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PHOTOSYNTHESIS 

By J. A. Bassham 

Lawrence Radiation Laboratory, University of California, Berkeley, Calif.* 

ABSTRACT 
~ 

The general properties lof photosynthesis are discussed. The 

possible evolutionary histo~y of photosynthesis in green plants is 

described. 'The current status of our knowledge about the photo-

electron transport syste.m and the primary quantum conversion acts 

in photosynthesis are briefly reviewed. The historical development 

and present status of the carbon reduction pathways of photosynthesis 

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

then mentioned. 

....__~~·----·---

-
~·:This work .was sponsored, in part, by the U. S. Atomic Energy Commission • 

To be published as, a chapter in Volume 3 of "Survey of Progress in 
\ 

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

(Survey of Progress in Chemistry)· 

. J. A. Bassham 

Lawrence. Radiation Laboratory, University of California 

Berkeley t California 

r. Introduction 

A. General properties of photosynthesis 

Photosynthesis is the absorption of lir-)lt energy and its conversion 
,' •.{ 

to chemical energy through the synthesis of nm<~ organic molecules. The · ~- · · ·· 

product molecules collectively have a smaller (le~s negative) free energy 

of fonnation from the elements . than do the reactant molecules. This 

difference in negative free energies of formation is the.energy stored 

by photosynthesis. 

All living cells are characterized at the molecular level by a con

tinuous expenditure of chemical energy o The energy is . made available bY, 

respiration and fermentation. These processes degrade compounds of higher 

energy content, such as the products of photosynthesis, to compounds of 

lower energy content, such as the reactants in photosynthesis. Virtually 

all substances used for energy release by living cells are derived ulti~ 
. . 

mately fran photosynthesis. 

One of the most elementary kinds of photosy,nthesis ~s the conversion 

of acetate to larger organic molecules ·. by I. light energy in certain types 

of bacteriao The fa:r m:.>re corrmon type of photosynthesis .. that·, occurs in 

green plaz:ts ,. is also far more complex. Green plants use their absorbed 

light energy to bring about an oxidation-reduction reaction between water 

and other inorganic oxides. The energy from the light is used to take 
.. 
! 

~ ··'. 

/ 

f_·. 
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electrons from water, ultirmtely releasing gaseous ozygen., .· Some of the 

electrons are transferred to carbon dioxide, reducing and converting :it 
·., 

to organic compounds such as sugars &"ld fats. Other electrons are·. 

transferred to nitrate; reducing it to arrmonia and ·water. However, plants 

can use nitrogen ~upplied in the fonn ·of am:nonium ion. Sulfate also is 

reduced~ Reduced carbon, nitrogen a."ld sulfur may be further converted . by · · 

photosynthesis to amino aci_ds and proteins. 

B. ·Photosinthetic evolution 

The complexity of photosynthesis in green plants is a result of evo

lution. The response of living cell~ to a changing environment has been 

the gradual addition of many simple steps to \<That \llaB probably an uncompli

cated process 1n the beginning. Let us consider a theOl"".f of photosynthetic 

evolution. Such a theory, even though at present incomplete and possibly 

inaccurate .in its details)· can fonn a useful. prologue to a discussion of 

the mechanism of photosynthesis. Hopefully, our understanding of the 

intricate mechanism \'lhich evolved can be aided by even an imperfect reca-

pitulation of its development •. 

It is one currently popul.ar concept· that the primitive pre biotic earth 

contained in its atmosphere high levels of. reduced gases such as a.11nonia and 

methane, as well as \'tater vapor. It is very probable that there was little 

or no gaseous oxygen. 

Under solar irradiation and perhaps with other energy sources, these 

. gases and water combined to make si."Tlple organic molecules. Since 02 was absent 
' . . .. 

. cl . ! 
I 

. l 
I 

from the atmosphere, Juch ·more ~traviolet (U. v.) radiation reached the earth · \/ 
·-:- .~. . ' 

t~an at the present tjjne. Tne greater energy of U .. V. radiation made possible · .. 

many more photochemical reactions than are mediated by visible light~ 
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Polymerization of these~ simple molecules, partly· by pho~ochemical 

reactions, resulted in the formation of macromolecules from which the 

first primitive.cells evolved. These cells, developing in ponds or seas, 

~rere protected from the damaging effects of u.v~ by the water in their 

environment. Presumably, these prL'Tiitive cells used as an energy 
l 

source the available complex prganic substances, degrading them into 
; 

simpler organic materials by !fermentative processes. 

We may suppose that the primitive environment included molecules of 

piegnents which can be fonned thennally or photochemically fran s:L.'11pler 
~ 

molecules. 'l'hus, such co11pounds as acetate and glycine could in tirre be 

converted non-biologically to ·tetrapyroles and ultimately to porphyrins. 

Eventually, chelation of a magpesiun at?TI \'lOUld produce chlorophyll. 

Once such pi~ent molecules were incorporated in primitive cells, 

they beca11e radiation ~tennae \'lith v1hich the cells· could capture electro

magnetic energy in the visible region. The first mutant. cell to make use 

of this captured enen:r_,y probably performed some s:L.'11ple photosensitized 

oxidation-reduction ~action. Such reactions can be performed today by 

chemists, using solutions of cb.l.::rophyll and suitable·electron donors 

and acceptors. 

As the supply of·energy.,;:.rich substrates diminished, the primitive 

photosynthetic cells no doubt developed photocr..emical reactions for storing 

more of the absorbed energy. A primeval ancestor of the acetate-utilizing 

photosynthetic bacteria may have evolved. Indeed, the· central position in · 

· · rretabolism occupied by acetate may well speak for the :iinportance and abun

dance of acetate in primitive metabolic evolution. 

We may suppose that the photosynthetic orga?'lisms \,learned to recanbine · 

products of the photochemical oxidation-reduction reaction in a useful 'flay. 

····.' 
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The energy: released by this recornbination was. used to bring about the'' ; 
,. ' .. 

fo~tlon of-the biological acid anhydrides, such as adenosine triphosphate 
. ·. ' ,· . 

(ATP) _; fran inorganic phosphate, a.r1d organic -phosphates such as adenosirie · 
. , . ' 

diphosphate (ADP)~ 
.. ... 

The carboxyl groups of organic acids such as acetate could then be.-· 

activated by reaction with ATP~ The resulting acetyl phosphate is much 

more reactive towards such reactions as carboxylations and. condensations.· 

Because of its low molecular Vv-eight, hydrogen gas ~m.s continuously ' 
' 

escaping from the earth's gravitational 'field. As a consequence of this .. . . 

escape, the earth's atmosphere ;became gradually less reducing, and more · 

oxidizing. Increasing. a11otmts 1 of carbon dioxide appeared in the earth's . . ' . 
' •• 1 

atmosphere as a consequence o( the reactior1: 

(1) 

Even though the equilibriu~ co~stant at'25° in the presence of liquid-water 

for this reaction is about _lo-~3 ~ the continual removal of hydrogen gas 
. ; 

permitted the slow accumulation of carbon dioxide. 
. . l . 

• j . ·-
Carbon dioxide-provided a! source of_ carbon, but in its lotttest level 

i 

of chemical energy. . Chemical energy many have been less a limiting factor ' . ~ . . . 

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

For exa:nple ~ a :_ small· a-rioul1t of methane could. be used together with carbon 
. . . 

dioxide to provide both energy and twice as rr;uch carbon at the level of 

carbohydrate as contained in the methane alone: 

(2) ca
4 

+ CO--~) 2 ( CH 0) + H 0 · 
2 2 2 

At physiological pH, this reaction goes spontaneously i~ the direction 

written, releasing 25 Kcal/mole of chemical free energy. 

. I 

·>· .. 

...... 
- ., . 

/ '·' 

- . 
' I 
i 

" _·_IJ·.; ! 
' 1 

' ,· .. · 
., 
~ 

} ' .· ~ . 

! 
\ 
I 
; 

• ·>' ' 

.'.·· 
' .. ·-~· ''. 

. . . 'w' 
•• •·•• . •. ·~ ..r 
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Thus it .may have happened that conditions favored bacterial mutants 

which had developed carboxylation mechanisms, in \'lhich the products of 

. carboxylation ~re reduced by electrons obtained fran organic compounds •. 

. il/hen supplies of organic compounds became scarce; photosynthetic organisms 

developed that h'ere capable of using light energy as an energy source for 

transferring electrons from less energetic donors, such as H2s, to co- · 

factors with reduci.."lg po"VTer 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 tllis case, the equilibrium constant is . 

ver-:! unfavorable, but the reaction rate was greatly accelerated as a 

result of the photodissociation of water by the ultraviolet light fran 

the sun. Much of the oxygen produced must have reacted by non-biological 

processes with the various organic compow1ds present in the atmosphere, 

thereby conv~rting them. to carbon dioxide and water. Eventuci.J.ly, with the 
. 

continual escape of hydrogen, enough oxygen would have accumulated to per-

mit its participation in biological reactions. 

ll'he eventual appearance of oxygen in significant quantities in the 

atmosphere made possible the evolution of new types of organisms. . These 

are the aerobic organisms,which are capable of reacting oxygen with organic 

compounds. and utillziilg with high efficiency the large release of energy 

·· which accompanies this respiration. 
' • J to! 

Th~ stage was then set for the .appearance of the ITDst irq:>ortant type : . 

of energy conversion . present · in today' s biosphere. This is photosynthesis 

by green p~ants, in which light energy is used to obtain electrons for the 

reduction of carbon dioxide, by oxidizing water to. o2• :;::·,.:·"? ·hotosynthesis 

and respiration. t-rere mutually enhancing - each process prodUCes.· the sub- . 

',·-'I !'.(, 

.... ; .:-;-~: .:-.. ··~· 
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, strates for the other.- __ · Other types of metabolism, such as fennentation 
....... ~ '. 

·and bacterial photosynthesis, have been relegated to restricted locations; ;; ... _ ... 
. • .. 

where the "primitive" environment which they require still persists •. \·,: .··' ~:, .. · 
~ . ' ' . ' . . ~ ·'. •.,.r~ .. : ' • 

Such a theory of rretabolic and photosynthetic evolution goes far . ': . :. :_ ' . 
' • ' 1 • • ; • ' ' • • ~ 

.. , .,. 
': '-<.'"< ·::· '·: l 

towards explaining the similarities and differences~'::am.on.gst the various,_:· ·.- · > :·· 
·,. 

metabolic process~s as \'le knm<~. them today. : The path of carbon reduction · , 
~ . . . 

by heterotrophic organismS in the oxidation of carbohydrates~ Tr.e· apparatus 

for transporting electrons rran water to the point of reduction of carbon·,,, 

.... -_ 

' . . '. . • •, . . . . t' .• '• :. 
t .', •' • ' '. 

· : dioxide in photos~thesis is similar in m:my aspects to. the apparatus used 
. '• 

. . ,' . .· . .; \ . 

· · for the transport. of electrons from the oxidation of carbohydrate to oxygen · ·_ · 

. r 

c;,. HistoricCll. · . . ''. 

'- .. 

. •· . --

• > \- •• . :·.:-. 
' ' ( ' 

. I' 1 '. -~ ~ • ·." 

· .The first cii'scoveries concerning the na~ure of photosynthesis occlired 
' ~ ' 

. ~- ·. 

,. ' 

. .:.. 

· at. tne _time of the .beginnings_ of modem -chemistry. Ail interesting · acco'!rlt . 
~--J:~~ ·~· "• •• 

·of these e~ly lrlvest1gations has been ~ritten by Rabinowit'cl1;,;,,:-(;~94~);;-~-:·,., . :, ·. ; . 
. '~ ' 

... ·.' 

. .. ~· 

·""'·I 

" . .. . -~ 

-~- ·~·. ~ 

.-· ~ 

.. ,; .. -~ 

, 

,•·' 

Joseph Priestly fo_und in 1772 that aft~r, candles· had been allowed to bum 

out ·in a ciosed jar, the air could be nrestored" by placing· a_ sprig _of 

mint-~ the jar for several days. By 1780, Irigen Housz sh~wed that light 

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

1782 that "fi~ed,air" was transformed by photosynthesis into "pure air". 

The meaning of these early findint;s · became clear upon the_ discovery of . 
-.:.. ·. ( .. •: ·, 

' ·. ' ' :' ' -' ., . I ' ; .', . ', .'•, .... ' 

oxygen by Lavoisier in 1775, and follov;ing his finding that "fixed air" is.' > /: . .. 
' . . . . ....,. 

' . 
were replacing . carbon dioxide in the air \iith oxygen;. · ,. ... ··~ ~ . .. , I •; 

'Ihe role of water· in photosynthesis· \'ras establishe~ by de Saussure, 
..... _ -... 

· 1n 1808o A meticulous experimenter_, de Saussure measured the. increase ·in ' 
r. 

',. 
\i 

. " 
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dr'J weight of a plant growing fn a pot of earth, and also measured the 

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

evolved. He confi!'l')l8d the fact that all of the carbon made by the plant 

"o: into organic materials comes frorr. carbon dioxide. 1\!oreover, he showed 

.. 1,.;. 

.; ' 

that the increase in dry \veight of the plant was greater than the differ- · 

ence in weight be~ween the carbon dioxide taken up .. and the oxygen evolved. 

The weight of the soil in the pot did not cha.'1ge significantly. The only 

o~her source of weight increaze .v1as water; thus, tJ<rater is a reactant in 
-------

photosynthesis. 

The primary importance of photosynthesis as an energy converting 

reaction had to await the development of the concept of chemical energy. 

In 1845, Robert !"layer. recognized that the energy of sunlight was converted 

by photosynthesis to the_stored chemical potential of the products. Thus 

today, we ~Tite the equation for the photosynthesis of carbo~ydrates from 
. ·' 

\vater and carbon dioxide: 

(3) 

_ of .. 
We recognize the fact that the conversion of one mole eachA water and carbon 

dioxide to carbohydrate 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. 

II. Recognition of c9mponent reactions of photosynthesis 

A. Light ·and dark reactions 

The first clues to the mechanism of photosynthesis were found in kinetic · 

studies. By 1905, Blackman had discovered that even whep the rate of photo-

-synthesis could not be further increased by additional l~ght intensity or increase in 

'i 

}- . 
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. the level of :carbon dioxide~ an. acceleration of the ~~~e -~f photosynthesis· . / 

could be accomplished by raising the temper~ture •. "These results indicate "':: 
. . ' . . . : ,.. ... 

that photosynthesis includes non-photochemical processes whose rates a.r6 ·. 
. l . . . 

' 
thermally controlled. L~ living cells, such reactions.are typically cata-

lyzed by enzymes. 
. I 

The ne:xt couple of decades
1 

saw the advancement of many hypotheses a."'ld ·. 
' ( 

theories, frequently erroneous.! However, advances in the characterization· 
! ~ 

of the structure of chlorophyll, the most important photosynthetic pigment, 

_ v1ere made during. this p~riod. 

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

of photosynthesis can be placed a:t about 1930 •. Van Nieland others·made 

extensive studies of the_stoich,iometry of photosynthesis in various photo-: 
• • j 

synthetic bacteria. van· Niel, . (1931, 1935), found that in the green sulfur 

bacteria the photosynthetic equation could be represented by: 

. . 
. ( 4) . C0

2 
+ 2H2s--~)[CH20] + H

2
0 + 23 

From the: nature of this equation and others, Van Niel proposed that there 

. ' ~' 

is a common zrechanism for ·cc reduction ·amongst the various types of photO.:. .. · 
: 2 ' . . : ' . 

.. synthetic organisms~ The differences am~rig the_ organisms were attributed 

to their means or obtaining electrons for the· reduction ·or carbon dioxide~ 

Thus the general. formulation for· photosynthesis in. all organisms became.: 
,· . 

(5) . CO + 2H A + llgbt ---;;., [ CH
2
o] + 2A +. H

2
o 2 . 2 . . 

where H2A represents the electron donor. 

B. The Hill Reaction 

Iri the case 'of green plants, the_ electron, dono~ .. fs:·:"'-ater·,~ accorctiilg'::tc'P· 

·'va.n·Niel's theor-.f~·This view was supported by the discove!"J of the Hill 

._ ... , 

.• 

·- it· I 
·~ I 

.:'· \ 

. · .. ~ 

..... ' ..... 

