéﬁhéﬁgwi?"*l’ e
(V1I), Equation (17), the resulting sedoheppuloseél,7~dipnosphate-(x)gis'ljf

- labeled in positions 3, 4, and 5, as found experimentéllg. Removal-of tﬁe5“€,7f

phosphate [Equation (18)] on the number one carbon atom by a specific Ph9$4vf,'

‘phatase then gives sedoheptulose-T-phosphate (IX).

5! H,COPO3H ¢= S ?=O~ E
' HCOH - ol HOH o
(17)(18) | + C=0 —  HCCH —— HOCH - i

: HCOH ol STl : N

[ 15COH HCOA B el S
o o fcoH | _H?QH, L

X b VIT . HoOH e HCQH‘_.
HpCOPOH gﬁzéoPo3Hf_‘-ff

| . X _ . x

Transketolase catalyzes a reaction [Equation (19)] between thiaﬁine -

pyrophosphate and sedoheptulose~7-rhosphate to produce thiamine pyrophbs~

phate-glycovlaldehyde and a 5-carbon compound, ribose-S-phosphate (XI),
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' labeled in carbon atoms 1, 2, and 3.

CoomguE CF2OA et
(19 - c0  + PP e -—> |1 -C-On oown
gl o L e R e
Hcad .. Hcod | fceo
(20) . HOOH o Heon —=» HGOH -
SRR N T R
"H,COPO,H S - o - HCOH - . - - HCCH
% : H2COP03H i ﬁQCOPQ3§i'*

XI_V_F ;T . I

’,

PhoSphoriboée 1somerase (Axélroﬂnard Jang, lQSM) converts this compound;L 

“to ribulose—;-pnOSphate (1) [Lq. (20)1. : o

The two molecules of thlamine pyropnospnate—glycolaldehyae produced

¢

by Lquatlons (15) and (L9) could react with any of the deOoe ronopnog—v
'phates menuiOned‘so far, Ve snall see in The nexL uection that the sugar
phospnate whicn is used up by tne carboxylatlon is a pentose phoapndue.:
The product of bhe carboxylation, PGA, ia‘reduced to triose pnoophate.

Thus, there must be a net flo~ of car“on from tr;o e to pentose under '

steady—state conditions of pnotosynun@siv in order to comolete tbe cycle.-

This flow is accompliuhed by a net reaction of tnlamine pyrognoophate—‘
glycolaldehyae molecules with glyceraldﬂhyde phosphate molecule s-to

prouuce xylulose-s-pqosphate (XIII)[ Q. (21)] These are converued by

°

the act on of rloulose-phoophate—xylulosa—nhosph te isomﬁrasa (Srbre,_v~rv

et al., 1953) to r*bulose—b-phoupnate (1) [Eq. (2?)]



(see F'ig. 6). Two ot bhese molecules rormed by Equationa (21) and (22) are‘
labeled in carbon atom position 3, while he tnird ona, Equations (195
and (20), 18 :1abeled 1in poaitiona 1, 2, and 3. The result:ant -average .
labeling or ribulose phosphate ia neav.v in position 3 and lighter in posi--
tions 1 and 2, When the ribuiose;molecuies. labeled after a rew seconda'_,;
photosyntbesis with 1”002. were desraded (Bassham, et al., 19511), tnis
pattem of labeling was found (sea Fig. 6). 'I‘hus, tmmechanism ot‘ the j
pentose phosphate waa eat;abliahed.
3. Lig;t—dark tranaient changes
Quite a different type of expexd.mant was nequired to reveal the

nature of the reaction which converts ribulose-S-phoaphate to ribulose-
.S-diphosphate {Eq. (7)] Calvin and Massin:l deviaed a syatem which
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'recirculated e stream‘»ofluco2 thruugh a suspens¢on of photos;nthesxzing alwaeovab
"-The suoply of 14002 wao sucn that it dld not cnange apnreclably durlng the COurse' d"
- of he experime nt (Calvin and. 4ass¢ni 1959) : Small allquot samples of the .
algae were taken and killed from time to tdme.  Subs sequent analysis by paper tivs;_f .
‘cnromauographo and radioautooraphy ShOJed that the qu content of internediate . :
comoounds 1n the carbon reduction pathway no longer increased after about 5 mlnutes :'
_of photosynthesis. By this_time enough C had passed through these intermediates'ﬁ%
iv on the nay'toiend products-to "°aturate" each carbon aton Dositlon w1th the same »
oegree of labeling (speciflc radioa0t1v1ty) as the14002.» Since both the 1“C02 o
specizlc.radsoactivitj (S)’and the total rad10activ1ty of an‘intennedlate |
cOmpuund’(ﬁ)-could be experimentallv'detennined' Calvin and Massini could cal-
culate the concentration of carbon in the compound as C= R/S. ' | -
As long as the algae photosynthe31ued under constant conditlons the .A
concentrati0ds of intermedlate conpOJnds remained constant._ Then the liqht was
.turneo off and more samples were taken. Sinco certain steps in the path -of
_ carbon nust require cofactors produced by liuht one would exnect such steps to.
be blocked_by darkness. Calvin and Massin1 found that the concent at101 of” PCA
rose ouickly.‘ This was expected 51nce light is needed to form the NTP and . NAuPi
required for the reductlon of PGA bO sugar phosphates._ th- same time, ‘the concentne-;
tions of ribulose-l b—diphospnate fell raoldly to zero, indlcating that its forma~.
.»tion requires. AT? o“oduced by light [Eq (7)] This reaction is mediated by tne
enzvne pnosphorlbulokinase (Hurwitz, et al., 19)6) S N j--:‘ v
Q; Hi —low 002 transient changes ‘:i \ _...4 |
These studies were contiqed by w1lson and Calvin (1055), who left tne ligjm
" on but suddenly lowered the tens1on of CO2. to 003%‘ Slnce PGA is a oroduct of
| the carboxylation react ion, it was expected that its concentration uonld fall. i