.· ·' 

. -... 



t -9.::. 
· Reaction, (Hill and Scarisbricl<, 19llO), in 'V:hich electrons are transferred 

in the light from h~ter to an artificial electron acceptor by fragments of 

v green cells or chloroplasts vJhich have lost m::>st or all of their capacity 

for carbon dioxide ·reduction. Other experiments some years later would · 

show that isolated chloroplasts -and even small fragments of chloroplasts-· 

could oxidize water to oxygen, and at the same ti:rne form .. :natural cofactors 
.. 

required for the reduction of carbon dio~ide. (See Sec. IV) 

c. Isotopic oxygen experiments 
I . ' 

Exper~~nts with isotopic oxygen showed that all of the oxygen evolved 

during photosynthesis comes instantaneously from water, (Ruben, et.al., 1941). 
. 1 ----

When photosynthesizing plants ~~~re supplied with either water or co
2

, in 
. I ~ 

which sorre of the oxygen atoms were 18o instead of 0, the oxygen evolved 

just after the addition of the heavy ·isotope agreed in isotopic composition 

with the \"later. Thus, photosynthesis in green plants should be represented 
. , 

as follows: 

(6) C0
2 

+ 2H O* + light~[CH 0] + o* + H 0 
2 .. - 2 2 2 

carbon dioxide reduction in the dark · 

The first studies of the path of carbo~ reduction in photosynthesis 

·. by Ruben, ~·&· $ (1939-:-40), ShOI'led· that the dark ~ixation of co2' by pho,to

synthetic plants is. much greater iTI'll'nediately following preillumination 

than after the plants have· been in the dark for ·several minutes. This is 

in ac~ord with the concept. that CO fixation occurs by "dark reactions" . . . 2 . ~ 

which use relatively stable chemical species formed in the lig.~t. Calvin 

and Benson and their co-workers used the radioisotope tracer method to 

study carbon reduction in photosynthesis, (Galvin and Benson, 1948., 1949)• 

··-... 
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They .found that if C-labeled carbon dioxide is added to· the r;reen plant t .. 

' 
immediately after the light is turned off sane of the labeied carbon is 

reduced to the level of sugar phosphates •. Eventually,. Calvin and his co~ . 
. . . . . 

\oJOrkers mapped the path of . carbon in photosynthesis, · (Sec. V) , showing that-· 

the entire path'lrctY fran carbon dioxide to carbohydrate is accomplished~ by 
. . . . 

dark reactions mediated by enzymes o Some . of these reacti0.'1S. require co- · ' · 
·., ... 

factors derived fran the earlier light reactions of photosynthesis. 

· .. III. ·Structure of the photosynthetic apparatus· 
~ ' ·~"' 

A. 'Chloroplasts 

The subcellular unit responsible for photosynthesis in green plants _ 
' . ' 

is. a membrane-enclosed entity \tmich is called the chloroplast. Tne chloro-
. . . . . ' . . ·, ., . ' 

. . . 

plast ·contains a canplex structure. Ppof!Ji!lent:fea~~re~:··<c of this structure 

~~ the lipid and protein layers ·which are· called la11ellae ~ · These l~ellae . 
. . . . 

are large thin sheets \~hich may extend the length and width of the chloro-;. 
. '' 

plast. . They were revealed originally by tecl".niques of electron microscopy. 
·. . ' . ' 

If a chloroplast is stained with osrniu11 tetroxide or potassium per

manganate, embedded, sectioned and viewed in the electron.microscope, 

alternate clark staining and light layers are revealed, (Steinman' and Sjo-

. strand, 1955) ~ · 'r'nese :la.'11Cllae .extend throughout the chloroplast. Such an . · 

electron micrograph is shown. in Fig •. 1. In sane chloroplasts, particularly 

those found in_leaf cells, the larnallae are thicker and more closely packed 

in certain areas than in :others:· These regions of greater thickness and 

closer packing are·orten disk-shaped»and stacks of these disks~ someti~s 

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

. visible under the light microscope. 

l. 

. ... 

'• .; . 

Grar.a appear not to ~ essential ·for photosynthes-~s, since they ~ ·_ . _ _ · ·-~ . :. -. 

not found in unicellular algae such as chlorella. ··Probably the gr-ana are . 
.. 

/ 
_ ... = 

; .. ·. 

.... . ,·.; 

. . . -. . . 

.· 
• • 1-' 
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useful to some functional specialization li1 higher plants. For example, 

leaves of higher plants may convert a lal,ge fraction of carbon taken up 

to sucrose fo~ tr&~sport to non-photosynthetic parts of the plant. 

The less piegnented r-egion of the chloroplast having fewer lainellae 

is called the stroma, and the l<:unellae can be considered as embedded in_ · ' · 

a stroma matrix, (P~rlc, 1963). T.~e entire chloroplast is usually surrounded ' 

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

wide variety'or organisms with organized chloroplasts. Even in blue-green 

· algae, v1here the membrane surrounding the chloroplast is lacking, a sirnilar 

larnellar system is seen, (Ris and Singh, 1961) •. The repeating interval 

·in the closely stacked lamellae is usually about 160 t 
Trebst, (1958), as· well as Park and Pon, (1961),. fragmented chloro-

plasts fran spinach and obtained mixtures of particulate green matter and 

. soluble enzymes, which together were capable of slowly reducing carbon 

dioxide to sugar; iin the light. . ltJhen this preparation was ,subjected to 

centrifugation at high speed, the particulate matter· containing the chloro

phyll and other pigments sediments to the botto.11 of the centrifuge tube. 

This material upon resuspension was found to be capable of converti.¥1g 

absorbed light energy _to chemical energy. As part of this energy conversio.'1, 

the green particles transfer electrons fran water (liberating molecular 

oxygen) to electron acceptors. These can be ei~her natural cofactors, or. 

such substances as ferri6yanide •. Part of the energy conversion results 
. ,, 

in the formation of a biological acid ruu~ydride, adenosine triphosphate 

(ATP), about which more will be said later. 

The soluble proteins left in the supernatant after the centrifugation 

app~ar t? include most of the enzy1l'les required for co
2 

fixation during 

photosynthesis. By themselves, they are capable ,of very little fixation· '. 
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and reduction of · cat>bon dioxide. . _Hov1ever ~ when the particulate green 
i ' 

. material obtained :by sedimentation was recanbined Wi_th ·the soluble proteins · : 

'and illu."!iinated in the presence of ractioactive carbon'dioxide, a .. significant 
. . . . I . ' ,. , . . . .·. ·,. , . . 

· · a-noUrit · of fixation of carbon dioxide and fonnation of reduced carbon com.:. . · 

pounds was observed. T'nus;, the. separation of "light" and "dark" phases ~of 
•,' ;:',- .:;;._) 

·, ,·. 

photosynthesis (predicted by Van Niel and confirmed by the experirrents of · 

, Hill·and Ruben) .was· demonstrated in terms .. of ·the physi~al separation of 

the :"light" and. "dark" biochemical machinery. 
; ~· 

Under certairi. conditions, the green particulate m~terial is caphl>le 

of rates of energy conversion and oxidation-reduction reactions comparabl~ 

to the rates exhibite.ci by whole cells_ .. </~:· ~xn.<.t":. ~:·):•,,:.·-7 -;;· ·,~~;;,~' .. <">:.·~:.<l~.L 

,, r. ·. •. ··.: .. i :. :~·>; · Ho"W-ever, in the COmbined system, the rates of carbon dioxide ., 
. I I • , ' . 

,.:, 

. ~::· 

. . ' ',.·.· ', 

fixation and reduction a.i-e .. at.· best . only 1 to 5% of the rates of the .. · 
' ' • . -~ ' ' . • , 'I 

intact organism on a unit chlorophyll'basis. It is important that this 
. . ; . . . ' .... ... ~. 

. ' 
difference be kept 1;n mind \'lhen ·one considers. the probable' organization~ 

and r~latioriships of the_ c~p.onent machinery of photosynthesis as it is 

perfonned in vivo, (Bassharn, 1963). 

-g. Quantasomes. · . · . ··.- . 

The particulate. material obtamed by . sedimentation of ~roken chlor6-

. p1asts consists of lamellae and larnellar fragnents •. Park (1963) has sus-:; : ····~. 
• ' ' . ~ . . • • . • . I ' • ' ' ... '. :\ 

pended this green precipitate in water and then precipitated it ac~ording · .. ·· 
. ·.. . . . . ' ... ' . ··. \" . . 

to the critical point methOd or'-~lilliarns,. (1953) •. When the precipitat~d 

material- was dried down on a screen, shadowed with heavy metal for viewing 

in the electron rriicroscope, and photographed, the material was . found to be 

clearly lamellar in structure, (Fig. 2) • 

. By ·this method, one observes the horlzontal .surface of the lamella. 

Tnere \\'ere found to be two types of surface, one ·smooth and ·another parti-·: · 

. ~· . 

.... 
. ··.· 

',"';·· 

,. 

.· !' ". \ 

~... : 
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culatea .: • · .. ·.~. It .. occasionally appears that the smooth layer• has been 

tom away, revealing the particulate layero Tl1is suggests that the smo:>th 

layer may in fact form a kii"ld of envelope containing the particulate mat 
" ' 

which ·is. almost crystall:Lne in appearance·. ·-... These particles have been 
.,, 

named quantaso:nes, (Calvin! 1962). /m individual quantascxne appears to -be 185 ~ 

long,_ 155 ~ wide; and 100 ~ .thick .. (.P~~k & Biggins, ·:1964)_~ -They are ~embeddeq in the 

enveloping layer, ~~ich is composed of the material which stains with 

osmium tetroxide. Presumbly 1 the conversion of light ·energy to chemical 

energy takes place 1.."1 a system which includes both the oblate spheres and 

a part of the membrane. A qu.8.!1taso~ is thoue;t'1t: to be one of these . 

spheres with its attached membrane·. , :- ·rt rust contain all of the mach

inery necessary to carry out the photochemical oxidation of water and 

transfer of electruns to soroo acceptor. \fhether or not an individual 

quantasane also perfonns· photosynthetic phosphorylation (formation. of ATP: 

in the light) is not yet entirely established. Certainly; photosynthetic 
. ' 

phosphorylation is a function of the· lamellar system. 

c. ·~.ChemicaL composition·· of. the.·phot_oelectron. Jmansport .·sys\;ern. 
~ •• _,__ ' • • • ~ ~ ··:· • • ; • • • : ... - ' • ' • of -if" . . • • - - •• ·'·' 

. Pc>.rk (1963) has investigated the chemical nature ,of the lam~llar frag-
. ' 

rmnts · as they are related to biochemical function. These f~ents can be 
. . . . 

lyophilized and, _upon re<=.>uspension in .water, retain their Hill activity. 

Hov-rever, ·if the lyophil1z~d quantasomes are extracted with organic solvents 

such as hexane, approximately 50% .:of the material is soluble and the residue 

has a nit~gen content of 18%. indicating that 'ifhat is lefi; is nearly pUre 

protein. · Under the electron microscope,. the extracted protein globules 

appear to be 'about half the size of· the· original quantasomes. fipect~ 

chemical analysis of the lyophilized material revealed the presence of . . i 
I 

several metal atomso The ratio of ma{!f1esium:iron:copper:manganese is about 
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150: 6: 3: 1. Ho-wever, . the calcuiated weight 'of th8 quantasane· ., 

-~ 
.... ·._. 

.. '•'.' 

based ··', 

on its size, density, etc&, isl 2,000,000. ·.Therefore, there should be about.·' · 

.. 300 chlorophyll molecules per quantascrneo · (Each ,chlorophyll. molecule con~· 
. . . . ~ . 

'.. . ,.... . ~ 

.·. 
-~ · .. :"t: ; ·. ~-· 

tains one· a torn of magnesium~} : Each quantasome contains 12 iron atoms ( 2<,in 
. \of ~- i-~ . . . . . . · .... ~~. ~ .. ·. -..::~ :. ' 

.. ,. 

. cytochforne);, 6 copper a~ans, and 2 manganese atoms.;.' 
• > •• .; \ : .. ' 

:-·:. .. •: 

' The iron atoms ani copper: ato:ns very 'likely play roles in electron 

tronsport. '.\;'he presence of manganese is of great in~erest, since it is 
. . . . I 

. i t • ··~. 

Jmo-.... n to be requh"'ed for the oxygen evolution in photosynthesis. Pre- · 

·, 

! ~, 

-~- :·. ! 

surr.:J.bly. the ato;~ of manganese play some essential role in either the 
.. 

oxidation of. i..rater, or in the evolution of· oxygen. gas .fran some inter-
., 
-~ . ... 

~~ . . 

. , 
· aspect of photosynthesis about which the least is lr.nown at the present 

·mediate oxidation state of··o::.<:;v');en, such as an organic peroxide •. The · 
. ~--: ~ . " . ,, . .-. c·\ :· , .... ,·,_- ....... 

'. ~ .· 

. ·" time is the mechanism of the oxidation of i'later and the liberation of 
.... · 

·. t 

.A nwnber of molecules known to be involved in electron tra;•1sport · ·. 

and in oxidative phosphorylation reactions in biological systems are · ;' _ 

found in the lamellar material. One ·class of_these canpounds are the 

cytocf'o.rornes. These substances are protein molecules which contain iron, 

chelated in tetrapyrrole pigment structures~ These substances are electron 

carriers in biological.systems. Electrons may· be accepted by the forms 

i..'1 \'lhich the iron is in the +3 state, and dor..ated by form~ in which iron · 

· is in the +2 state of oxidation.· Through variations in the configuration 

of the protein, c~ochranes founct in chloroplasts have physiological redox 
' .. .· .. 

potentials (electranotive force for the reactions in which they accept 

.electrons at pH 7) rangirJ6 from that of cytochrome f. at +0.365 ~ to cyto

chrome b6 at -Oo 03 'YL.·· By comparison, the potential for hydrogen ion H+ to · 
. . 

accept e;Lectrons at pH 7, and th~reby be reduced to hydrogen gas, ··is -0.42 

.,. 

,'•' 

·.·.·. -.:. 

.... ,.. 

· .. 
. •. ,• 

-·.; .<- ·""·., 
l..'-1 

-~-- !;J 

' • < 
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volts •. 
which 

Protein, .f\ ~.on.~ains iron not bou.Tld in heme} is also found in chloro- · 

plasts in ·the : 1~-nell(;le ·One such cornpoUA'1.d \'rhich is not tightly bound to 
. ,.r 

/ 

the lamellar system is chloroplast ferredoxin, (see Sec. IV). The redox 

., potential of ferridoxin is -0.43 volts. Ferredoxin and cytochrome f 

. ' . 
~ 

represent. nearly the· extremes of redox potentials associated vrith substances 

normally- isolated from .elegtrC?n transport· systerrs. · : Other .substances v;hich 

are stronger reducing agents than reduced ferredoxin, or stronger oxidizing 

agents than oxidized cytochrome f, may exist in the naturally occurring 

material, but would be difficult to.isolate. 

Another class of canpounds of ir.rportance in electron transport 
the 

systems, and found in chloroplast material .. are/\quinones. PlastoquL"1one 

is thought to play an i.t11portant role in .. bo~h: photoelectron transport 

and photophosphorylation; (Crane, ~.al. ~ 1960) ~ It has sometimes been 

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

. electron transport system, (Kegel, ~·~·, 1962). 

D. Evolutionary relation between particles fron mitochondria 

and from chloroplasts. 

'Ihere are many similarities bet\'/een the phc;>toelectron transport par-

ticle fran ph(')tosynthesis, the quantasome, and the basic electron transport . ! . . . . 

particle involved in oxidative. p1.csphorylation in non-photosynthetic cells. 
latter · · · 

}:he A particle,. found in mitochondria and sometilTes calle~ the elementary 
or 

particle(\ oxosorre, is also probably a high molecular weight particle 'tlith 

dirrensions in the order of 100 to 200 t It contains a complement of 

cytochrcrnes, non-heme iron proteins, quinones, etc., and performs the 

transport of. electrons coupled to the formation of ATP. Thus, one can 

make. a stron..::2; case for the evolutionary relationship bet1.reen the basic 

oxidative electron transport particle and the photoelectron transport . 
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pa..---ticle •· Speculatior.s as to which one carre first :in evolution are . 

dependent upon 1-1hat one assumes to have been the envir-onmental con- . 
.. I 

·. I ' • 

ditions under which the evolution occurred.· 
: · .. 

•'f :· ••. 

E. Nembrane structure 

.Little is. knmm about the structure of the continuous layer to 

which the particles of th~ quantasomes are attached or embedded.. Pre~ 
. . . 