This is exactly what happened ‘At the same time, the concentration of rlbulose'
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" diphosphate rose rapidlv'and-then fell.' This behavior is to be exrected if
'rlbulo se diphosphate is a subst;ato for the carbo ylation reactlon, since
lowering the FOZ pregsure w111 stop tho TLaCulOU which uses up RuDP. Thus, the
carboxyla ion of ribulo:e dlphosphabe to give PPA as a first step in the carbon
reduction pathway was discovo”ed [Eq. (8)1. : ‘ . L
The c@rooxylatlon of ribulose diphosphate by cell—free extracts of Chlorella
was demonstrated by Quayle, et al (1954) , who named the enzyme carboxydlswuuasc.
vThé enzyme has been purified from spinach leaves (he*ssbach et al., 1956 Mayauaon, et i
al., 1957) . §@N R P - The purified envvmo mediates the addition of o
water and €O, to ribulosc diphosphate, with an intramolecular ox1dgtipn—reduction '
‘reactiOﬂ, or dismutation, leading to the formation of £wo nolecules of PEA.. In
the carbOXJlatﬁcn part of the "e¢ctlon the carbon atom of 002 becomes bonded to |
the Mumber 2 carbon atom of rlbulose—diphooohatc.
C. Th? photosynthetic carbon reduction cycle
| 1. The complete cycle |
‘The éomplete photosynthetic carbon reduction cycle is shown in detail ~
.~ in Fig. 6, A somewhat idealized distribution df label found experimentally |
followinr a short period of photos yntneois with 1“002 is indicated by the‘asteriské; _‘”'
Some cetails of the distributicn of label, not previously discussed, éﬁouldf;ziv
be menticned. The concentration of dihydroxyacetone 3bo%hhate is conoiderably;
- but not equally co
-greafev than that BP f&ceraldehvun _vihen these two similarly /' labeled triose
phosphates condense.the result iq a hexose phosphate labeled more heavily in ﬁhe
number 4 carbon atom than in the number 3 carbon atom position. 'This‘distributiohv
was observed experimentally by Kandler and Gibbs (1956) - ' _v- S
' 'Labeling:of sugars is l 50 affected by the ’act that tnatransVCuolase reactions
are highly reversible. A ¢ lcolaldehyde thiamine ovrophosphate molecule has about
as good a n“ooabilLtJ of reactin0 with the aldose sugar phosnhaue fron which it
has just split as it has of reacting with a different aldose sugar phosphate.

There is a camnon pbol;of glycolaldehyde thiamine pyproﬁhosphate which interacts
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almost equally with fructooe—6-phoopnaue, oed@nethlOS€~7—UnOSphabu9 and
ixylulose—smphospbate. lnlg oermlts feeqoack of label fvom tha numoer l -and .
- 2 carvon atams of the pentose phosphatea no the number 1 and 2 caroon atoms 1.'ﬂ 'B"a giq

of hexose phosphate (Bassnam and'Calvin, 1957). Under certain phy51ologlcal conditionS'

-~

this feedback is suffic »ltly great to result in greater labeling of carben atoms
1 and. 2 of hexoso than the corresponding carbon atoms 5 and 6. This_effect_‘_;L,'ilfiqg,
gwas elso notec by handler and Gibbs (1956). ' o o
| ‘2, ot01chiometry of the cycle
Under condltions of sLeaoy pbotosyntnebls, tne concentratlons of tnerfl .ie
'iintermedlatee ol.the carbon reduction cycle remein coostant .ouppose that n
moleculesvof 602 entee the cycle by the arboyyldclon reectione A”hen n atoms.ﬁuﬁt_ ‘-;
_ofcaﬁvlnmmpmewojnm>mvmnccmmmmm;aeta@nfmmtmecwﬂeby |
- secondary reactiono° lnese reactions utilize cycle intermediates as a starting
.'pOlnt for. the synthesis of various ena products. . __»‘ !
For example, the hexose pﬂOSphdtGS nay be converted to sucrose oli;osaccharides,'
- and polysaccharldes such as starch.and cellulose. Anotner example is the converslon
Of 3~pﬁosphoglyceric acid to phospacenoloJruvic acid and pyruvic acid and thence to H
alanine, an. amino acid.z.-i' | | R
Consider one complete Tevolutlon of the. carbon cycle, - shown ln rig..é., Eech
reaction occurs at least once. Three molecules of pentose diphOSphate (15 carbon atomo)
react with 3 molecules of carbon’ dioxice giving 6 molecules of PGA or ‘18 carbon
‘ atoms in all. Of the 18 carbon'atons, 15 are requlred to regenerate the 3 .
_ ncleculeo of pentose phosphate while 3 are used in the’ fonnation of various o
- end oroducts. uesides 3 molecules of carbon aioxide, a' complete cycle TR .
59 nolecules of ATP and 6 molccules of NADPu' (a electrons per nolecule).

3



mese requiremnts a.rc for the cyclc as written 1n Fig. Ol It has been

t(;;be a. reductive carboxylation (w1lson and Ca.lvln 1955)4 : Broken 1solated ‘
chlomphasts and cell I‘ree systems perform only the non-mductlve carbcxylaticn
of ribulose diphospha.te. It 1s:a hypothcais at pnesent unproved that ‘ln

. Yivo vivo enzyme systema capable of’ uslng electrons mom directly f.'rom the ngm-,
I reactions could catalyze reductivc carboxylation [Eq. (23)]. Such a system

might be dlsmpted when the chloroplasts are removed from thc cells. ' In a cycle
with a reductive carbo:wlation, the cofactor requlremeats migat be dit‘ferent. '

For each conqalete cycle (3 molaculea of- 0, taken up) 3 of the ATP molecules would
not be needed 1f 3.of the NADPH molecules could be replaced by molecules of reduced y
?'?1‘f_:femdox1n, . The total roquiremcnt would then be 6 ATP, 3 NADPﬂj, and 6
‘;-f‘mduced ferredoxin molecules , Per 3 002 moleculec taken up.