Sl.ll'M.bly this ~llar membrEU'.e is mostly llpid .in character. The major.· 

· · fraction c;>f lipids in the chloroplasts are surfactant molecules \'lhich 

a..'""e concentrated in the grana •. ; or these, @.lactolipids' are predaninant, 

canprising.about t;.ro-thit4s. or: the chloroplast lipids, (Benson, ~·&·,. 
' • . l ' 

1958).. The rapid labeling • ~~:ith carb~-14 of_ these· compounds durlng ... 

··.photosynthesis 1n the presence; of radioactive car·bon ·dioxide suggests 
• • • • • j 

that they may be involved in· carbon compound metabolism during photo

synthesis.· Benson (1961) has ~uggested that there may be t\'fO types of 

,·· .. 

. ·. '. ·: ;· 

,- · .... · . '·~-

·, ' .. · .. :: -~.. ~ ..... 
,· .. - -~ 

/ L 

... -

. il ti: 

.. 
"'· ' t 

~ . 

i 
f: 
r 
' 

~ . . . . ' ·i' 
! 
'· 
l 

. "• <; 'i 

t' 
: r 

., 

lipid lamellae surfaces: an outer one ·dOnlnated by galactolipids il1 ·the.· ••· .. · . ; . . ~ .. . •· 
r _ _..'. L 

region .of carbo~drate synthesis, and an inner one daninated by, bhloro- _· 

phyll and the electron transport' systems. 

T'nis interestil'lg propos~ leads one to wonder if the entire process 

of carbon reduction ·during .photosynthesis could be occurring in enzynes 

located on the surface of. ·the lamell?-e• ·On the other side of the lamellae 

could be embedded the photoele-ctron · t~5port ·.particles. A system with 
"'. 

the various components of the photosynthetic reaction brought into such 

close juxtaposition could be highly efficient. For example, electrons' 

with .a. high reducing potential -(generated by the photoelectron transport. 
. . 

system) mig.~t be conducted by some mechanism directly through the lipid 

layer to the carbon 'reduction systemo Such sug;gestions are at present 

... 

,. 

( 
f: 

.! 
'.\ 

t 
i 
l 

' -~i -~ 

.. : t 

, I 
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purely 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 piegnent molecules 

As. for the photoelectron transport system itself, something is now 

. knmm about the arrangement of its molecules. It a,_opears that the chloro

phyll molecules are .to .some extent .. ar~gated _:··· · · in the quantasome. 

This arrangement permits the transfer of energy from one molecule to 

another. Thust when a photon is absorbed by the chloroplyll molecule it 

may migrate through the quantasome by sa.""7!e type of exciton migration, 

Moreover, certain of the pigment molecules are oriented in a rather 
' . 

specific.w~. These oriented molecules appear to have a maxL~~ absorption 

peak at longer wavelengths than ordinary chlorophyll ~ (Brody, 1958). · 
(19f.l) . ' ' 

ButlerJ\domonstrated that fluorescence at 720 l11}l and -196°C is due to a 
. r 

piegnent which absorbs at 705 to 710 Tlll.· .. _.: .. ·. ::. , · ·>. ! • ' Ordinary chloro-

phyll ~absorbs. very little in this region. It is also sho\'111 that energy 

absorbed by ordinary chlorophyll could be transferred to this longer 

wavelength absorbing pie;ment·, at least at -196°. Olson, et.a1 •. (1961) 

studied the polarization of fluorescence of long wave light emitted by 
• & 

chloroplasts. TPey concluded that the molecules emitting the long wave-

length fluorescence (a)·accept energy from other pigment molecules, .and 

(b) are highly oriented •.. 

Sauer and Calvin (1962) demonstrated the orientation of some pi~ent 

molecules; in spinach qUantasornes.· 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 particle involved in quantum conversion. 

''. 

}. 
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·_. ' .. ~-
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' I' ··A.· . End reactions . '.', : ... ··:· .· 
-'\ :..-·. 

· .·· T. Cofac~or requirements for. reductions. and dyntheses · · · - '· , · .. · · ·: -' "· .. ~ 
. ' f . . ' . t . • ~, 

. ' : •· . ·.·, t 

In .Sect:tpnii, the arg:znen? ·was ·pre_sented that phot~syrttb~si~ i~':.'. ·.-. .... _ .~,·l 
green plants is the. oxidation of water couoled to the reduction of carbon . ' ... ·' . - . . . ' . . . .· . . .. . ·. . - '; . . ·~ 

dioxide, nit~ate and sulfate together with t)le syntheses Or organic com- : ·. . ~ •.. ·,·., ·l 
:pounds .from ·these.: inorganic oxides. Such reduction and syntheses require . , · · · l 

l . / .. + t\·ro. types of carriers ·of electrons and chemical energy. Electron ·carriers· . ·• 

.: must accent the· .electrons from the oxidation of water., and act iri their 
• -' .,J,; I , '. . 

' . ' '. 

reduced. forms· as the· reducing agents for .. the enzyme-mediated .reductions -

of t~e carbon, nitrogen and sulfur. Electrori carrying cofactors such as 

reduced nicotina~de adenine dinucleotide ohosohate (NADPH) and reduced - ' . .· . ... "" . ' . 

chloroplast ferredoxin; a non-heme iron. protein, function near-the _ter

minal stage of the photoelectron transport system. These .·co factors are 

:closely associated w:ith the final reactions, in which·the reduction of 

inorganic o~ides to organic compounds is accOmplished. 
·----···---

. NH. 
H .n. · r2 NH2 ;;._ 

',. .,. -~ ~~ . . l >·r 
.J ... :r 

.. ... . . r 
':f ''•. ' 

. . .. . . . ;- . ~:. . :r· 
:. :t 

c ,p-- c 
· / '- /C-NH2 N.;;- 'e-N· 

1. 
·~C...._. ·. ·'. 

-~ c - ~ 
II 1 .I 0 . CH 

·: .. He, ~CH_ HC~ C-N" 
· + N ~N"" 
r f I J ) 
' . HC HC ----. 
1 Ht-oH I H6~oP"-H- I 

I 0 ' ·I · ~~ -0 
HC-OH I HC-OH . I .. : . 

·! I I . · .·· 
HC o- o-. HC . . . - - . . . . . 
. I I I · I · . t. 

HC -O-P-O...;.P-0- CH' 
H II II· H· 

0 . 0 

Nicotina."'lide adenine .dinucleotide 
phosphate (oxidized form) (NADPT)· . · 

N . C-N<~>c 
I II ,... H 

HC C-N · 
. ~N;<' I . 

i . 1 HC . 

Hb-oH I 
I 0 

H?-OH ,. ;: 

H9 ·r p-r-
HC -0-P..,-O-P- O-P-OH 

H II II II 
0 0 0 

. :. l 
1 -·~ 

'-· • • • f 

Adenosine triphosphate (ATP) 
·-·--'-·~-··-- ---- ~,, ------· ·-----·-· --··------~ ·In adenosine diphosphate (ADP) ,. 

terminal phosphate is 

·: 

H, .,....H ~0 
c~ c.... .. 

HC" . 'c"" . NH2 
II U 

HC, .,..CH 
N 
I 
R 

---Nicotinamide portion: ·of 
NADPn (reduced NADP+) 

replaced by -On 
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The other class of._energy. carrying· co factors are the acid· anhydrides 

of the type adenosine triphosphate (ATP). -These substances _are_ , acti

vating reagents. Enzymes· utilize these acid anhydrides to convert sub-

strates to forms .which are more reactive in subsequent enzymic steps. For 

example, an. enzyme of the type called kinases may replace the hydrogen 

atan of an alcohol with a phosphate group. This occurs 1n the photosyn

thetic carbon:,reduction cycle •. As h'e shall see, ribulose-5-phosphate (I) is . . ;· ' 

phosphorylated to give ribulose-1, 5-diphosphate, . (II) ., · [React'ion :< 7) ] • The 

resulting sugar diphosphate is a sufficiently reactive molecule to pennit 

its· enzyinic carboxylation. 'l'his is the basic carboxylation step of the· 

carbon reduction ,cycle·or photosynthesis. The product of the carboxylation 

reaction is 3-phosphoglyce~ic acid (PGA), (III)., [Reaction (8)]. 

Anot?er enzyme of the carbon reduction cycle activates·PGA, converting 

it to phosphoryl-3~phosphoglyceric acid (IV). This acid anhydride can 

then be reduced in a subsequent enzpJ.c step rediated by triose phosppate 

dehydrogenase., For its redu.cing agent, .this enzyme uses nicotina'llide ade

· .. nine dinucleotide phosphate (NADPH) and thereby converts the carboxylic 

acid to 3-phosphoglyceraldehyde (V). This resulting triose phosphate is a 

sugar phosphate. The following sequence of reactions 

I (ATP) II (ADP) 

H210POF 
H1-0H 

. -fro-
o 

l 
· l III 

i 
i 

. ' 
' 

' ' ;. 
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H CON H--. . . :. ~:~:'' . ,H COPO H-. > ._ · : .. · .. H
2

COP0
3

H... .. 
2 I 3 . . . ; . ( 9) 2 1 . 3 .· . . : NADPH ( 10) . I . . 
HC-OH + ROPO H;" · . > HcrQH + ROH_---"""-----..,. __ · __ -_·-- __ -_._H ___ Y-_OH .·+ _-HOP0 __ 3rr_ · .. _._.-~:· I . - 3 ·. I . . -_· ·· -· I 

·-, e-o- . . . . : . · . · C~PO H_, . . . CH ' 

II .. · II ·. 3 . · · ·· .. , II 
:0 :>·:-· :! . .-.-~ . 0 J •·· '; ... · .·. • '·, . 0 

. ~ ·, 

.·., ,•, 

: . ~. ·: i. - ·. 
' . ' 

III (ATP) · . rr 1 . (ADP)· ·_v-
. f.· 

'. ·, / 

.· :·-: __ , 

::-. ~ {. 

·;..':..,_ . 
. , ' . - ' . .. . . ~ 

_The reductio."l of nitrate to a'lrnonia, which occurs. through. several· stages~. · 

and the reduction of sulfate to the s\llfhydryl groups, of amino acids also_ ,. 

' . " , .. · . , . 
. ' requires electrons which a:pe 's~pplied by,NADPH, reduced ferredoxin, or both •. 

-.~; . ·. ' . ___ .......... ·· '" .. ..- .. -. -;·' ·~. 
..J 

It appears_, ::.:·· :<:_~;.:' '" that reduced ferredoxin is a branch·point ft:aii. which · · 
. ~ ~~- . '. ' . 

the_electrons derived from the: light reactions-are·distributed·to-various. 

metabolic pathways. for a 'Variety of reductive steps. 
. 1 • . 

The synthetic reacti_ons ~uiring electrons and ATP are not limited to. 

the initial reduction of the inorganic: oxides'. f1a.l'ly secondary photosyn-
. i . . 

.thetic pathways in the chloroplast convert the products of the primary 
I . 
' 

. carbon reduction cycle plus arrrnoniu11 and sulfhydryl to a host. of secondary 
. . 

products. Among these are carbohydrates, fats, proteins, nucleic acids, 
. . . ~ . 

various coenzymes, and many other sub~tance~ needed for both the growth and 

activity of the. chloroplasts and for e.xport··.to other parts of the cell or 
' •• ; y \ . • ._ 

organism. . .; . 
\, 

2. The production of co factors. by isolated chloroplasts 

_ 1 :,In experiments l'lith isolated· chloroplasts, the photoreduction of 

NADP+ to NADPH with simultaneous 0., evolution w-as demonstrated by Vishniac 
. . . .c.·. . . . .. 

and oChoa (1951), Tolmach (1951), and Arnon (1951). Formation of ATP 1.'1. 
! 

, .. 
. . 
. ' 

' \:. 
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the light, called photosynthetic phosphorylation, Nas discovered by Frenkel 

(1954) in particles from photosyn~hetic bacteria; and by Arnon, ~.al.(l954) 

in isolated chloroplasts. 

'I'he electromotive force for the reduction of NADP+ to NADPH at physio-____________________ 

logical conditions is E' = -.,324 volts. This means that NADP'ri is a rela

tively strong biological reducing agent. Hov:--ever, an even stronger reducing 

agent is produced in . the lip-)lt reactions of photosynthesis. . San Pietro and 

~3 (1958) discovered an enzyme cofactor in isolated chloroplasts capable 

of transferring electrons fron water to NADP+ in the presence of illuminated 

chloroplast fra@Tients. · They named this enzyre 71phosphopyridine ·nucleotide 

reductase" (PPNR). It was subsequently stievm by Taga\"la and Arrion (1962) 

that PPNR is a non-herre iron protein cofactor. T'nis cofacto:r:-. is called 

chloroplast ferredoxin and, as. already noted, it has a redox potential· of 

-0.43 volts. This mea:1S that in its reduced form it is a strong biological 

redu.cing agent, comparable to hydrogen gas at pH 7. Ferredoxin. functions 
.-· 

in conjunction with a flavoprotein enz~~ found in the lamellar material of 
. . 

the chloroplast. Together, enzyme ·plus ferredoxin facilitate the transfer. · · 

of electrons from the photoelectron transport system to NADP; However{/ 

ferredoxin can fUnction as a cofactor for the reduction of other substances 

besides NADP+. 

_Photophosphorylation by ¢Ubropiasts .has been classified as cyclic and 
' . ' 

non-cyclic (tfuatley'. et.al. j 1959) ~ . During cyclic photophosphorylation, 

electrons which have been tr&lSferred by a photochemical ,reaction from a 

weak reducing ·agent to a stronger reducing agent, return through electron 

transport .. cofactors to the. \'Ieake~ reducing agent. The energy which would be 

liberated by this chemical reaction is utilized in the formation of ATP <: 

from AD? and inorganic phosphate. This utilization of cheinical energy fro:1l . 
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' one. cneiJU.c~ reaction· to promote anot[ler 1~-- corrmon to. photosynthetic _·. . '· · 
. .. • . . . "" . . ! . . ' ~' 

· ,. phosphorylation and oxidative phosphorylation~ The .mechanism of -the . , ·· · 
·,. " .... -.. · 

·,'•-

.coupling_ between :the oxidation -reduction ~action andthe- fonnation of 
: -~ . ~ 

ATP is not precisely kno~ ·in either case. In cyclic: photophosphory- · 

lation, 'since the' electrons r,eturri to the same cofactor from 'which theyc•: 
· · -· · _.(see Fig~,3) · · -•. - . - . ,_· 

,1'". 

• were initially removed, !\'there is no stoichiorretric conversion· of either · 
... _ } .· 

electron donors_or acceptors. The rea'Ction of cYcliC . photophosphory- · · ·. .' .. • .·.·· 

latio.n may be. 'VII'ltten as follows: 
;_. 

·> -~-- ':.. •.. .. ·-:- '. 
-.' 

(11) 

This value for the _free energy change is based upon . an assumed · physio-
. . . ... . ..\·:~. ' ..:~ 

logical :standard free energy charige of +6 o 9 Kcal when all: reactants are . ·_ . 

at. unit ·activities except for hydrog~n. ·:·.'ion at 10-7 f.}olar. .This ·_stan~ard· 
~ . . . .·. . ·, 

physiological free ener-~ cha.ng;e is then corrected by as5uming,.the activity · 

of inorganic phosphate to be 10-3• The correction in Tree energy c~r;e is ·-. · 

then _-RT ;,tp~ (lo-3) =· +4.1 Kcal. 

Amon (1958). reported a stoichiometric relation between the simultan- · .. 

· eous photoelectron transport of electrons fro11 water to -NADP+ and. photo

phosphorylation. Thls, combination of reactions which is called non-cyclic 
. ' ' 

photophosphorylation may be _expressed by the folloNing.equation: 
...... 

;: . . 

(12) NAD~+ + H20 + HP0
4
- 2- + Ai?P-3- ,.1;~·02 + .NADPH ~ ATP-4 AFS = +63.6 Kcal 

·" . .:-~ .. 

Other studies (Turn~r ,· ~-~·, 1962) indicate that the· stoichiometric ratio 

of one for ATP an-1_-NADPli pr~uction is not realized under niany condi_tions_. Thus;~;· 

either .ATP.fonnation can be t;nc~led from photoelectron trapsport, or\;here 
• • • , 't 

are alternate pathways of electron transport, of which only some require '~ .. - . 
~ .· 

coupling to ATP formation. · .. ,. 

;. · .. ··. 
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B. Two light \'iavelength effects 

1. Enhance.11ent / 

TI1e possiblility that two separate photochemical acts were involved 

in photoelectron transport was first suggested by experiments of Emerson 

and co-workers (1956, 1957),. These workers studied the yield of o~ygen 

produced by photosynthesis in Chlorella in the presence of only long wave

length light. The production of oxygen at ..-mvelengths of lig.'1t around 700 cy.t 

is very inefficient in terms of oxygen mole'cules evolved per quantum absorbed. 

Hm-rever; if 'supplementary light of a shorter wavelength is added to the long 

wavelength red light, the total evolution of oxygen is now greater tha~ the 

sum of the oxygen evolved separately by the long \-lavelength and shorter 

w~veler~th light. In. fact, the auount of oxygen evolved becQ"!les almost as 

great as if the long wavelength light wex~ used as efficiently as the shorter 
I. 

wavelength light. 

•.rnis experimental result strongly suggests that the longer 1.;avelength 

light (700 Illfl) ca.-1 only accomplish pru.'"'t of the transport of electrons fron 

11ater to NJ\DP+. Presumably the shorter \'lave length light can acccmplish the 

·entire process by itself.. Howev'Br ~ if both kinds of light are present, the 

shorter wavelength light can be. used exclusively to accomplish the more 

difficult part of the _photoelectron transport, leaving the easier part to 

be accanplished by the long ~velength light.- ·dith only short wavelength 

li~1t, some of the li@1t must be used for each of the two parts. of the process •. 

Tnus, the addition of some ·long ~avelength li@1t ~o the shorter wavelength 

li@.'1t becomes equiv;alent. to adding more of the shorter \-.ravelength light by 

itself. Several mechaniSms may be proposed to explain this enhancement 

effect by itself. ftlany other.studies have been required to sho\'1 that the 
' 

cooperation bet1...een tv1o light t-;avelengths seemingly operates through a 

bioche~ical mechanism. 
' . 

.>' . 



.... ;...,~, ,. ·· .. 

·-~ 

: 2 •. Light wav-elength. transients •: . '· l. . ••, . .-.:·' 
·.- ~ 

-~ .. ', ~ . 

Blinks {:1960, · l959) studied. the transients in the photosynth~tic 
. i .. : . 

rate UpOn a. s~dden change ·iJl the. ~Ja~elength or' incident. li.gh~~::< 'Ihe. orga..:.· 
\. . 

nisrns which he stUdied include a variety of red, ·green and l:>rO\m algae •. ·.·· 
. I. . . ., . . . ·'. 

In his experiments, the incident ~lig.'lt was adjusted in intensity so that· 
. . 

.at each i<'laYelengththe sa-ne photosynttlet1.c rate•vlas obtained •.. ~lflen.the .:·•: 
_ .. /: \· ' ·.· 

.. -~ }: ... 
., 

·incident wavelength was suddenly cr..anged, transient changes: in rate occured. · .. · 
' .. , - . ., ... 

. j . ., 
- .. , 

In some of the· orgat1isms -which he studied, the . .absorption spectrum of· 
' . 

'. '·-· 

i 

' I 
. . 

· accessory pigments is \'Jell separated from the absorption spectrum of chloro-.. 
__ ;,_· ·' ._,. 

' ;.: \,'-~ 
·• 

. . . . . = . 

Thus he. was able . to demonstrate that the·: transients observed on . . phyll ~· :''.":: l 
switching from one wavelength to another v;ere rela~e.d to the absorption by. ·· · . i: · .·· . :j 

. .. 
··. · different pigment systems. . ' . . . 

IV!yers :and F.tench ( 1960) studied:.· the Blinks effect . by observing th~ • 

transient increase iJl rate upon changing· fran 700 IlJl light to light of . · .. 

· another wavelength. Tney also studied the enhancement of ·photosynthesis : •. 

, .. · ..... 
; ~. . 

(the Em.erson effect), by adding the other wavelength~ght to 700 nP lii;ht. · ·. 

. Hhen the ti.YO effects L"l ChloreJ,.la 't'rere plotted o~ comparable scales as ·a ; 

function of the added wavelength., their action spectrum.were~found.to be .. ·. 
' ' . . ·. ; . '-'~. 

identical o Thus, enhancement and chromatic. transient effects appear to be 

manifestations of the saine. phenomen<l::. there is a possibility in phot~ . :. 

synthesis for the products of orie photochemical reaction to be used as ·• 

. SUbstrate for' a second photoche~cal reaction to bring' about the overall 

photoelectron transport from·water.to the cofactors required for the carbon 

cycle •. The light .!:eaction rrediated by :the: .longer )11avelen~h:·,light._.has ;·,_,~; · 

come to be known ·cis Light Reaction l, while the other light reactlon- i"lhiCh 

requires shorter vTaveleP.gths ~s tenned Light Reaction 2. 
·':'»-· 

··.·· 

? 

.. 

. . . . .:/· l 
l -~ . ·' . ·... ~ 

' ~ ··: ' ·,, .. . . . ''. .· .. , .. / . 

.. i 
. .• ,/ 
''i: 

.. _: .. 
_.,_y 

-~---· j 
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3. Chemical separation of two light steps 
' 

rr1311y .experiments have nov1 b~en performed with chloroplasts and 

other photosynthetic material in vlhich electrons are injected· or withdrmm 

fro.11 the photoelectron transport pathway by the addition of electron donors 

or acceptors. r:lhese studies, together with the enhancer-rent and chromatic 

tFo.nsient e~perir.-;ents, have led to the formtllation of a currently popular 

., . scheme for photoelectron transport, shown in Fig. 3. 

, . According to this scheme, ·there are t1.vo pil!]l'lent systems~ These are 

· labeled Pignent System 1 and Pifjllent System 2, for the longer wavelength' 

lig..St reaction and the shorter r1avelength light reaction respectively. 

Pigment System 2 is responsible for the absorption of lif)1t ener~J and the 

·conversion of this energy to bring about the oxidation of water, liberating 

oxygen and transferring electrons to some intennediate cofactor of the 

electron transport system. Electrons then flow through a sequence of electron 

transport co factors, \1hlch may include such substances as 'plastiquinone, 

cytochrome ~ cytochro.11e f a.'1.d perhaps others which are not yet known. ·Light 

· energy absorbed by Pigment System 1 is converted to chemical energy by the 

oxidation of chlorol?hyll i!-.• This oxidation results in the donation of· 

electrons to some acceptor which becomes a strong reducing agent. · The 

oxidized chlorophyll ~regains electrons by the oxidation of cytochrome f., 

· the tenninal electron-carrying cofactor in the interrnediate system. The 

energy liberated· through t~e flow of electrons in the intermediate system 

. is used by means of coupled reactions to convert ADP and inorganic . phosphate · 

to ATP. 

Tne strong reducing age:11t formed as ·a result of the Pigment Syst~m 1 

energy conversion reaction then brings about the reduction of ferredoxin, 
. + . 

which in turn reduces NADP and supplies the cofactors for the carbon 

reduction cycleo Alternatively, some of the electrons from the strong 
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. : reducing• agents produced by Pi@]!lent System 1 can be shunted back to the · , · 
' '· 

- start, Qf the j,nte'nnedia~e elec~;~~ transport system. From there'·· the · 
, .. 

electr:ons 'rlm{ back through. the coupled reactions. to cytochrcrne f., 

allowing the pr6d~ction of ATP. rfuis process is called cyclic ·photo-.:. , : 
. . : . . . -t ·.· .... ,, 

phosphorylation a : The transport of electrons fran \'later. to NADP With :~ :_:: · 
. · .... 

· the concurrent reduction· of ATP -is . the .. non-cyclic photophosphorylation~. 

. With this scheme before us, let u~ consider some of the biochemical 

evidence in its support. · One can choose only a few of the many interesting 

. '~. ,. . ~ . ' 

-· .. . -

' . . / .-~ 

.. 

" ,.,. experimentS Vlhich. have been pUblished.. r!iore. COmplete descriptions _of these .• 

experiments may be found in collections of papers presented at symposia · . 

such as that sponsored by the National Academy of Sciences (1963) and the. 

Ceritre National de la Reche~~he Scientifique.(l963) •. 
~ I •. , . 

~ f •. _ . 1 ~ . • -·~ ' 

... 
·-... 

Ash, ~·~· (1961) fir~t shm-red that tetrazoliuJn blue and methyl red . · 
. '; 

·could be photoreduced :in a Hill reaction by spinach chlorop1:.sts •. · Since·· 
' . . ' 

...... 

. .I 
.·.•, . 

'~- . 

._1 

. ·. ~ ,, 
. I 

.·· J 
I 

! 
·no electron donor was added,· it i'las presumed ·that this reaction was accom- ··.·.· · 

. :. ' ,. . . ' . . 

1 
. l 
-~ :] 

~-... ·_.~:·· • ' ! 

panied by the evolu~ion . of oxygen. · Re,duction of both dyes was strongly. 

inhibited by the addition of dichlorophenylmethylurea (DCf\'IU) ~ which is" 
.. ;. 

. thought to block photosynthetic oxidation of water leading to oxygen evo-, 

'lution (System 2). Reduction 'of the tetrazolium blue or methyl red was • · 

restored upon the addition of ascorbate and dichlorophenol·indophenol·(DPIP). 

... · __ ·.' ' 

';· .. 

_-:. 

··; . 
.. , ... ; . -~ 

:~ 

/:J 
.,:1 

-, .. i 

: ~ 
. 'il 

' ,, 
. -··· 
"} 

as electron donors.· It- wa.S presume:d that these electron donors i-rere supplying ' 

electrons to the intermediate electron transport system, permitting the trans-

fer of electr,ons through ·the. light reaction of System 1 and their eventual· 

utilizatio~ for the reduction of the dyes •. Thus, System~l was presumed to 

be operating under artificial conditions, everi though System 2 was blocked 

by the action of DCHU. 
. ' 

. Losada, et.al •. (1961) reported the separation of t~e two light. reactions 

,·I 
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.in non-cyclic. phot~phosphorylation and NADP+ reduction 1n green plants .. 

They blocked System 2, t1hich oxidizes water, by adding the inhibitor 

D01U and then ·adding a dye as an electron donor; Under these conditions 
' ' + . 

they v1ere able to· demonstrate the photochemical reduc.tion of NADP and 

the.simultaneous non-cyclic photophosphorylation. 

Levine and Smillie ( 1962) used mutants of Chlarnydornonas. reinhardi. to 

show clearly the separation of photoelectrorl transport into two phases, 

each with its own :light reaction. 'Iwo muta..'1t strains vlhich are incapable 

of carrying out the Hill reaction are .able to photoreduce NADP+ without 

oxygen evolution, provided they are supplied with electrons from an electron 

donor. Both mutants had an increased content of cytochrcme f and a de

creased content of plastiquincine. Presumably. they are capable of performing 

the reactions carried out by_ System l only. 

Another mutant studied by Levine and Smillie was able t( carry out 

both oxygen evolution and photoreduction of NADPH, provided that an electron 

donor \'las added. This mutant had a normal canplement of plastiquinone. In 

this case, both light systems apparantly are operative, but there is a 

block so~ewhere between the plastiquinone and cytochrome£ whicr1_can be 

bridged upon the addition of the electron donor. 

Fran these experiments and many others, it seems established that . 

. photoelectron transport in green plants can occur via two photochemical 
' 

steps, together vdth some inte:rnie.diate dark steps. In one photochemical 

step (System 2), plus one or more dark steps, electrons are removed fran 

water and transferred-to an electron acceptor which may be plastiquinone. 

Dark reactions plus a second photochemical step transfer electrons to another 

electron acceptor, which becomes a reducing agent of at· ~east the strength of-
. , . I . 

hydrogen gas or reduced ferredoxin. Coupled to one or more·stages of the 
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electron transport, ATP formation by ·non-cyclic photophosphorylation . : 
; 

. occurs. · Upon the, addition .of cofactors to broken systems, electrons.fran. 

the strong reducing agent formed by System 1 may be cycled back to an 

intermediate reducing agent~ and in this process cyclic photophosphory- : · ; ;., 

lation occurs. Quite poss:i.bly the formation of ATP by cyclic photophos- ·.-· , 
:; ':·; .. :t~--: ... ~,: 

phorylation takes place in the identical electron transport step involved . ' 

•in non-cyclic photophosphorylation$ though this point rem'llns to be demon- . 

strated. 

·Even though the scheme for photoelectron transport in photosynthetis 

shown ii1 Fig.· 3 ·accou.'l.ts for many experimental observations, ·and is,: 
··. . .. 

. currently widely ·accepted as·.being at least approximately correct, it· · 

cannot be considered as proved,· In particular; it· should be noted that. 

even though some photoelectron transport rr..ay proceed via a two-light . (;'. .; 

reaction pathv;ay, there may be otheri··pathways in. vlhich electr·ons. can be . · ·' · · 

taken from. water to sori1e cofactor such as reduced chloroplast ferr~doxili'".':';;:· · . . .· -...... . 

... ·. ...• · . 

•• -1'. 

'_;. 

. . ~-. 

·, . 

. .. ·,_·. '' ~ 

in a single lig.nt reaction. In other words, the two-lip-)lt reaction path · . 
,' '' I; .;,·. 

may not ~.:. the exclusive. mechanism of electron transport in photosynthesis; 

in all organisms. ·. t.· ) 

c. Q'u.antun conversion 

.. 1. Photoinduced changes in ab.sorption ,spectra and EPR signals 
,• . •• • • ' ' I • • • ; • • • ' .' • I . . . ~- .! . . -~', .. 

-.. ;,.. Two types. 0f experimental observations have been particularly • 

useful in studies of the rr-.echanism of the. primarY . steps of conversion of· 
. . ~- . 

electromagnetic. energy 1;6. ·chemical energy, or. quantum conversion.· These 

are the ·l'!'easurement 'of c~es in absorption spectra for visible light, . 

· . and of el~ctranaE7).etic energy of the frequency 109 cpm (V'm.velength 3 em'):· 

In both cases, the changes measured ru."'e elicited by allQ\'iing the plant 

. material to absorb exciting light which may be either a flash or continuous· 

; ". 

_,.:. 

·•. 

'' 

.{ 

' ·'I 

·w. • 
.I, 

l 
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light. In both cases, the sigr~ls observed are· by no means limited at 

room tenperature to prL~qry quantum conversion events, but may be asso-
. -

ciated.with other subsequent steps in.-the photoelectron _transport process, 

or even later metabolic reactions. Hm,rever, in the cases of those changes 

't?hich are still obse_Ned at veroJ low temperatures, such as the boiling .. 
. . 

poin~ of liquid N2, it can-be argued thr:1t one is dealing v;ith phenorr'.ena ·· 

related only to excited states of the molecules, electron migration, and 

charge separation. Tnese are acts considered to be involved in the 

pri.rnary quanturn conversion steps. 

The photoinduced changes in absorption spectra of plant pigments 

usually are veY..J small compared to total absorption. Thus, measurement 

requires rather sensitive techniques., 'I\;o light beams are used in the ex-

perisents. There is an activating beam to cause the change.& and a measuring 

bea;n v1hich is partially absorbed. It is the amount of absorption of the 

:reasurin!-q; beam \1hich measures the extent of the photoinduced change. Elegant 

tecr.~.n~ques have been dev~sed for measuring the absorption change for the 

measuriil.g light without interference fran che exciting light, and many 
., 
:.'1, 

studies of. the kinetics of the changes in absorption under a var~ety of. 

conditions have been published. Some of these have been reviewed recently 
. ' . 

by Rumberg, £!.~. (1963), Duysens (1963) ,· ~ :< K?k (1963) J Chance and 

Bormer (1963) .• 

Electron paramap-petic resol}al1ce (EPR) sig:mls are detected by measuring 

the a~ount of absorption of electromagnetic energy (wavelength 3 em) by 

sarilPles which are in· the presence of a strong magnetic field, This field 

causes a splitting of energy· levels of unpaired electrons, petmitting enere-..,y 

' absorption. Thus, EPR signals indicate the presence in the sample of unpaired 

electrons o The significance of EPR signals has b~en discussed 1n recent 
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review papers. (Calvin ·and f.,ndroes,, 1962; • Corrmoner, 1961; Be inert and Kok, 

1963). 
~· : ' 

· A negati~e chang~ 1n absorption spectrum (bleacWng) at around 700 mu · · 

·. · has been extensively studied by Kok (1963). · This change ~;as. observed for 
. ~. ' 

the most part .in chloroplasts fro:n leaves of plants such as spinach. The . 

bleaching of the pi@!lent can be caused chemically (:in the dark) , and the 

. ·:.jJleached form has the properties of a weak oxidant (redox potential +0.43 _v). 