3¢ Quantitative mportance of cycle
PGA and the suga.r phosphates clea.rly account for most of the ll‘C.' found

_“:ln 1ndlvidna1 compounds followlng a few seconds of photocynthesis with

. 002.' Nonetheless, onc might ask whether or not other 1nportant patmays
“of' CO, reduction not mvulvlng ‘these ccmpounda have been overlco@d. For
example. there might be a pathway from w2 to suorose which docs not m-' |

clude the lntemediata ccmoounds of the ca.rbon reduction cycle. _A It Bo, thia“'
| path would have tc 1nclude substa.nces which are so small in concentration a.s
‘not to'ba seen, or which are 8o umtable as not to be isolated by the mcthoda ,
_ot‘paperchzmatcmphy..-' P S S
| ' These posclbllities m testcd by Baasham and Kirk (1960), who reflned

> the stean-state photosyntncsla studlcs to. pemit direct compariscn ot' the
'f"f'extemauy msasured rates of ”‘c and 12002 uptake with the rates of appear—
ance-of Ui 3n lndividu.al ccmpomds They demonstrated that in Chlorella

o e
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the rate of lab“ iing of sacrose (the DOSE ranidly labeled carouhvdrase)
1s only a few pcrce“t of the tou? rate of luc uptake In fac ‘9 its rate
of labeliﬂ5 is no greauer tha* that of sone othcr secondar~ products such
es. alanine. ‘The sucrose labeling rate is insignificant during the first
few seconds., These experimcntal results rule out thu possibility of

l

significant sucrose formaticn via a_sequence of unknown in»crmediate
compounds; all.occufring at ver& small concentrations.

It was also fousd ‘that iabéling of PGA and the sugar ‘phosphates:
laceounts}i lea ¢ 70% of the externally reasured 3LL‘C uptake between
; 10 and Molseconds-after theeintfoduction of laCOZ. The pool size of unstable
inte ‘3diates,preeeding thes | uaole compounds was not more than the equivalenu of ‘

5 seconds of photosynthesis° It is likely that .ven thlu small pool is

* nothing more than in‘cr’acellularfco2 and enzymewooundpfggi:>;x*?abﬁFT“g~wi NEE
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@~;.<:;It is clear that even if pools of une.
stable intermediz e combddnds do exist, ftney must be faf foo small‘td be -
- involived in an uaknown patﬁ to earbohvdrates.' ThiS‘conclusiondfollows fran:i'
-:the act that such carbohydrates WOJl - become labeled mich more rapidly than
the experiments phOW if they wege-fonned frcm C via‘compounds 6£ such f
small pool Sizes.. | o | |

VI. Secondary carbon reduction pathways }

A Carboxylic acids - . o
From the earliest studies of photosynthe31s with luCO2 by Calvin and

Benson (19&8 1949), it was clear that many substances besides PGA and

sugar phosphates were.quicklyilabeled with l“c. Among; the more important

' : ¢ 4 s L s
early products were carboxylic acids, such as malic acid, succinic acid,

and glycolic acid."Also labeled at very short times were‘certain'aminoa
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acids, such as alanine, aspartic acid, serine, and glycine (Stepka,
gg;g&,, 1948), The rate of labeling'of such compounds duriné the first
few seconds of photosynthesis with quOQ is often greater than the |
labeling rate of carbohydrates éuch as sucrose. Such findings suggested
that these non-charbohydraﬁe éecondary compounds are formed directly  _
fron intermediates of the carbon reguction cycle rather than from .
unphosphorylated carbohydrates.‘

By anélogg‘with imcwn respifatory reaction;, malié acid mignht be
- formed by redactive carboxylation of phospboeholpyfuvic acid (PEPA) )

(see FPig. 6) according to Eq.(24).

o
i _ ,
#CO
: !
| ﬁ“z ) R 2 )
- (24) COPOBH +ﬁ*002 + NADPH =~ H' + H?CH + HOPO3H + NADP
b ) ' :
:78:) { : *Co" .-
i : B!
0 A R 0

Citric acid is rapidly labeled by plants photosynthesizing in the

presence of 14

COrs Presumably it 1s formed by the condensation of acetyl
coenzyre A with oxaloacetic acid. The oxaloacetic acid might be formed '
by the direct éarboxylation of PEPA from the carbon reduction cyéle

(Fa. @9)1. -
" CH 00

2 D 2
| il ©
- (25) H,0 + %OPO3H" + €O, —=3 %ﬁg + 'HOPO3H“ + g
€O, o 3:0
0%

The possible source of acetyl coenzyme A in photosynﬁhes}s is discussed |

in the next section.
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une of the most int erestinr and yet lncomoletelj unde stood
'_aspects o¢ photosynuhetic carbon reduction ls the synthosis of glycol:c N

vacid.: The formation of glycolic 801d duriny photosynthe31s is favored

'T’by low .CO, preosures (0.1%) slightly greater than those to which plants - i"vf:f;t;':‘$f

are exposed under natural env;ronmenu;(Pritchard et al., 1961)

- High concentrations of O also increase glycolic acid formation (Basshum

“and Kirk, l962) . It appears that glycolic acid is formed from carbon '.v;h |

' .atom° 1 and 2 of the sugar phosohatos of the caroov reduction cycle._:
. It may be formed by oxioation of glycolaldehyde—thiamine pyrophosphate b
:(Ca vin and Bassham, 1962) (“ee Fig. 6).
| B. atty acids and fats v _

If a rapidly growing ohotosyntheticcell °qch as an alga cell is
luCO2 for 1 to-2-minutes_and then killed, as much as 30%
~of the radioactive compounds formed behave as lipid-like substances
when partltioned between aqueous and oryanlc solvents. A oonsiderable‘
portion of the cnloroplast structure consists of 1lipid materials, and
rapid lipld synthesis is rbqulreo for chloroplast-gpowth and divislon. :