Kok has termed this P~e111ent P700., :JHe has concluded that it is a fonn of · · 

. ; - chlorophyll ~:: and a key substance in Pi~ent System 1 (see Fig. 3), which 

mediates the "long wave length" step in photoelectron transport. This 

. step is responsible for the transport of electrons to a high (negagive) · 

redox level, fran \vhich they ca11 be used to reduce oxidized chloroplast 
. . + 

ferredoxin and subsequently NADP • Tnis conclusion is.based on such evidence 

as the follmdng • 

. ·The reduction of NADP+ was studied as a fu."'lction of exciting light.· 

wavelength bo~h. in the presence and absence of the poison DcrV (which biocks. · 

the flow of electrons through Pigment System 2), (HQch and I1artin, 1963) • 

. ·i.,lhen L'Ci'IJ.U was present (poisoned chloroplasts), reduced dye vtas a~ded to . 

supply electrons in place of P~ent System 2. Measurements i .. rere made in · 

. each case of (a) amount of monochromatic flashing light absorbed (to give the..· 

number of quanta used by system), (b) number of equivalents (moles of 
! . + . 

,electrons) .transferred to added .,NADP , (c) number of moles of P700 bleached 

(actually the sum of repetitive bleaching) assuming an extinction coefficien~ 

equal to that of the ·red absorption band of chlorophyll a. The follovr..illg ·. 

results were reported: 

In the unpoisoned :·chloroplasts 9 t1t10 quanta of 650"180 mu light are 

required to transfer one electron from vmter. to NADP '*:., .. :\(n: the.c poisoned.: :chloro-

•. 

; 

•, ' 
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plasts, v.rith dye as an electron donor, the quantu.."lTT requirement is rela

tively hig,h at shorter ~..zavelengths (sorne quanta presumed ""~<;asted" in 

poisoned.System 2) but falls with increasing v;avclength until it approaches 

one quantu~ per electron transferred at long wavelengths (around 700 mu). 

The number of moles of P700 bleached corresponded to the.number of equiva-
. ' + 
·· lents of electrons transferred to Nfl.DP • 

Such measurements are difficult~ and different results have at times 

b~en report~d. · Recently, Biggins and Sauer ( 1964) have made a very ex

tensive.· exa.rnination of the quantum requirements for NADP+ reduction as a 

function of wavelength with poisoned and unpoisoned chloroplasts. Tvio 

respects in which their techniques differ fran those of Hoch nnd r·~artin 

have to do with the method of correction for light scattering (a very serious 

problem in quantun requirement measurements with particulate material) and 

their method of measurement of NADP+ reduction. It is reassuring to find 

that while their re1?ults differ in detail fran those of Hoch and ;.1artin, 

they do get a quanturn requirement of about 2 to 2. 5 per electron transferred 
about 1.0 · · 

in the unpoisoned chloroplasts and '1\ for the poisoned system plus reduced ·" 

dye~ Thus the role of .... the long \-vavelength ligh~. reaction 

of photosynthesis as a one quantu~ per electron transfer from the intenne-

diate electron transport system to NADP+ seems almost,,,··· 

established. 

. ' 
,. . ~ : 

The photochemical transfer ~of a single electron should result in the 

formation of· species with 'unpaired .electronso 'I'hese species can be expected 

to give EPR signalst·and it has been of interest to see if the EPR signals 
' ' 

produced by the absorption of light in photosynthetic material can be 

.correlated with the P700 reaction. 

Beinert and Kok'· (1963), compared the number of unpaired electrons (as 
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. indicated by EPR signals). produced ·in illuminated photosynthetic material. 
' . . : . . 

. ,, 

of various types ~lith. the amount ~f P700. Both the nu11ber of unpaired 

. electrons and the.· circunstances and kinetics of their app$arance and dis;.;.~ .. 

appearance correlate with the amount of bleached P700, which they write as 

. / ·. 
. ~ .. ' ·. 

•. 'J 

. I . •. ' -~~ 

' .. •.". 'i 
P700+. They h?-d previously shown that \-Tith .Particles from ~d algae they ,. · .. ::. ,.., 

. could produce ,corresponding runounts of P700+ ~d unpaired electro~s in the · 

dark by using ferricyanide as. an oxidizing agent. All of this does not 
. . . . 

prove that the species directly responsible for. the EPR signals ia P700+ •. 

LYldeed, evidence presented below for the presuned cor:>esponding system .in. 

bacterial chlorophyll suggests that the oxidized pigment does. n_ot give .. 
• • • • . ! • 

· the EPR sigilq.ls •. Perhaps a more likely ca1·1didate is the hypothetical y::;., 

. which i3 supposed to accept an .electron fran the excited molecule of chlor~ . 

phyll •. 

· Clayton (1962) and Loach, ~.al. (1963) demonstrated· a relationship· 

between optical changes.in absorption spectra and EPR signals with photo-

. synthetic bacteria. In those experlrrY?nts, light-induced absorption charlges'. 

and .EPR signals could be. simulated in the dark by chemical oxidation.·· 

... Calvin and Androes (1963) studied the chemically-induced and; .photo-.: .. ··: 

induced EPR signals in spinach quantasomes and in the photosynthetic bacterial 
. . . . . ' ~ 

chromatophore a fran R. rubrum •. In both cases, the EPR signals could. be 
. t 

produced in, the dark by adding oxidizing agents with a potential of +.44 v. :. 
· · alone. · · ·· .. 

· ·Similar EPR signals were produc~d by. the-light.f\ Ruby~.al.:,(.1964Lexarnined 

the ki~etics .of the rise and decay of the EPR. signals and changes in ab- , ... · 

sorption in chromatophores (the ·photosynthetic particles .~~ photosynthetic 

· bacteria) frorn R. rubrum. 'l'he. molecular species of bacterial chlorophyll · 

which undergoes bleaching (and may correspond in function to P700 in green. 

plants) has it~ long wavelength bleaching maximum· at 86~ IJY-1• It was found 

( 

-.,_!· 
,· . .,.·' ~I 

': 
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that the kinetics of the decay of. the EPR signals corresponded not t'>fith 

the absorption change at 865 m}l, but instead were correlated '.'lith a. char .. g;e 

at 433 ITl}l• · T'ne conclusion is that it. is not BChl+ vJ'hich exhibits the EPR 

signc-J.,s, but another substance. . Presurnably this substance might be the 

electron acceptor. 

2. Mecha..1ism of quantum conversion 

Calvin· (1958) has proposed essentially the following mechanism 

. for the pi'~ q:tun c:version. steps, o:, photos~t:esis ,;~ : . • ' ~ 
.......... · ........ .- ... __ ................ · ...... ..,.., ....... .-.- ........ 1ollow ,•• ro.·.; 

ing the ab~orptiort of lie-.,ht by any of the "antenYJ.ae" chlorophyll molecules 

iri. the quantasome or chrro..atophore, the excited state of the chlorophyll· 

. molecule may be transferred fro.11 one p:ignent molecule to another by a process 

of resonance traYJ.sfer or exciton migration.· Ultimately the energy is. 

·~ransferred to a set of specialized· chlorophyll or bacterial chlorophyll 

molecules (the long wavelength absorbing species) Ttlhich are part of an . 

organized. oriented 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 recam-
.. 

bination, hov.-ever. Once one of these specialized Chl or BChl molecules in 

contact with an acceptor molecule receives. the exciton, its .elect_rons are 

raised to an excited state fran iihich one of the electrons can be transferred 

to the acceptor molecule, accomplishing thereby a ch~~e separation •. The 

reduced acceptor, holding a localized, 'unpaired electron, exhibits EPR •. The 

charge on the C'nl+ or ·Bfhl+ is delocalized over several molecules, causing a 
. broadening of the EPR signal to a poirit where no EPR signal attributable to 

the oxidized. pi§lleht :molecules can be detected. In a v~ry short time, this 
; 

delocalized positive charge or "hole" :interacts with an electron donor,. such 

. ' 
"·/} 

' :, 
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·as cytochro:ne f, causing oxidation of the donor and neutralization of .· 
' r . • - • 

. . 

the pif911ent. All . the proces.s$s ~escribed in this paragraph can occur .at ~ 

· very low temperatures and are not enzymic reactions in the usual sense •. 

.. , 
. r 

.·. It. may be· suppos.~d th~t. Pig.11e~t System ·1. and the. bacterial. system ·•· ... 

are both evolved frOITl a CO.Thmn prilnative photosy'nthetic system. The: fact .. 

. .... . . . . ~. "! ·~· 

' ··.:..-:·· ·'. ·.;' 

•· , ~ / 

that bacterial photosynthesis operates at longer wavelengtl)s may'.~be ·a 

consequence of photosynthetic tracteria adapting to a world in which green 
. . . ! 

plant photosjinthesis. has become dominant. One could imagine photosynthetic· 

- bacteria livi~ in the shade of green pla.'1ts a."'l~ utilizing long ;-.rav~length 

light (710-850 rnp) not absorbed by the pla'1ts. 

.. ' 3 ~ Pi§ll~nt System 2 (illd 02 ev~lution 

· The photoe;Lectron transport of electrons from water to the inter-

rrediate electron transport system (pl.astoquinones, cytochromes, etc., Fig. 3)' ~ 

has not been resolved into its component reactions. These . must· include the 

prL.m...ry quantum conversion act of Pi§Tient System 2, the oxidation of t'later, 

the evolution of o2 .:_from the imnediat~ product of this oxidation,. and the.; 

. reduction of seine stable intermediate .~lectron carrier,· such as plastoquinone, 

by the electrons fro.11 the oxidation of water.· It is lmovm that _the operation 

of Pigment Systerr ·'2 becomes very inefficient (in terms of electrons trans-- . . . . 

ported per quanta absorbed) ·at vrav-eler{gths longer than about. 700 qi. The 
. . . 

. evolution of o
2 

requires manganese __ (Kessler, 1957) and is inhibited by such· 

substances as :bClY!U (Kok and Hocb, 1961). This system is disrupted much more 

easily by aging, .. dr breaking :~or' the particulate system t.han ·is Pigment ··' 

System·l (Kok and Hoch, 1961). · 
' (fq63) ·. 

Rumberg, ~·&·f\have as·c~ibe~_:: photoi.t'ldttced changes in absorption at 

.515 n:y. and.at 254 ny..t to the operatlon of Pignent System 2. The action 
. • . t 

. l 

spectra for these changes (amount of change as a function of wavelength ·of· 
. . . . . . . . \ 

activation light) is the same as for o2 evolution and has its peak at 674 ~· 

; ·. 

. .. ··-. ! . 
... i 

. " 

. r 

' 
·., 

. ·' 

, 
. ' 

·: 
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The change at 254 fnl.l}S preswnad to be due to reduction-of p_lastoquinoneo 

, Both the 515 rrp. and 254 Tlljl char1ges can be di..'ilinished· by partial extraction 

of the plastoquinone from the plant material (chloroplast fragments) and· 

reappear, \·then the pl_astoquinone is added back. It ;S_ee~. that the 515 rip 
· ·due to 1' 

chafl.ge isAa·substance closely related to plastoquinone in the reactions 

mediated by ·Pi8}7lent System 2.. It could in fact be the substance X (see 

Fig. 3) which accepts electrons from the quantum conversion reaction. · 

It is possibly noteworthy th.at neither EPR nor temperature-independent 

visible light absorr,)tion chan~~es have been related to the operation of 

. Pignent System 2.. Tnus one is not constrained to ass~ that the quantum 

conversion mechanism of Pi,e;nent System 2 is similar to that in Pig;nent 

System 1, beyond the migration of excitons to the locus of the quantum con

version machinery. Evidence has bee~ given that quantum conversiorl by System 

1 is a one electron transfer mechanism, and that one quantun of light is 

required p~r electron. It has been rather widely assumed' that the mechfu"1ism 

of System 2 . :operates ._:. in similar fashion and wil'r also requireS one qu~ntun 

per electron. · Thus two quanta would be requir:eq to transfer each electron 
. . ' 

. . + 
from hlater to NADP and ultin:ately to co2 ~. ·I~r the reduction o~ one molecule 

.of co2 to carbohydrate (reaction 3), four electrons must be transferTed, thus 

the quantwn requirement would be 8 quanta per o
2 

molecule evolved. · 

However, one shouldnot ·overlook the possibility that Pig;nent System 2 

is capable of transferring 2 ~lectrons from \'fat~r to x- or plastoquinone, 

· :for e:r..ample, ·with oniy one .quantum. · : L"l this case, the quantum requirement 

for transfer of four electrons through the t>1o ligh1; reactions would be 

l 

4 + 2 = 6. If \>ie recall that the free energy change corresponding to reaction 

3 was 113 Kcal per mole, '1\'e ·can calculate what the efficiency of photos:Y-n

thesis ttmuld be for six or eight quanta per o
2 

molecule. Using the relation 

E = N ~ci ·,., where. N is Avogadros riunber ( 6. x lo23), h is plank's constant, 
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c the velocity .of li@lt, a..'1d ;1 the \"laVe length of light which _w-e will take 

_as 680 mp, application of the appropriate units gives a value of about 42 

. Kcal -I eir1stein (an einstein. beirig a mole or· quanta). For. an ideal· quantun 

requirement· or eight 1 · 1 th.e'·e-ffi~iehcy t~ould be.:113·/ J36 _::::;•--34%· 

Despite a large arn6unt · o~ vmrk fran several labdratories, attempts -to 

measure the overall quantum requirement of photosynthesis haVe not yielded 

. results which could permit one to make a.conclusive choice between thes~ 

mechanisms~ One can say that, except for the studies by \'Jarburg and his 

. collegues, . measurements of the quMtun requirement of photosynthesis have 

generally given:.'.values around eight or .more' vlith. a few reported values 

between seven and eight. (For a reviei'l of this subject, see Kok, i960). 
' . . . 

/ 

·.·· 

.~ . 

'j 

/' .• •. ·_j:. 
:::.'. f, 

1he author is arr~ng a minority of investigators in this field who believe ~: ..... ~.~ •'. 

: ... :::_··:' 

th~t the closeness of many experimentally measured quaritum requirements· to 

eig..ht, and the fact that some are even less than· eight, suggests that the 

theoretical quantun requirement. is in fact below eight' and .is probably six 
' . 

or seven. This ~s another way of saying that less than two_ quanta may. be 
. . . + 

required to transfer a11 electron frcm water to HADP • 

...: --~ ·i,, /~. : ,' 

V. · The reduction of carbon dioxide in photosynthesis 

A. rliethods of· mapping the path of car-bon 

-~ :- \ -~ -: .. •.-. :•. 

- ..... '-~ 
-: :;·---

'""5 :. 

1. use of radioisotopes as tracers . 
.. Now let us turn our attention to the reductive and synthetic· reactiontJ of 

photosynthesis.-The basic carbon reduction cycle by which carbon dioxide. ls .reduced· 

·to sugar phosphate involves at -leas~ t;.:elve :intermed1,ate compounds.: S~e 

of these substances are found. in very sma.ll concentrations.-. rl!any similar 
. . . . . . . . : . .. ' . 

compounds. are also present in the photosynthetic cell. In. some cases they 

are closely linked by metabolism to the intermediates in tne carbon reduction 
. . . ~ . . 

cycle. In order to understand the mechanism of photosy~thetic carbon rc~uction, 

···: 

.·.-1 
:. -·· ~ 

-~ . ·_ .1 .. _,.' 
, ~ 1 
..<., s 
.. ~ j 
.. 1 

--- _:: i 
. ' 
: .. ! 

. i 
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one rust knovr the identity of the interrnediates involv:~.;!d -arid •the. sequence 

in 'fihich these substa."lces are made. 

11hese oroblems resisted scientific investigation until the advent of 
I .t. ' ' 

modern biochemical methods. One of-the most valuable of ·these new methods 

proved 'to be the use of radiocarbon as· a tracer element to follo;.q the - -

nev-lly incorporated carbon dioxide during photosynthesis in a green pla.'1t. 

Photosynthesizing plants do not discr~udnate significantly between 01~ary 

carbon dioxide, 12co2, and radioactive carbon dioxide, 14co
2

• The plru1ts 
. -~ . . . 

i."lcorporate co2 into the intermediates in the carbor1 reduction path\-;ay. 

R~ben, et.al. first used· radiocarbon in studies of the path of carbon ----- ' . 

in photosynthesis ( 19"!-i o ).: . They found that co
2 

fixation in the darlc is 

greater following preillumination. This is in accord with the concept 
. . 

that co2 fi~tion occurs by "dark reactions" which use relatively stable 

chemical species forrned in the light. They discovered that the radioactive 

product forrred from labeled CO after preillumination was ·a carboxylic acid. . 2 

These findings suggested that the path of carbon reduction in photosynthesis 

·might very well include co
2 

fixation mechanisms similar to those found in 

non-photosynthetic plant tissues. 