The starting point for synthesls of fatty acids and other 11p01d
vsubstances such as Carotenoids and terpenes is acetyl coenzyme A.
':’very iittle labeled acetic ac;d can be isolated from the photo—
synthesizing cell It is presuned that the concentratlon of aCetyl )
‘ ;coenzyme A'is very small and that the small pool turns over very raoidly. |
A plausible pathway to acetyl coenzyme A from the carbon cycle would

:be via a phos Dhoroclastic splitting of the thiamlne-oyrophosphate s
"‘glycolaldehyde compound formea by the transketolase reaction.. Such e o
-Split [Eq (26)] could be medlated by an enzyﬂe similar in part to
phosphokeuolase (Heath, et al., 1938)
GHL,oH .- . - §i3

(26) (TP” C CHOH + HOPOH™ ' —=> |TPP JCH + GOPOZH™ + Hy0
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The resulting acetyl phosphate could undergo a transacylation reaction
with coenzyme A to give inorganic phosphate'and acetyl coenzyme A.

Once acetyl coenzyme A has been formed, subsequent reactions leading
to fatty acid systhosis are: probably similar to those which occur in | |
other biosynthetic systems (Calvin and Bassham, 1962). In the chloroplast
these reactions may‘bolphotosynthetic reacticns in that they employ ATP
and reduced pyridine,nucleotide cofactors formed by the photochemical
reactions of photésynthesis., |

- The fatty acids thus photosynthesized are then esterified with

‘glycerol or glycerol phosphate formed directly from triose phosphate

of the carbon reduction cycle [Eq. (27)]. Calactolipds (Benson, et al.,

3
(7)o + NADPH  ~—-3»  HCOH + Nappt
- | A | |
H,OH ‘ . HyCOH

?IizOPO3H— o . l(lZEEZOPO H

1958)‘ﬁay be_formed’by reactions of these compounds with UDPGalactose
(Neufeld and Hall, 1964). . UDPGélaotoso in turn is formed photosyn-
fhetically in the chloroplast from UDPG (see VII C) by UDPGalactose epimerase,

C. Carbohydrates |

Buchanan (1953).repor€ed tﬁat suorose is photosynthesized from
fructose56—phosphate of- the carbon feduction cycle. One molecule- of
fructose-6-phosphate is converted to glucosé-6-phosphate, which reacts
with uri@ine triphosphéte (UTP) to fonnluridineldiphosphoglucose (gD?G).

14

UDPG is always labeled with Ciduring short periods'of photosynthesis

with l1‘002. The UTP Was;presumedoto be formed from uridine diphosphate'//
and pnotosynthetically produced ATP., UDPG then reacts with fructose
monophosphate to produce sucrose'phos hate and eventually sucrose.

UDPG is very'likely involved in the synthesis of other oligosaccharides and

polysaccharides., As'mentionéd earlier, the synthesis of sucrose can account for



o ' : nearly all of the uptaloe of carbon dioxide during photosynthesis in the

mature leaves or certain green plants. On the other he.nd a rapidly

growing and dividing unicellular algae ). such. as Chlorella pyrenoidosa may utilize :

5% or less of the photosynthetic CO, tmtake for the synthesis of sucrose.

g Do Amino acids and proteins o : o | m
11

‘,,‘.-. .

The earliest separations of the products of photosynthesis of CO2
by two-dimensional paper chromatography revealed certain amino acids to -

- be rapidly labeled products of 1“002 reduction (Stepka, et al., 1948). .

M'Ost‘ important among these are alanine, aspartic aeid, serine‘,.'glutamic R
Lo acid, and slycinel.. Using quantitative steadY‘sts.te tracer'studies, i
Smith, et al, (1961) were able to show that Chlorella pyrenoidosa incor.. S
porate as mich as 30% of the J“'coa taken:-up: photosynthetically directly
L into these amino acids, The rate of incorporation of ]‘.L'COZ into alanine:;}:'?."-

e by Chlorella pyrenoidosa may exceed the rate of 1abeling of sucrose. o
N A study of the kinetics of the labeling of alanine show that its .

‘rate of 1abeling reaches & maximm as soon as the intemediates of the
;;.:vcarbon reduction cycle are "saturated” with 1140. | Sinoe no secondary

products of carbon photosynthesis such as sucrose are approaching

_ “’_"‘;‘-_vri'saturation at this time (3-5 min), it appears that alanine 1s: i‘omed
directly from intemediates of the cycle. Presumably, alanine is fonned
v' from PGA by the transamination of pymvic acid derived from phosphoenolpyruvic
"_‘l-acid which in turn is derived. rran PCA [Eq. (28)]. -
| | gy -
TR o o - |7 glutamic aoid 3 -
[ (;2.8')" POR —>- —> PEPA-=—> - <‘>=.o, T mmu2 + w ketoslutaric’*acid
0y The photosynthetic formation of glycine appears to depend upon the E
prior formation of glycolio acid. Presumbly. glycolio acid 1s oxidized :

'vto glyoxylic a.oid, which 13 then transa.minated to give glycine. Co
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Other amino acids such as serine and aspartic acid are presumably

phoﬁosynthesized from intermediate keto acids derived from the carbon

reduct*mn cycle., In eac& case, transamination by glutamic acid is

' orobably the major oynthetlc reaction.