Calvin. and Benson and their co-v;orkers used the radioisotope method 

to_study carbon reduction in photosynthesis, (Calvin and Benson, 1948-49). 

They allowed the plants to photosynthesize , intermediate compounds . from 
14 . 

co
2 

for short periods of time ·,(a few seconds) and under a variety of 

experimental conditions. The plants were .then killed-, stopping the bio

chemical reactions. Tr~ radioactive products L~ the plant material were 

analyzed and identified. A careful study was made to determine the ~11ounts 

of radiocarbon incorporated into c:t~mical substances as a function of the 

experimental conditions. From the results of this study, they 1.rrere able 
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to map the_path of carbon in photosynthesis. 

2. .Analysis and identification of intermediate compounds < · ;_ 

a. Paper chranatography . '·' 

The ·separation and identification of the w.inute ai!01..L.'1ts of .. 

radioactive organic Corripounds formed by photosynthesis With 14co
2 

\'laS~,._. 

a difficult enalytical problem. This· problem v;as solved thro'.igh the tise: 

of tv.ro-dirrensional paper chromatography (Benson, et. al. , 1950). . In· this 
. ....,..__ '··. 

- 14 . 
method, after the plant has photosynthesized organic compounds fran co2 ' 

it is killed and the soluble compounds are extracted·vlith. such solvents as · 

",/ ... · 

alcohol and water. Then one removes the excess solvent by evaporation and . -· · -

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

comer. After that, one allows suitable mixtures of orgimic solvents w-et 

- vlith water to traverse the paper by capillarity. _These. solvents dissolve -

and carry along the various compound~ at different rates of .. travel. The 

rate for each compound depends on its physical properties~ .. -
· 'vJhen this development by a ch..""'matographic solvent is complete, the 

paper is dried. At this poirit, the -substances ha~e been separated into a -

row near one edge of the paper~ That edge of the paper is then .~ipped in 

a second solvent which has different solvent properties from the first one. 
. ' ~ . . . 

Tnis tLm the compou.'1ds S..."'e ce..rried i.t1 a direction at a right angle to the 
.. 

first direction •. As a resu~t, the c~upo~!ds. which have been separated-in 

a rOi'l: following the first development,. separate into a tw-o-dimensional '\i. 

pattern over the paper after· the second stage of ·chromatography,; : . 

b • .Radioautography , · · - · · .. 
The compounds. of i,mediate interest contain atans of 14c t'lhich 

emit (3- particles. ~Jhen a sheet of unexposed medical Xt-ray film is placed 
i~ 
! 

in the ~k in contact t-vith the dry paper chranatogram, ithe a.""eas -of the 

- /' .. 

. ' 

. ; 
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paper holding radioactive compounds are a source of th~.materi~l wh~9h 

expose:s the X-ray film. After a suitable period of exposure, the X-ray 

film is developedo 'Dark spots on the film reveal corresponding areas of 

radioactive substa~ces on the pq;er chro.natogram. Such a radioautograph 

made from unicellular plants which had phot6syhtl?esized t...rith 
14co2 for a 

few seconds is shown in Fig. 4. 

c. Identification of radioactive products 

Small a"nounts of many knmm chem:ical compmmds have been .. 

chranatogrephed one at a. titre, ·using the sa11e chro.11at0graphic procedure. 

C'nemists found the locations of these substances on the paper chromate-

grams by: spraying the papers with chemical reagents . which react with the . 

. substan.:e to give colored canpounds. The substances are revealed as 

· colored spots on the paper. From the locations of the compounds, a 

chranatographic map of knmm canpounds wa..o:; made. This rrnp helped in the 

identification of the unknown radioactive compounds fran the photosyn-

thesis experiments. 

Corrparison of the location of a.11 un1mown radioactive compound·-.on. the 

paper with this map gives a preliminary indication of the possible identity 

of the substance. one may then elute the radioactive compound .from the 

- paper. chromatogram t.;ith water; . Next, one mixes the labeled substance with 

· an·unlabeled sample of the. suspected canpouno, and rechranatographs the 

t1110 together. Followi.'1g ·this co-chi-onntography and radioaJ,ltography, the 
... '•. 

paper is sprayed to 'give a colored spot. If the radioactive s~ot coincides. · 

precisely with the colored spot, the radioactive substance is tentative~y 

identified~ Further chemical tests, and. chromatography with c:iifferent 

. solvent systems 11 verify the. identification. In this ¥'lay the compounds . ·. 

- l~beled duril;g photosynthesis vvith 14co
2 

were discoverec\ (Denson, et.al, ,'. 

i' ! 



1950, ·1951; Benson, 1951; Buch.3J.um, et.al., .1952); · ·· · · 
! ·.:· 

-3 •. Chemical degradation ·or labeled products.· 
. . . . ' '· ' 

Information about the' derivation of one interniediate substance 
. ' . 

. fran another along a metabolic path can be obtamed by degrading the sub-

stances chemically. One detennines the amount of labeling in each carbon , 
. . 

atom position of the molecules. For exarnple; Bassham, et.~. (1950) 

. hydrolyzed 3-phosphoglyceric acid and then allowe~ ~he glyceric acid to 
1 .. 

formic acid, and fonnalder.yde, which were derived respectively fran the 
· . · alpha · ·.. · beta ·. . · '· 

· carbo:xyl group, the 1\ carbon atan~· anc:1 the A carbon atom of the original. 
. . . . . 

molecules. They determined the radioactive content of each of these deri:.. 
. . 

· vativ""es •. From this contertt ~~ 14c, the distribut~on of tracer .in the· · · · 

original molecule could be. calculated. Comparison of this distribution of 

iabel.within the molecule i-rlth the distribution o~ label within a sugar . 

molecule such as a molecule of glucose, gave infonnation ~bout the possible 
\ 

biochemical relations between the two substances, ·(see Fig. 6)., 

B. Experimental results and .their interpretation 

1. First labeled products 

a. 3-Phosphoglyceric acid 
' • • I ' ' ' (" '< 

The labeled products of photosjnthet'-c reducti~n of 14co ·for 
. . . . . . . . . . ~ .. : .. . ·.' '. . .. ; ·.. ' 2 ' . ·~ . 

60 seconds (Fig. 4) 'are several sugar phosphates and diphosphates, 3-phosphO- > 
- 1 •. • ' • - • • • • . • • • . • t, 

.~ -

glyceric acid, phosphoenolpyruvic acid, and.small amounts of other carboxylic 

acids and amino acids (Calvin and Benson, 1949). _At only. 2 seconds (Fig •. 5) 
- .·· . . '•, . :· 

by far the most prominently labeled product is 3-phospl;.lop-,lyceric acid (PGA) 

. (III).· 
i 

Calvin,·~.al.· (1951) degraded labeled PGA formed ~rL~g 5 seconds' 

photosynthesis and showed that 95% of the radiocarbon \ia.S located :i11 the 

. ' 

;.: 1 

' 
'I ., 
•' 

. ; 
, ~ I 
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carboxyl atom. This findinr; supported their conclusion that the first 
dioxide · it 

reaction .in the fixation .-9f carbon A .. : :!.ncorpo~ate·s;iinto the carboxyl 

group of PGA. The nature of the substance v1h1ch supplies the other t>'IO 

carbon a tans of PGA rermined for sane tiJT.tC unknown. 

_b. Sugar phosphates 
' 

Among the first au._~ar phosphates .identified were fructose-6-

phosphate ("VI) and e;lucose-6-phosphate. 2oon tperafter dihydrox-yacetone 

phosphate (VII) and f:r'!.tctose-1,6-diphosphate (VIII), both of-which occur 

in rather sm:1ll concentrati?ns 11 v;~re .-identified. 'Ih~ finding of. these 

compounds led Calvin and Benson (1948, 1949) to conclude that the path of 

c~b~n dioxide reduction in photosynthesls included a reversal-of several 

steps of the glycolytic patht-m.y i'lhich leads fran hexose phosphate to PGA. _ 

After a time, several other sugar phosphates -....'ere identified.- f1ost 

irr.portant among these \'/ere the 7 -carbon compounds, sedoheptulose..:7 -phosphate 

(IX) a.'1.d sedoheptulose-1, ?-diphosphate (SDP)_ (X)_, and the 5-carbon ccxnpounds, 

ribulose-1,5-diphosphate (RuDP) ;(II) a'1d ribose-5-phosphate (XI), xylulose-

5-phosphate (XII), and ribulose~5-phosphate (I), (Benson,~.~., 1952) • 

. The roles of these compounds in the path ·of carbon in photosynthesip became 

more clear after they had been degraded to locate the position of radio

carbon atans within the individual molecules (Bassham, £i.al., _1954). 

2~. Locatton of radiocarbon within molecules 

a. Carbon dioxide tq hexose phosphate 
. . 

As already ~ntioned, most of the radiocarbon folind 1n PGA _i'ffi.s 
. . . . ' ' 

. . . . . 

located in the carboxyl caroon following 'short periods of. photosynthesis. 

The rel'!l.aining rc>~dioacti vi ty \'las fou..'1d equally· distributed at ·all_ times 

bet~·Je€m ,the two ot~er carbon ratoms 0~noted <(':' ;_and . ~)~ ~ :.~ '· "<~-,,,·;·For~ eX8.11lple, 

. after 5 seconds 0~ photosyn~hesis with 14_co2' th~ distr{bution of 14c among ... 
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. carboxyl~ and /3 carbons respectively \·las 95%, 2.•5%, 2.5%. After 30 

seconds'· photosynthesis the distribution i·ias 50%, 25%, 25%. 

If the formation of hexose phosphates.occurred'via a reversal of 

the glycolytic pathway.from PG~, both carbon atoms 3 and 4 of the hexose 

should be formed fran the carboxyl of PGA. Carbon atoms 2 and 5 would 

come frcxn the a carbons of PGA, while· carbon. at ems 1 a.~d · 6 would d~ri ~e 

from .the f3 .. carbons of PGA. vih~n Calvin, ~·&· (19?1) d~graded .. h~xose. ·· 
. . 

molecules in such a way as to obtain these pairs of carbon atoms, they . . 

found the distribution of radiqcarbon in the hexose to be as predicted by 

this pathway, (see Fig. 6). They concluded that during photosynthesis, 
~ • I 

the PGA formed by the primacy. ca.rboxy.lation .reaction is reduced to glyce-
- . ' . \ ~ ' ' 

raldehyde phosphate (V), · [Eqs. :(9) and (10)], which isomerizes to dih:y-

droxyacetone phosphate (VII). _'lhese two triose phosphates .then condense 

· end to end to rr.ake fructosc-1,6-dipi1osphate (VI), and eventually fructose 

and glucose monophosphates, (see Fig. 6). 

'· 

.) 

.I 

I 
' 
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It is possible that these reactions are catalyzed by enzymes similar 

to those of glycolysi-s •. -~ ~- . -. _ ... ·:"" · .. .: .. ·, , • I>1any such enzymes 
·.:.· 

have been isola~ed from plant tissue, incluOir~ ph?tosynthetic tissue 

(Peterkofsl!,_y and Racker, 1961). Such tissues usually are capable ?f 

' 
glycolysis; so that isolation of the enzymes involved does not in itself 

. prove 'cheir role in photosynthesis. Some photosynthetic organisms appe3! -··_ 
."' 

to lack sufficient am~unts of some of th~se enzymic activities (as assayed 
' 

in cell-free systems) to catalyze their assigned step in the path of 

carbon in photosynthesis (Rich:ter, 1959; .,· Fewson, et al., 1962). -. 11his 
- - . -- -

might mean that these organisms perfo~ carbon . ~ech.tction by a different 

path. Since there is no direct evidence for such an alternate path,. a 

more likely explanation .for the apparent enzyme deficiencies is that the 
i 

photosynthetic path is mediated by enzymes lvhose acti vlty is ir1 some vm.y 

·-· _, 

I 

. ;..f 
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lost· or cli.rrlL.1.isb.ed during the preparation of a cell-Tree system. Perhaps .. 

the. photosynthetic carbon reduction cycle enzy.mes are more active .in a 
. ~ ... 

particulate, or orgnnized er..zyme system .2:!:!. vi v2_, than ~hey are· follo'izing 

.. isolation. .._, __ . 

Heactions (9,10,13-15)'bring about the conversion ofPGA to· fructose-

· 6-phosphate (yt_:). The corre;;ponding glycolytic enzymes would be:. 

(9) phosphogl).ceryl kinase;· (10) triose phosphate dehydrogenase; 

(13) triose phosphate .isomerase; (14) aldolase.; Eq_uation (15) viould 

require a phosphatase. 

b. Hexose phosphates to heptose phosphates to pentose pho~phates 

Tne 7 -carbon sug~ phosphate 11 sedoheptulose-7-phosphate M.i i.'las 

isolated from plants which had photosynthe::ized in 14co2 for a· few seconds.·· 

Degradation of the sugar revealed that its label of 14c was located in the · 

three middle carbon atoms, numbers 3, 4, and 5 (Bassham~ et alo, 1954). 
. -- . 

We have already seen ·that the 6-carbon sugars i'iere labeled in their two 

center carbon atoms (numbers 3 and 4) and that the trioses were labeled 
. . . I ' 

in their unphosphorylated terminal carbon atoin. Condensation of a triose 

phosphate with either carbon atoms 1-4 or 3-6 of 
1

the hexos,e would give 

· sedoi:1eptulose labeled as found experimentally. 

·_The enzyme transketolase (Racker,· £E. a~.> 1953; Horecker, et al. ,_ 

1953) mediates the removal of, .. carbon atoiTJ.s 1 and 2 of the ketose phos

phate such as fructose-6-p~o~phateb fo~ng ~-thirunine pyrophosphate.:.. 

glycolaldehyde compound (Ell} -~vith t_he 2:-carbon piece. and Pz:?ducing _at . 

the same time an aldose phosphate with· two. fewer.carbon atoms in·lts. 
I .-' 

chain [R~action (16)]. 
/ . 

...... 

. _l ... • 

.. ! 
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CH20H 
~~I 
~-C-OH 

H 

·*+ 
O==CH 

1:·1 
HCOH 

{ 
HCOH 

I -
H2COP03H 

XIV 

XII .. · 

In this case, the resulting aldose phosphate is erythrose-'.J-phos-. 

· · phate (XIV), labeled in carbon atom positions l and 2. ~vnen this 4--carbon . . . .. .. 

:::ugar phosphate is condensed by aldolase with dihyclroxyacetone phosphate . 

·(VII), Equation (17), the resulting sedohep~ulose-1, 7-diphosphate (X} is 

labeled in positions 3, 4, and 5, as foll."ld experimentally. Removal .of the 

phosphate (Equation (18)] on the number one carbon ato.il by a specific phos

phatase then gives sedoheptulose-7-phosphate (IX). 

* O=CH 
*I H.._COP03I.C 
HCOH ~I . 

(17)(18) I + C=O --7> 
HCOH *I I H2COH 

'' COPO ·r · H2 , 31'• 

XTJ VII 

· H2COP03rt 

. C=O 

*I 
HOC:! 

*' HCOH 
*I HCOH 
( 

HCOH 
l 

·H2COP0
3
H 

X 

HOH 
~ 

H2COH 
I . y=o· 

* HOC.d 
*I .+Pi 

.HCOH 
*( 
HCOH 
I 

HCOH 

H2tOPQ;H

IX 

'l'ransketolase catalyzes a reaction [Equation (19)] between thiamine 

pyrophosphate and sedoheptulose-7-phosphate to produce thiamine pyrophos

phate-glycolaldehYd~ and a 5-carbon compo~~d, ribose-5-phosphate (XI)~ 

"'·,,•' 

I 
'J 

. . . . i 

. ~ 
;_ 

. ~-

~- [ 

·J 

.. , 
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labeled in carbon atoms 1, 2, a>'ld 3. 

(19) 

(20) 

H2COH 
. \ . 

C=O 

: *' HOCH 
f,· I . 
rlCOH 
" I ... 
HCCH 
\ 

HCOH 

l -·H
2

COP03H 

X 

+··l~cH --? 

f. 

CH20H . . . 1 . . 

-~-c~oH· 
H . 

XIL. 

* + * Q-1H H2,0H .. ':':· -~ , .. 

Aeon *c=o · 
*I . *i 
H~OH _;-,.7 . HrOH 

· HCOH · · HCOH 
1 _ I . _ 

H2COP03H H?COP03H. 