- Glutamic acid is thus of primary 1ﬂporoance in ﬁhOtOSjntheS*S of o

M
G o T2
C=0 . - » H(i'2

_ ¢
so- S - C05

. labeled amino acids. It is probaply formea as in nOQ-ohﬂtosynthetlc

tiasueo by "edubuive am;nebion of « AeLOPluta ic acid [Eq (29) 1.

o o . |
(29) cng“wu NH; + NADPH, ——» (I, + HNADP + H,0

In the chléroplast>the reductive aninétion utilizes eléctrons formed by

the iight reacticng of nho»bsynthesio. The a Ketoglutarlc acid is

acid aconitic and via '

formed {rom citricf - bxalocuCCLnic acids v (the ur1carboxylic acld -

cycle, )

VII. Problems for the future -

As knowledge regarding the proceésfof photosynthesis has accumulated,

it has become'ever-more’appérent'that the total reaction of photosynthesis

is COmposéd of an intricate COmplex ofimany sub-reactions. Even in those parts of .

this complexlwhich have beén iliuminaﬁed by:meaningful expérimental résults,

the complex remain virtually unknoﬁn territony.

A there reﬂain substantial quest¢ons about prec1se mechanisms. Other areas of

Least known of all are the reactions by which lightweﬁergy is used to

transfer electrons f"1"orn water molecu les to some accepto" from which they can

continue their journey along the photoelectron transportgchain which leads

ultimately to the reduction of other‘inorganic oxides.

Whny "is there a réquire--
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‘ potentidl of the mdngancse to the rl&ht evel for it to- acconolish its .

fone to consioer also other nncnaniems. bOP'GX&leG, the hypothetical
chelatea manganesa molecuie Just survestec miqht also b° a pigment mole-
_ cule caoacle of accegtin5 an exciton and«using its energy to undergo chargc

1'n separation. ‘If this kind of quantumn conversion could result in the transfer

'ing ¥n

" version act is called for, and ‘the nature of the chemical species serving o ':ifi

_—

iment for mancanese for phoLosynthetic 02 evolution° Might the several

. +4 R
-:oxidation states of manynnese (such ﬂs Mn ann zn ) be involved in I

- fsome kind o? oxidition ~'reduepion reection w1fb vater? -Prefcmably

manganese coulc be cnclated in some conplex, brin ing the redox

role. o

Tne sinmlesc assumpLion Lo maxe regarcing the quantun conversion

Si,act in Lhe oxidation of watcr lOuld be that Pipmcnc System 2 accomplishes :
. quantum COAVcPulon tne an“ way as lS postulacec for Pigment'Syctem 1: ‘
' by a one clectron trunsiei‘whicn requires most of the energy of the

- ey01ted Std e of the: pigment‘*oiecule, dowever, che pOSSibility tnat

© two eleCurons mignt be transferreo per quantvm (see Sec, IV C 3) leadsb;:,f

5

: of two, GILCbTOnS from Mn’z to an acceptor (such as plastooulnone) the result-»uf

+ mignt Lnen ox1d1ze water to 02. Clearly there. is a ceritical need

~,7k for more iniormation about the chcmistry of ‘the phOuochemical aoparatus for

‘»oxid121ng water.vv

“The mechanism.for quantum conversion by Pigment System 1 outlined in
Sec, IV, C, 2, seems well supported by experimentel‘evidence. HOWGVGP,

considerébly more knowledge about the actual physics.of the quantum'con~_'

as electron donors and acceptors is still. mostiy unknown. An even . more ;i.v.,l

basic question is whether the transfer of elec»rons fr01 water to ferre- '17‘

'doxin st involve exclusively two nhotochemical steps (Pigment Systems 1



and 2) or possibly could be mediated by an alternative single photo-
chemical act. | : | |

Information zbout the intermediatés in phbtoelégtroh transport and
=§photophoéphoryiation is now rapidly accurmlating, but the precise‘
-sequénce'of‘cofaétors involved in electron transport;.énd the mechanism.ﬂ
of coupling with phosphorylation remain to be elucidated, Agaip, the.“
possibility for aiternate pathways remins.

The advances in‘undersﬁanding of the structure of the photosynthetic
apparatus'are narticularly éncouraging:hand e méy look fofward'confidontly :
to é detailedvrglation oi’ biochemical function to morphoplgical entitles - |
in the near future. 'rhe fecenﬁ'piétures of quantasomes (Park and{Biggins; 1964) -
seem to reveal. sub-structure. Will these sub-units turn out to be Pignent Systems
-1 and 2, intérmediate electron transport pafticles, ete.? | |
As for the carbon reduction cycle, pfobébly,the most important un-

ansﬁered Questiohs have to do with the mechanisms of the carboxylation
reaction and 5ther steﬁs in the cycle, Although all of the biochemical '
evidence from isolated enzyme systemsisuggeéﬁs that thercarboxylation
reaction is a non-reductive carboxylation of ribulose diphosphateuleading
to the formation of one molecule of'PGA, kinetic evidence with whole cells
indicates the possibility of a reductive carboxylatioﬁ leéding to the
formation of one molecule of ?GA and one.mplecule of'trioée phosphate.
If this reduétive carboxylation does bccur, it may be that electrons are
somehow conveyed directly from the ;ight‘reaétion to the carbon reduction
cycle (Bassham,-1964), If there is sgch'a difference between the in vivo .
system and the ig_glggg_systems this difference may reside in some in-
tricate strucﬁural arrangement in tthliVing cell whichiis easily dis-

rupted.
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The finding of multifunctionai ENZYine systéms for biqsynthecic_
- pathways, such as fatty acid synthesié? sugzests that such organized
vsysteés may have im?or%ﬁnce elséwhéfe. \Whethef_they ekiét in photo-

synthesis and how they operate if they do exist 1s a very important -

)

question for the future. The answer will come from a combination of  ~+

tracer studies, investigation of the enzymes isoclated by a variety

~of sophisticated techniques, and the gathering of better and more

detailed inowledge of the structure of the chloroplast through the appli- - |

cation of elecuron microscopy and various techniques of chemical and.

‘physical analysis. . i SR

e

S ey



64~

LITERATURE CITED

" Books and Reviews

Bassham, J. A., and Calvin, M. (1957). "The Path of Carbon in Photo-

synthesis," Prentice-Hall, Inc., Englewood Cliffs, N. J.