XI I 

Phosphoribose l~omerase (Axelrod. and Jang, 1954) converts this compound 

·to ribulose-5-phosphate (I) [Eq. (20)]. 
.. ·' 

111e two molecules of thiurrJhe pyrophosphate-glycolaldehyde produced. 

by Equation$ (16) and· (19) couldreact .with any of the aldose monophos-

phates mentioned· so far.. ·vie sr1all see in the next section that the sugar . ' . 

phosphate which is used up by.the carboxylation is a pentose phosphate. 

The product of the carboxylation$ PGA, is. reduced to triose phosp!:iate. · 

Thus. there must be a net flow of c~Jon from triose to pentose under 

steady-state conditions of_photosynthesis in order to complete the cycle. 
. . .· . 

This flow .is accomplished by a net reaction of thiamine pyropho:3phate- · 
. ~ .. 

glycolaldehyde molecules with glyceral~hyde.'::phosphat.e molecules to 

p~duce xylulos~5-phosphate ( XII.t) [Eq. ( 21) J. , · These. ·are· converted by · 

the action of ribulose-phosphate-xylulose-phosphate isomerase (Srere ~ ·. 

et al., 1955) to ribulose-5-phosphate (I) [Eq. (22)] •. 

' 

, . . - -:-:·" . 

" 
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J~- nu. Ml msult ot FA!Uat1Cil8; ;13-22), ~.the oonvers~n ~t. ~; ~eo; <fi::·!is!~;.;;~~]'\:; 
oules or gl.yoeral.dehyde-3-phosphate to three' molecules of ·ribulose-5-PhOsphate ,,: . ,.,, 

.. . . . ~~-
• ' I ' ' ' ·:~ ~. ·' . ' ~- ..,. .. .:. _. . ' :· '~7 _-_', -:~.~-- .' 

(see. Fig. 6) •· Two or these molectiles ronned bY, Equations. (21) ancf (22) are :··*_(~;.~;~~i :: . 
· · . ·. ~·sr;.t\?:), .. 

labeled 1n carbon atan position 3i while ,the t~ one, trom Equations (19) · · :;~:··;~ .. :~.~. ~,, · 

. . : ... ' . <.·~ . ' .. ' 
! _.:· 
,.~ ,· , .. , ' . 

.' .:_- .. i ~~ 

.·;·:·' 

'·. 
,, 

·} . ~- ,' 

.... 

.. ;':.· 
'l ,, 

.. ,_. 

arid (20) 1 1s ).abe led 1n positions 11 21 and 3. The resultant-average 
.;• 

labeling or ribulose phosphate 1s heavy 1n position 3 and lighter 1n pos1-
•. 

t1ons 1 and 2. labeled after -a few seconds'. 

;. ~ -· ••• ~ ..... t ·.; 

Thus, tmrreenan1em o~ the ,>·;;:·~~}~~;·~:.;: .. : 
conversion of five mlecules of triose phosphate to three molecules or .:\. : ·· ::·::: ~ ·. , ' 

' . ' . ' '\ , ... :~ ... :: : : ~· 

were degraded (Bassham, et al. 1 1954f~ this - ... • . 

.·· ... ,. 

pentose phosphate waa established. ., .... -. ·':· 
/< •• 

........ ' Ligt}t-dark transient changes .. 
}..· ... 

' 
..., '.: 

Quite a different type or eltperiment was required to 'rewal.the 
t't . 

;, ::• 
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recirculated a strea11 of co2 through a suspension of phot'o$ynthesizing algae; 

'rne supply of 14co; was .such that· it did not· change appreciably ·dur:lng ·the course 

of the experiment (Calvin and \•1assin1, ·1952) •· Small aliquot saT.ples ofthe · 

algae ~'ere taken and killed from time to time. Subsequent ar1alysis by paper 

chromatography and· radioautography . shm;red that the 14c content of inte~~diate ; .: · 

compounds in the carbon reduction pathway no longer increased after about 5 minutes 

of photosynthesis. By this time, enough 14c had passed ttrrough these intermediates 

on the \•i8.Y to end products to 11 satu1·"'ate11 each CO:rbon atom position with the same 

degree of labeling (specific ~adioactivity) as the14co2 ~. Since both ~he 14co2 

specific. radioactivity (S) and the total radioactivity of an intermediate 

compound '(R) could be experimentally determined, Calvin and Massini could cal

culate the concentration of carbon in the compou:1d as C= R/S. 

As long as the algae photosynthesized under constan,t conditions, the 
. . • c 

concentrations of intermediate compounds remained constant. Then the light was 

turned off and more sa-nples were tatcen. Since certain steps in the. path. of 

carbon must require co factors produced by light, one would expe~t such steps to 

be blocked by.darkness. Calvin and Massini found t~at the concentration ofPGA 

rose quickly. Tnis was expected, since light is needed to. form the ATP and NliDPH , 
. . . ·. . ' ,· . . . . · .. 

required for the reduction of PGA. to sugar phosphat.es. f,t tha same time, the concentra~~. 
'. 

tions of ribulose-1,5-diphosphate fell rapidly to zero, indicating that its fo:rm.a

tiOii requires ATP produced by light (Eq. (?) ] •. This reaction is mediated by the 

enzyrr~ phosphoribulokinase. (Hurv.ri'tz, ~.&•, 1956). 
. . 

4. Hig.~-la.-t ·oo2 transient Changes . · 

These ~t~dies t';e~ cont~~d .by \s/ilson _and caivin, (~95;), who left the light 

· on but suddenly lm~-ered the tensi011 of C02 to • 003%. S~ce PGA.is a r>roduct of ., 
the carbox)'lation reaction, it i·las expected that its conc~ntration i'IOUld fall. · 

~ . 

i 
This is exactly Nhat fla.ppened. At the same tL11e, the concentration of ribulose· 
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diphosphate rose rapidly and then fell. This bch~wior is to be expected if 

ribulose. diphosphate is. a substrate for the carboxylation reaction, since 

lowering the co2 pressure will stop the . reaction lvhich uses up RubP. Thus, the. 

carboxylation of ribulose diphosphate to Give PGA as a first step in the carbon 

reduction pathway was discovered [Eq. (8)]. 

The carboxylation of ribulose diphosphate by cell-free extracts of Chlor@lla 

'rla.s demonstrated by Quayle, S!, a?-. ( 1954) 3 who ncu"l'Jed the enzyrre carboxydismutase. 

The enzyme has been purified from spinach leaves (Weissbach, ~ ~., 1956; Mayaudon, et 

~· J 1957). ... . ·~ 1he purified en7.ywe mediates the addition of 

wo.ter and co2 to ribulose diphosphate, vJith an intramolecular oxidation-reduction 

·reaction, or dismutation, leading to the .formation of two molecules of PGA. In 

the carboxylation part of the reaction the carbon atom of co2 becomes bonded to 

the Nu~ber 2 carbon atom of ribulose-diphosphate. 

c. The photosynthetic carbon reduction cycle 
i 

1. The complete cycle 

The complete photosynthetic carbon reduction cycle is shown in detail 

in Fig. 6. A som:~1.·.;hat idealized distributlon of label fotU1d experimentally 

following a short period of pQotoBynthesi~ t-Jith 14co2 is indicated by the asterisks~ 

Some details of the distrj_bution of label, not previously discussed, should.· .. 

be rrentioned. The concentration of cl~.hydroxyacetone phosphate is considerably. 
phosnho- · but not equally 

·greater thcu'1 that or/\r,lyceraldehycki. •,.n1en these two si.rnilarly (\' labeled triose.:·~ 

phosphates condense the result is a hexose phosphate lareled more heavily in the 

.number 4 carbon atom than in the n1...."11ber 3 carbon atom position. · This distribution 

was observed experimentally by Kandler and Gibbs (1956). ~ 

· Labeling of sugars is also affected by the fact that the transketolase reactions · 

are highly reversible. A gylcolaldehyde thialiline pyrophosphate molecule has about 

as good a probability of reacting with the aldose su.gar phosphate from \ihich it 

has just split as it has of reacting with a different aldose sugar phosphate. 

Tnere is a ca.'Tinon pool:. of glycolaldehyde thiamine pyprophosphate which interacts 
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alrnost equally with fructose-6~phosphate, .,sedQheptulose-7-phosphate; and 
. !'. • 

. . 

xylulose-5-phosphate. Tnis permits a feedback of label from the nurnber 1 and 

2 carbon ato.-ns of the pentose phosphates to the number 1 and 2 carbon atoms 

of hexose phosphate (Bassharn and Calvin, 1957). Under certain physiological conditions 

this feedback is sufficiently ,great to result in greater labeling of ca..---horl atoms 

1 and. 2 of hexose than the corresponding carbon atorr.s 5 and 6., •rnis effect 

·was also noted by Kandler and Gibbs (l956). 

: ., ~ ; { . 

. :-!. 
2.. Stoicr~ometry of the cycle 

intermediates of the carbon rc~duction cycle remain constant. Suppose that n 
. . I . 

molecules of co
2 

enter the cycle by the carboxylation reaction~ .Then n atoms 
. . ' ~ ' . 

of carbon incorporated into organi? :compounds· are tal.:en from the cycle by 

· secondary reactionso .'l'hese reactions utilize cycle .intennediates as a starting 

point for.the synthesis of various end products. 

For exarnple, the hexose phosphates may be converted to sucrose, oligosaccharides,. 

and polysaccharides such as starch.:.and cellulose. Another exa11ple is the conversion 

ofJ-phosphoglyceric acid to.phosphcenolpyruvic acid and pyruvic acid and thence to 

alM:ine ~ an,;. aminO acid •.. 

Consider one canplete: -revolution of the carbon cycle, · shown in Fig. 6. Each . 

reaction occurs at least one~~ Tnree molecules of pentose diphosphate (15 carbon atoms) 

react with 3 molecules of carbon·dioxide giving 6 rr~lecules of PGA or·18 carbon 

at~ms in all. o'f the i8 carbon· ato~, 15 are required to regenerate the 3 ... :·· 

mclecules of pentose phosph~te i>Jhile 3 are used ·in. the· forination of various 

end products. Besides 3 molecules of· carbon dioxide, a' complete cycle . 

uses 9 mol~.cUles of. ATP and 6 rnolecules of NADPH~: (2 el~~·trons per moiecule) •. 

•. 
~· :' 

.. ,, 

' ' 

;,_·• 

't 
' 
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lJ;.; · '.· · · ~· .• . .,~_., · ;, '~se. ~quirements :are ror the cycle a8 · 'wJ:titten ·ill Fig. 6:, >:·It: ·h8.s ·been:·;·,?>. c:/:···; 't:: 
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-·~:. : . .: be a ·reduqtive, carboxylation (W1ls0t'l and C8lv1n; 1955). · Broken isolated. ':\~~:~~;,~pi 
· '·,.;\ '\:~r-~+~~_-f:·. ·.-. -, , . . . , ·. •\:· -· '_. ~ . ·: .· ,; :.'· ·. _ ~ .. ~-~::1~s!.~~\--)-;: 

'.; ,. > · · · chlorophasts and cell tree systems perform only the non-reductive carboxylatiorl' >·. ~. ~;-_;,·_ :\t :~ 

.· : , ,/ of ribul~ diphosphate, It 11i•'a iwPothea1a. at present~~. that 1!!. / ':;Fi:.~.?J[' 
t·.· ,· ::. ·;,.:-~- -~ enz.vma ·systems capable or·'us~·electrons .. nrire.d1reotly rrom.·the 11~-.... :~·}.;~r;:.~·t·(),.::::·· 

·.: : .. · ·r.:.~:, ).:. ' · . · : . · -:··· · ·. . · . ·.- ·~: .. :~::;.:~~-·-.-~~-K~::~~-~f-~V··:.1.i. 
~>).:: ·<,~· .. -. reactions could catalyze reductive carboxylation (EQ .. (23)] •. Such a system · )'·:::t/·:t_;~·t} 

';·· ,.,:. \ .(.-.. •·!~ . ' ' ' . . : . . :. ·.<~·;~·.-/·~~~~;·t/:[~~~~.:.~ 
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_.:· ... ~. ·::,:: .. ~~~<;;. · . . - · · · . . · . · - ·:- ._ .. : :~~--~·.¥.~~~:t.f\;,W 
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··- ->-~--~~:- .... _) .· - - . . . - .· ... · - . .···--:_-; .. ·~:(:~>·rc\:_~·-~ 
· ::'' ·.~·,;/>:'. For each complete cycle (3 molecule~· of· co2 taken.up) 3 or the. ATP ~olecules would::;~~,;}·~;:[: 

.. ,_:::.-_->_\::· ~:,:~::~ not be need~ 1t 3 .ot the NADP_H~? m:>lecules could be replaced by m~eCul.ea or. reduaeci.V~(j 
--~-.·~·,.,._; -''·~· •. ·., ... :".i-'~ ' . . ' \ . . . . . . . . ' . ~ . l . .'--=:.._.' ·.~ .. -,,;~:. 

:-i::£:,;,;:. : · ';.::~_; f'ewedoxin. The total requiremnt wOuld then be 6 ATP. 3 NADPH.,, and 6 ·'-. ·. ·. .., -:·:.;;J~WJ 
:.:,;;\:;L;, : ·:'i; :.: . . ' · ' · · . .' ;. . .' ' ,, :.: <eJ])fi{f,~ 
,··. · .\·_reduced ferredoxin molecules, ·per 3 co2 ·molecules -~aken up. . . · ... \.:r~~~;~;11 

. ~ . .· . . . . ..' .., ~ ,_ :v~J;~~/ 
• I 3,i _Quantitative importance· of cycle , · · ' · · · 1 · •• · • . ... : • • • ,_, :,~A;~~fj 

• • - . · · . ... • . • ,· • .... J <: u~;--~· ·. ·>.-0!'.!-;f_.:~~-: 

.. :. , POA and the sugar phosphates ·clearly account for most~ or the. ll&c. ro\Jnd. :, .. :if~:.;;:~ ;..\;t~:~} 
··. ··- · • ~ .. ;~·-·· ·· · - _.· · · . . • · • . . . ·. · • -. · : .-.. .- ··~·::-?; .• :::·,(;;_;~-~-:~-~-.. ~~~~:~:

1

A7:r~-
...... ~:: · :\ :~, 1n.1nd1v1dual c;oiq>Ounds. following a. few ·aecoods of.: photosynthesis ·with :. ,·, .; )·r·;·::,;>,}:><:~:~~<~::'?:i. 
;_r···~··./.-.·. ·,~. . -· . .. . ,·. ·. . ·.- ... - .:~~~-;··:_·:;..t·.~--:,'1 ..... ~~~::..~:· 

:·:;;·~· 14ooi.· Nonetheless,· one miiht ask wh8ther or not ·other.~rtant· pathwB¥~ ~:;:;:;~&\;-:~;·;~~;,\;~ 

".;:,·:' ";'' =~~:: ::1:::~;:~==· ~~,k·t~~~~i!l 
.. '\ .. '· elude the intermediate canpounds of the carbon reduction cycle. It so, this.:;..,;t-0·.~;~,:;·,;~:./.t::., 

r;:~~ii , r:\ path WcuJ;i bave. to inClude -tances Which are SQ .~1 1n ccnoontratiaJ aaitfr;:~!~~~;~, 
:-:;~r\i ', _,:;;.; not to' be sean, or which are 80 \mstabl(t as not to be isolated by the methoda.(1(?t~; .. ~?~~f.~{J}~.4' 
' '' :f of ~r o~n...a~ •. · . ·. . , . • . . , •· . . , .. , • ' ,?if~J11;;~?~i~£ 

~ /;·;\ .. ·. ; // These poss1b111t1es Were tested by Bassh&m ,artd. Kirk' (i960). who refined :~~c···· . <>tJ;J~~ 
'~.'·.;~~~ .~/' ~~·- {~l· l!~f'. . _ .. \ . . . . .. ' ·. . . ' . . . . : ' . . .. - ,··.~~_.,~,· ,.~,-~::-·i·-.r{~~~~JC:~l-:3 
;://'/:~::,:;:· : r' .:. ;: the steq-atate photosynthesis studies. to . pennit direct canparison or the . :: ~:.;~,' '!~~~-'::r~l~~;;;~t 
~:w~!:·i:l . .>·,::. : ~ · · · · . · 4 · .· ·. · · ·. ··· . · . :. ··'::/;; ... ,.~:'~::V:-~~·::;~::, 
;.~·~_u::·~?> : .. extexnal.ly measured rates ·or 1 . C 8nd. 12oo2· uptSke 'with the· rates or BPPe~: 2Ytir~,~~:.{i;j~~3;,r;: 

ance-. 
~ . •, 

. ·:~ ~. ·,. ~-. 