Bassham, J. A. (1963). Advances in Enzymol. 25, 39.

Bassham, 3. A.t(léGM). Ann; Rev, of Plant:Physiol}, Annual Reviews,
Inc., P%lo'Alﬁo, California, Vol. 15, in press. |
Calvin, M., and Bassham, J. A. (1962). "The Photosyﬁthesis of Carbon
Compounds,” W. A. Benjamin, Inc., Neﬁ York, N. Y.
Raﬁinowitbh, R.:I. (1946). ”Phdtosynthesis and Related Processes,"
Vol. I, Intersclence Publishers, Inc., New York, N. f.
E fPhotosyntﬁet;c Mechanisms éf Green Plants,” Publication,llﬁ5 of National
Académw of Sciences, Nétional ReéeafcﬁlCouncil, Wash;ngton,\D; C.; 1963;,

"La Photosynthese," Collogues Internationaux du Centre National de la

Recherche Scientifique, No., 119, Paris, 1963.

¥

Criginal Research Articles

frnon, D. I,.(1951):  Fature 167, 1008,

e

- Armon, D, I., Alles, M. B., and Whatley, F. R. (1954). Nature 174, 394.

-



”':625  BT

: ASh;:Q;_Ko,'Zauggg‘wn o.,bgnd Vernon, Ln (1961) Acta Chem. Scand.
. 2__2, l629° ‘.

xwelrod By e and Jang, R. (1954). J, Biol. Chem, 209,:847. = = 5o

" Basshan, James A., Benson, Andrew A., and Calvin, Melvin (1950). .

—J:.._. 1_‘1.010 134 .{3‘”}. 185, 78lv

1

Passham, J. A.', Benson, A. A., Xay, Lorel D., Harris, Amme Z., Wilson, A. T., .

and Ca lv1n, M. (1954).. J. Am. Chem. Soc. lg;ﬂl760, 

" Bassham, J. A., and Kirk, M. (196 ). . Bioshif. et Biophys. Acta 43, 47.

Bassham, J. A., and Kirk, i (i)o2) Biochen. Biophys. Res. Comu. 9, 376.

Beinert, H., and Xok, Bessel (l,u3) In "Photosynthetic Mechanismns of
Green Plants,” p. 131, Publication 1145 of National’Académy of Sciences,

...~ National Research Council, Washington, P. C. ’ '
Benson’ AQ ‘o (1051) ' ‘\YIIQ‘ uho’p SOC- ':7_3', 2971.

o Ben;o i Ao Al (1%1)° Iﬂ ”\ympoglun on u¢¢nL and uife” (w.: . nC 1lroy

P . e

*

- ‘and Bentley Glass, eds.), Johns Hopkins Préss, Baltimore, p. 392.

_Berson, A. A,, Basshem, J. 4., Calvin, M., Goodale, T. C., Haas, V. A.,

~ and Stepka, W. (1950).. J. Am. Chem. Soc. 72, 1710. -.

-Benson, A. A.; Bassham, J. A., Calvin, M., Hall, A, §.» Hirseh, H. B.," L
KaWaguChip Sos LynCh,'T‘-ro, and %lberti N, B, (]952>' &%m . -

186, 703.




63~

Benson, A. A.,éWiSer, R., Ferrarl, R. A.,<andzmiller, Je A. (1958).

J. Am. Chem. Soc. 80, 4740,

_Congfesss Oxford, England.

Blinks, L. R. (1959). Flant Physiol. 34, 200.

Blinks, L. R. (1960).- Science 131, 1316.

ret—

Brody, S. S. (1958).  Science 128, 838.

Buchanan, J. G. (1953). Arch. Biochem. Biophys. 44, 140.
Buchanan, J. G., Bassham, J. A., Benscn, A. A., Bradley, D. F., Calvin,

Daus, L. L., Goodman, M., Hayes, P. M., Lynch, V. H., Norris, L. T.,

&

and Wilson, A. T. (1952). In "Phosphorus Metabolism" (William D,

Mclklroy and Bentley Glass, eds.), Vol. II, pp. 440-459, The Johns

- Hopkins Press, Baltimore, M4,

(1961).

. Butler, W. L./ Arch. Biochem. Biophys. 93, 413.

(1963).

Calvin, M., and Androes, G. M./ in"!'la Photosynthesey" Colloques Inter-

nationaux du Centre National de la Recherche Scientifique, Ho. 119,

-

De 21e

Calvin, M., and Benson, A. A. (1948)., Science 107, 476..

i

Calvin, M., and Benson, A. A. (1949). Science 109, 1h0.

o Pr————— S ——

‘Biggins, J., and Sauer, K. (1%64). Proc. u4th International Photobiology

r\i L] ’



7 < s

Calvin, M., Bassham, J. A., Benson, A. A., Lynch, V. I., Ouellet, Cos

© Schou, Lo, Stepka, W., and Tolvert N. E. (1951). Symp. Soc. Exper.

- Biol. Mo, V, p. 284, .
Calvin, M., and Massini, P. . (1952). FExperientla 8, 445,

Calvin, ¥. (1938),

34

n "The%?hotochemical-Appar:tus, Its Structure and’
- Function!”(R. C. Fuller, ed.), p. 160. Brookhaven National Laboratory,

[
LAl

Upton, Mo Y. -
Calvin, M. (1962). Science 135, 879.

/  Chance, B., and Bonner, W. D.,-Jr. (1963). In "Photosynthetic Mechanisms

«

of Green Plants," p. 66, Publication 1145 of National Academy of Sciénces, "
National Research Council, Washington, D. C. | |

“layton, R. . (1562).  Photochem. and Photobiol. 1, 305.

k3

Comnoner, B. (1961). In "Symposium on Light and Life™ (W. D. TcElroy

and Bentley Glass, eds.), p. 3506, Johns Hopkins Press, Baltimore,

Maryland.

LN

Crane, F. L., Ehrlich, B., and Kegel, L. P. (1660). Biochem. Biophys.
Res. Comm. 3, 37.

q Cod nr oy . 2y '-: l . 3 . : .
v//3 Duysens, L. M. ¥ (1903). In "Photosynthetic Mechanisms of Green

Plants," p. 1l.- Publication 1145 of National Academy of Sciences,

National Research Couneil, Washington, D. C.

oy




9

-65-

Emerson, R., Chalieis, R., Cederstrand, C., and Brody, M. (1956). Science

123, 673.

Lmerson; R., Chalmers, R., and Cederstrand, C. (1957). Prcc. Hat. Acad.

Al N i o]
OCLey Uende HS, 1ljg
Prasdun i et )

N

Fewson, C. A., Al-Hafidh, M., and Gibbs, M. (1962). Plant Physicl. QZ}/MOZ.

Freniel, A. W. (1954). J, Am. Chem. Soc. 76 (5568).

" Gaffron, H. (1042). J. Gen.Fysiol. 26, 195.

Heath, E. C., Hurwitz, J., Horecker, B. L., and Ginsburg, A. (1952).

T

Hill, R., and Scarishrick, R. (1910). Proz. Roy. Soc. {London) D129, 238.

Hiller, R. G. (1964). Phytochem., in press.

Hoch, G., and Martin, I. (1963). Arch.v Biochem.‘Biophyé; 102,'&30.

Horecker, B. L., Smyrniotis, P. Z., and Klenow, H. (1953). J. Biol.
Chem. 205, 661.

Hurwitz, J., Welssbach, A., Horecker,.é. L.,:énd Smyrniotis, P. Z.

(1956). J. Piol. Chem. 218, 769.

Kandler, O., and Gibbs, M. (1956). Plant Physiol. 31, 41l.




) ~
~66-
, ' ‘Kegel, L. P., Henninger, M. D., and Crane, . L. (1962).“IBiochem.
g : ~ ; I FER ’ . . ' : S B
. Biophvs. Res. Comm. §,¢29ﬁ;*f;; R R _j'f;u ”" ;u-' "

’Kgsslef,;z,:(1957); Planta u3;,.;ff

1963).  In "Photosynthétic'Mo hanisms of. 33._ %a_{;

'rPubl¢catlon 1149 of" National Acudaqy'cf-8c1ences, “ational Resedrch Councils7'_;
, ' Washington, D. C. -
. Kok, B, (l960)g In "uﬁCJclOpQJlu of Dl ant ka51olo;y," No,,l; (A ?ualand :

= .
- _} Ja
“ed.), p. 556 Springer-Verlag, Berlin. .
: iﬂl“SVHDOS“uW oy ulgbt anfq L ( I,
p. 397.  Johns Hopkins Press, Baltimore.
M. (1962). Proc. Nat. Acad. Sci, 48, Ul7.
- Loach, P. A., Androes, C. M., Meksim, A. F., and Calvin, M. (1962). -
- Photochem. and Photoblol. 2, h43,
Iosada, M., Whatley, F. R., and Arncn, D. I. (1961). Nature 190, 606,
Mayavdon, J., Benson, A., and Calvin, M.  (1957). Biochim. et Biophys.
Acta 23, 3h2. .
&
Meyers, Je, and'Frénch,;c. S. (1960). . J. Gen. Physiol. 43, 723.
Neufeld R. ses and ! 1311 C. W, (1964). %lochnm. Biophys. Res. Comm,
; ) T ) .
; Li, 503, 5 :
: o ; i
i i
i g -
. N [y ,""J: a “ 1 N AN‘, ‘: .‘,“ 1 7




- 6’7. -

Olson, R. A., Butler, W. L., and Jennings, ¥. H. (1961)." Blochim. et

Biophys. Acta 54, 615 (1961).

Park, R. B. (1963). In "La Photogynthese,” Colloques Internmationaux’

du Cenvre {lational de la Recherche Seclentifique, No. 119, p. 357.

Park, R. B., and Pon, N. G. (1861). J. Mol. Biol. 3, 1.

Park, R. B., and Biggins, J. {1964). Science 144, 1009.

Peterkofsky, A., and Racker, B. (1961). 2lant Phvsiol. 36, #09.

Pritchard, G. G., Whittingham, C. P., and Griffin, W. J. (1961).

<

ueayle, J. R., Fuller, R. C., Benson, A. A., and Calvin, M. (1954).

v

Js fme Chem. Soc. 78, 3610,
Racker, E., de la laba, G., and Leder, I. G. (1%853). J. Am. Chem. Soc.

Richter, 4. (1959). Naturwlssenschaften U1, 604,

. e

Ris, H., and singh, Re M. (1961). J. Biophys. Biochem. Cytol. 9, 63.

Ruben, 3., Hassid, W. Z., and Kamen, M. D. (1940). J. Am. Chem. Soc,

Ruben, S. Randall, M., Xamen, M., D., and Hyvde, J. L. (1941). J. Am.

s

Chem. Soc. 63, 877.



- . : -68-
4( » ' R . |

H

Ruby, R. H., Kuntz, I, D., Jr., and Calvin, M, (1964).  Sxtrait du

Volume Cingquantenaire de la Societe de la Chimie_Biongique,'Paris;

Do T5.

Rumberg, B., Schumidt-iende, P., ¥

jeikard, J., and Witt, H. T. (1963),
In "Photosynthetic Mechanisms of Green Plants," p. 18.

/ Sauer, X., and Calvin, M, (1962). J. Mol. Biol. #, 451,
Smith,

; f D. C., Bassham, J, A.3'and Kirk, M. (1961). Biochim. et Blophys.
{-- 4 | _ o .
‘} Acta“ﬂg,-299.

.

—X

Srere, P. A., Cooper, J. R., Klybas, V., and Racker, E. (1955). Arch.

j Blochein. Biophys. 59
[

[
|
N

> 535, o '

Steinmany, E.,nand Sjostrand, F. S. (1955). Exp. Cell Research 8, 15.

"VT’”a.

Stepka, W., Benson, A. A.,'éndbCélvin, M. (1948). Science 108, 304,

wa; K., and Arnon, D, I. (1962). MNature 195, 537.
~ Tolbert, N. L.

&

(1958). Brookhaven Symposia in Biol. 11, 271

! ’ _ 4 o
i Tolmach, L. J. (1951). Nature 167, 946.
o | S T
\
i
!

- Trebst; A. V., Tsujimoto, H. Y., and Arnon, D. T. (1958){' Nature 182,
R - | i
\ 351. . :

\\San Pietro, A., and Lang, H. M. (1958). -J. Biol, Chem. 231, 211,



Turner, J. F., Black, C. C., and Gibbs, M. (1962). J. Biol., Chom,

. 237, 57

Van Niel, C. B. (1931). Arch. Jikrobiol. 3, 1.

an Niel, .C.. B. (1935). ' Cold Spring Harbor Symposia Quz’mt.v Eiol 3,
138

Vishniac, ¥., and Ochoa, S. (1951). _T_}‘_:_i_t_p_r_'_e_ﬁ, 768.

Weissbach, A., Horecier, B‘.'.‘L., and Euumit'z, J. (1956). J. Biol. Chem. |
218, 795.

Whatley, F. R., Allen, M. 'B;;_, and Arnon, D. I. (1959). 'Biochim. et

Biophys. Acta 32, 32.

Williams, R. C. (1953). Ixp. Cell Research 4, 188,

Wilson, A. T., and Calvin, M., (1955). J. Am. Chem, Soc. 77, 5948.




- Fig. 1.

1'PerﬁiSoiOﬂ to pablish this photograoh was kindly granted by Pro—

- fessor Roderic B. Park.

_ - -70-
Electron ¥Micrograpn of Spiﬂach Lamcllae with QuantaSPmpﬂo

Ludelxag were preparea f“on Drokpn Spinach chlorovlaﬁto accordﬁng

" to the method of Park and Pon (1961) Aftﬁr ¢1r-drying of the
B lamellae on a screen, tle prepdratlon was chroniJmashadoued and
}'its'image in the_electron.microscope was.photographed. -‘The "smooth"
Liay?r may benpredsminéntly lipid materiél on. oné surface of . the“tooaﬁ7i}:

: lamellar membrane. ume re the top menbrane has been torn away , thc

"inner" ~1ap of the next, opﬁosing membrane, consisting. of an al— :
most crystalline array of quantasomal particles, is revealed., By
close inspection of individual quantasomes, one can see what

appears to be suo—sUructure.
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Electron iticrogy anh of Part of a Section Throuéh a Sninacn Chloro— :

plast, Showing Portion of Chloroplast Membrene and Lamellae in

- Cross Section.

t

Spinach chloroplasts were stained with permaganate, embgddéd, and

sectioned, The image ‘from the electron microscope has been photo-
graphed and photographically enlarged to the same approximate

scale aS‘the electron micrograph shown in Fiz._la. The dark stainu

ing layers afe presumed,to be the lipid layeré or-possibly the lipid-
~ quantasomal interfaces. The light areas within the lamellar enve-. - :

lope may correspend to the array of quantasomal particles. The .~ .~

closely stacked lamellae are iﬁ the gran~~ the more widely separated o

lamellae séen‘in the . stroma actual ly: extend fvon one grana stack

to another.. Near the top left cormer of the pic»ure'is seen the

It e s b



Fig. 3.

Fig.bu.

Abbreviations: P, PO3H“; UDPG, wuridine diphosphoglucose;

-74-
chloroplast membrane, ccnsisting of two unit membranes.
Permission to publish thls photograph was kindly granted by

Professor Rederic B, Park.

Scheme of Photoelectron Transport in Photosynthesis.

The path of photoelectron flow associated with 'non-cyclic photo-

~ phosphorylation” through the two postulated light reactions mediated

by Pigment Systems 1 and 2 is indicated by the heavy lines. Redox
potentials of electron—carrying cofactors along this path is Indi-
cated by scale on the left. Further explanation in text.

Radiocautogram of Products of 60 seconds' Photosynthesis with lu002.

Radloautograph of two-dimensional paper chromatogram of products

formed by Chiorella pyrenoidosa during 60 secends of photosynthesis
with Yoo,

PCA, 3-phosphoglyceric acidg; PEPA,‘ phosphoenolpyruvic acid;

Sugar diphosphate includes ribulose-l,5—diphosphate, sedqheptulose—
1,7-diphosphate,‘and fructose-~1,6-diphosphate,

Radioautograpnh of Two~dimensional Paper Chromatogram of Products

Formed by Chlorella Pyrenoidosa Dﬁring 2 seconds of Photosynthesis

With 1“c02.

Abbreviations: Same as for Fig,q .

The Carbon'ReductiQn Cycle of Photosynthesis. °

Solid arrows indicate réactions of the carbon reduction cycle as



[POPPEED V.
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fommlated bj Calvin and CO—wOI‘keI’oc Dashed lme repreoents

: -”'hypotnctical reductive carooxylat.ton reaction discussed in text:

Open a.rrows indicate start of some of tre biosynthetic paths lead-

- ing f‘fom intemcdiate“comounds of th@ cycle. As’cerisks indicate

| approximate relatlvc deg gree of labeling a.f‘ter a few secondo of‘ |

-,;.‘_» e photo:;ynthcsio. They reflect the results of ¢ de,braua’cion studies "~

by var'ious workers, as discussed in the text.

&



T8 UCRL-14487

ZN-4304



b N

e,

R o S A,
. o

PN i

etz

= Tdw

e
Y

.

UCRL-11487

ZN-4305



[

-75- UCRL-11487

Redox potential (V ')
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. A

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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