·:~ .. - d ._ •.•• ·, 
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-. ~-" · .. -~ ' 
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the rate of labeling of sucrose (~he .nost rapidly. labeled carbohydrate) 

. is only a few percent of the to'c?:~ ~ate of 14c uptake •. ·rn fac':,» its rate 
. /.. ' 

of labeling is no greater tha1·! that of some other secon~· products such 

as. alanine. 'I'he sucrose labeling rate is insignificant during the first 
. I 

few seconds. T.nese experirne.ntal results rule out tr.r..: possibility of 

sir,;nificant sucrose fonna:cion via a sequence of unknovn1 i&'1termediate 

compOW1ds, all occurrin<~ ,1t very small concentration~> o 

It was also fow~d that labeling of PGA and the sugar ·phosphates 
14 

account3 .for a leaD(; 70% of th~ externally m:~asu:~::!d .J.. C uptake between 

10 and 40 seconds after the· introduction of 1 '~co2 • 'l'he pool size of unstable 

'intermediates preceding these stable compounds was not more than the equivalent· of 

. 5 ·seconds of photosynthesiso It is likely that even. this small pool is 

· .. nothing more than intracellular co
2 

and enzyme-·~O~ld~: :· '· .. :. , : :; ... ' . · ·.: ·.i 

-·· . ·.: .. """~:_l-~~- .. ·~~T---.~.· -~-:-:·~ ·::;·=:·:! _._.;:. :~-···"·;f~.:: 

• l " ·· ... c;~t is clr.;ar that even if pools of un-, 

stable intermcd:!.atc compoun<.'ls do exist, ~.;.1ey must be far too small to be 

involved in an unkno'Wl1 p£1th to carb~l1yarates.. · This conclusion follows from 

· the fact that SUCh carbohy~ates WO:.tld becorne labeled much more rapidly than 

14 . the experiments show if they wer-e formed from C via compounds of such 

small pool sizes •. 

VI. · Secondary carbon reduction pathNays 

A. Carboxylic acids 
;;.· 

From the earliest studies of photosynthesis with .14co2 by Calvin and 

.Benson (1948, 194~), it was clear that many substances besides PGA and 

sugar phosphates were quickly.:iabeled with 14c. Among the more important 
•\ 

early products were c~boxylic acids, such as malic acid~: succinic acid,·· 

and glycolic acid. Also labeled at very short times were certain amino 

' "•: ~ • I 

' ' 

" '; 

. ; 

-~ 



• 

-53-

acids, such as alanine, aspartic acid, serine, a~d glycine (Stepka, 

et al., 1948) o Tne rate of labeling of such compounds duririg the first 

fe-tt seconds of photosynthesis witi1 14co2 is often greater than the 

labeling;. rate of carbohydrates such as sucrose. Such findings suggested 

,., that these non-charbohyd.rate secondary cornpounds are formed directly 

from intermediates of the carbon reduction cycle rather th.."'D from 

unphosphoFylated carbohydrates. 

By a.rmlog_y with knc';m respi~atory r-eactions, malic acid mig.''lt be 

formed by recL:·Jtive carboxylatio::J. of phosphoenolpyruvic acid (PEPA) 

(see Pig. 6) according to Eq. (2ll). 

(24) 

CH2 }{ -
CO?O 1C + f'CO I _ 3 ... 2 

*CO 
tl 
0 

..... 
+ NAJPH --?/"" l·l" + 

0 
II 

lrC0-

1 

fH2 
hOCH + HOP0

3
!C + NADP 

I 
*CO-

j! 
0 

,. 
,. 

Citric acid is rapidly labeled by plants photosynthesizing in the 

presence of 14co2o Presumably it is formed by the c~~densation of acetyl 

coenzyrre A vnth oxaloacetic acid. The oxaloacetic acid might be fonned' 

by the direct carboxylation of PEPA fran the carbon reduction cycle 

[Eq .. (25)]. 

(25) 

·C02 
I 

~ C'ri2 ' f 
C=O 
·I 
C02 

+ · HOPO H-
3 

The possible sou...~e of acetyl coenzyme A in photosynthes-is is discussed 

in the next section. 
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One of the most interesting and yet incompletely understood 
. ,. 

as~ects of photos~thetic carbon reduction is the synthesis of glycoltc 

acid. The·rormation of glycolibacid during photos~thesis is favored· 
' , . ' . 

. . 

· by low co2 pressure~ ( 0 .1%) slightly greater than t~ose to which plants 
' 

are exposed under natural environments (Pritchard, et ~·, 1961). , 

High concentrations of o2 also ~crease glycolic acid fon&~tion (Bassham 

and Kirl<, 1962) •. ·It appears that glycolic acid is fonned from carbon 

atoms 1 and 2 of the s~sar phosphates of the c~Jrbon reduction cycle. 

·It may be formed by oxidation-of glycolaldehyde-thiamine pyrophosphate 

.(Cal~in ~~d Bassham, 1962) (see Fig~ 6). 

B. Fatty acids and fats 

If a rapidly gr-mving photosynthetic rell such as an alga··· cell is 

exposed to 14co2 for 1 to·2 minutes ~~d then killed, as m~ch as 30% 

of the radioactive compounds formed behave as lipid-like subs.tances 

when partitioned between aqueous and 6rgarac solvents. A qonsiderable · 

portion of the chloroplast structure consists of }ipid materials, and 

rapid lipid synthesis is required for chloroplast gr9w~h and division. 

'l'he starting.point for syn~hesis of fatty acids and other lipoid 

_substances such as carotenoids and terpenes is acetyl coenzyme A. 

; Very little labeled acetic acid. can be isolated from the photo

synthesizing cell. It is presumed that the ~oncentration of acetyl 
. . 

~ coenzyme A· is very sm:'lll and that: the small pool turns over very rapidly• 
' 

A plausible path\'V'ay to acetyl coenzyme A from the carbon cycle would 

. be via a phosphoroclastic splittinc~ of the thiamine-pyrop~_osphate 

glycolaldehyde compound formed by the transketolase reaction •. Such a 

·split [Eq. (26)]. could be mediated by an enzyme sirnilar ·;in part to 

phosphoketolase (Heath, et · al. ~· -1958). 

9fi20H. 
(26) · f'TPP'c -· CHOH 

.-....:...::../ 

CH3 
--7 [TPP)cH ·+ . ·~OP03H- + H2o . 

0 

.. ·, : .. · . 

•·' 
'· 

,.'I 

• J 
. ~ 

. ' 

. ~ -:., ., .. ~ 

.. 
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The resulting acetyl pl1osphate could undergo a trai1sacylation reaction 

with coenzywe A to give inorganic phosphate and acetyl coenzyme A. . 

Once acetyl coenzyme A has been formed, subsequent reactions leading 

to fatty acid systhesis are: probably s~~ilar to those wnich occur in 

other biosynthetic systems (Calvin and Bassham, 1962). In the chloroplast 

these reactions may be photosynthetic reactions in that they employ ATP 

and reduced pyridine nucleotide cofactors formed by the photochemical 

reactions of photosynthesis·. 

Tne 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, ~ al., 

r120P03tf" 

(27) CO + NADPH 
I 

H2COH 

?ii20P03rC 

HCOH 
I 

H2COH 

+ NADP+ 

1958) may be formed l;>y reactions of these coinpounds 1dth UDPGalactose 

(Neufeld and Hall, 1964) •. UDPGalactose in turn is formed photosyn-

thetically in the chloroplast from.UDPG (see VII C) by UDPGalactose epirnerase. 

c. Carbchydrates 

Buchanan (1953) reported that sucrose is photosynthesized from 

fructose-6-phosphate of· the carbon reduction cycle. One moleculeof 

fructose-6-phosphate is converted to glucose-6-phospha.te, wh:lch reacts .. 

with uridine triphosphate (tJTP) to form uridine cliphosphoglucose (gDPG). 
~ . ' 

UDPG is always labeled Nith C during short periods of photosynthesis 

with 14co2• 'l'he UTP was: presumed. to be formed from uridine diphosphate 

and photosynthetically produced ATP. UDPG then reacts with fructose 

monophosphate to produce sucrose phozphate and eventually sucrose. 

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

polysaccharides. As mentioned earlier, the synthesis of sucrose can account for 
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n 
'I . .•. I 

II 
~-I 

~I 
'I 

. • . il 

. ' nearly all of the uptake or caiobon d1Qxide during photosynthesis 1n the ., .• : . . ;~ - . ~ 1 
·-·. , , 'I ' ' '· ' ' -·~ . . . . .. . ': . . ' . . . 

· matUre leaves of certain green plants. On the other .. hand,· a rapidly 
'·' ; ; .. '' l[ 

. · . .., ' .. ' \. . ': -~;. ~ 
' '; •' lj 

· growing and dividing unicellular algae, such as Chlorell:a pYrenoidosa, may utilize ;~' . ~~ 

5% or less of the photosynthetic co2 uptak~ for the synthesis of sucrose. · 

D. .Amino acids and proteins ···•·. 

· '· The earliest separations of the prOducts or photosynth~sis of 14co2 ·-
~-~ 

.;.• 

. ~ .' 

. I 
' !1 

. .• fl ··r! 
•..••. f1 

··.:·. [J 

',, ·, !: 
. li 

··- Jj ., . ., .. _, "·,t~ · .. · · .·,by two-dimensional paper chromatography revealed certain amino acids to· ·.,._: 
~' :. ·- ., 

·. ~· 
4: • ... ·.., 

. ~ ' 

be· rapidly labeled products of 14co2 reduction. (Stepka,~~., 1948). ··,. ··.· ··· 

Most important among theae are alrurl.ne, aspartic acid, serine, glutBJniC 

~· acid, and glycine. Using quantitative steady-state tracer studies • . 

; ,. ' 
. ,, .··-

· .. ·.,··· ··: li 
. ~ 

>, 

,- :i ,, 
::: -. ~:: i! 

.. · .·. Smith, et al. (1961) were able to show that Chlorella pyrenoidosa 1nco~.: . : . ·.; 

.• · ..• ··•· porate as much as 30% Of the illco2 .taken .Up: Photosynthet1C!lll¥ directly ..• . . . , · ' · . . • : 

,· ., ; ··· ;·_:,~- into these amino .acids.· The rate of inco~or~tion or 14co
2 

into aianine ,:',: , , ·<·,.· . , . :; ·! 
·i 

- . \ . -~: ( : . 

;• ."<.·~ 
- by Chlorella pyrenoidosa may exceed the rate of labeling of sucrose. 
. . ·.-... 

-· 
'. ~ .!r-' ' • . I ' ;,, ,~ 

- -~ ~-

A study of the kinetics of the labeling or 8lan1ne show that its 
. . . 

: _ :. > · ··< rate of labeling reaches a maxim.m as soon as t~ intennediates of the. 
. . . i -~~: • --;.... - .. -~ . . . . ' ·. . . . . . . . .: .· 

--::·:· f_<· .. - , .. carbon. reduction cycle are "saturated" with 14c •. Since no se~ondary -
~ . ; . . . . . . ·. ' . . . 

. •-'· 
• ~ ~ .. ·~: : !" •. 

:. :' ·_ products of carbon photosynthesis such as sucrose are approaching · 
.. : :'- . ', . . . . .. 

. -. 

saturation at this tine (3-5 min); it appears that ~-is formed .. · .. 
. . :j 

':..) :. ·. ___ .. 

' .. > •• , ·· .. : • directly !rom 1ntennediates of· the cycle. Presumably• alanine is fonned:'·~ ._ 
·•, 

·. '_-::", .. ·.,'- fran PGA by the transamination of pyruvic acid derived tran phosphoenolpyruVic: 
--~;~.- . t- j. ! __ •. ·.:. -" •. -~ • . ·, . • • • ' . • . •. • • ~- ,:.'' • . ' 

• I>;~ • • ' •• • ' 

'"''·::(.;: -,··.··.·acid which 1n turn is derived·~ PGA (Eq. (28))~· · · ·.· -·· ·::·~-.-·.:~;:,~~-,,~:€ 
'·,I., .~. ~~-~-:·:~ ~~-->··. ,.·:~~-.··-.·. ' ,-<U3 , , , . .' l'fU ".,,- ,·o,·, 

W"1 W1 ·-~. 

HOH · I · Sl.utam1o acid I. 3 ··. . . _ . <" · '. .. 
(2~) · PGA ~- ~ PEPA,··~ ... c-o · . - ·H~:+ ~s;~~ke~6glutarfc:'.jac1d;. :":;'!:-1'·-i . 

. ·bo2· , , • .. •, ·:_ •· -~ ~ .. :, :~; :::,-·:· ' : .. ::·· ··L: '!> :~; '.· : ','>:~·. ;· 
The photosyn~het1c fonuation .or ~Y~~. a.ppc!ars ~~:}lepend ~pcm :the.-::. · .. : : :; : ·., _" : 

. . " .. ;; ~ . ~ : .. · ... • ':·.;·· . 
. prior tonnation of gl.ycolia acid. ·. Pres~ly, -glyeol.ic ,acid is oXidized ·· .'· ·' . ':.< '.· 

·.· to glyoxylic· acid, which is 'then transam!nateci·'.to ~giVe S:J.ycine. · 
. . • . I. -~... . .· 1 

~ . •' . ·. .. . ·. . ( 

' ~ . .. . '. . . . ' . 

·', 
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Other amino acids such as serine and aspartic acid are presumably 

photosynthesized fran intermediate keto acids derived from the carbon 

reduction cycle. b ea~ case, transar;Unation by glutauic acid is 

probably the wajor synthetic reaction. 

Glutamic acid is thus of primary importance in photosynthesis of . 

labeled· a:nino acids. It is probably formed as in non-photosynthetic 

tissues by reductive amj_natiO.i'1 of a 1r..etoglutaric acid [Eq. (29) ]. 

(29) 

C02 
I -
C=O 
\ 
CH2 . + NH3 + NADPE,. ---? 
- I _-
·rr{ \.... 2 
I_ 
C02 

In the chloropl~st the reductive amination utilizes electrons forned by 

the llght :r·eacticns of photosynthesis. T'ne a ketoglutaric acid is 
acid .aconitic_ anc:; via· · -

formed from citric A.:·· oxalosuccinic acids 9·,~ -~(the tricarboxylic acid 

cycle. ) 

VII. Problems for the future 

As knowledge regardin:s the process ·o£: photosynthesis has acctunulated, 

it has become ever more app_a..Y>Cnt that the total reaction of photosynthesis 

is composed of an intricate complex of -many sub-reactions. Even 1.'1 those parts of. 

this complex which have been illuminated by meaningful experimental results., 

there remain substantial questions about precise mechanisms. Other areas of 

the complex remain virtually unknown territory. 

Least knmm of all are the reactions by which light··ener-~ is used to 

transfer electrons fran water molecules to some acceptor fro:n \'lhich they_ can 

continue their j oumey along the. photoelectron transport\ chain Nhich leads 

ultir:1ately to the reduction of other inom:anic oxides. i,rny· ---~ 5: there·· ·. '·· ~-
...... .. .1. a requ1.re- .. 
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.ment.for manganese for photosynthetic o2 evolution? Night the several 

'oxidation states of mangat"lese (such as. ff!n +4 ·e .. '1d ~,in+2 ) be involved in' 

... 

·. ·, ·. ~ : . 

. . ·~' . 

·some kind of oxidation - reduction reaction with ~:rater? . ~su::nably 

. manganese cou_ld be chelated in sorne complex, bringing the redox . -;.; 

potential of the rnangat1ese to the right level for it to accomplish 'its .... 

roleo 

The simplest· assumption to II1ake regarding the quantuni conversion 
. . 

act in the · ~xldation of_ water vJduld· be that Pi[Vnent. System 2 accomplishe.s 

guantum conver~ion the same way as is postulated. for Pigp.1ent System 1: 

by a one electron tranqfer which requires rrost of the energy of the 

excited state of the· pignent molecule. However, the possibility that ... 

t\'.rO electrons might be transferred per quantum (.see Sec. ri, C, .3) leads·. 

one to. consider also other n~chanisms. For · exarnple; the hypothetical 

ch~lated manganese mol~cule .just suggested might also be a pigment mole-
,. 

~ ; .: .. 

. ' ~ . . . ·:.; 

· .. '.·-

'· .• 1,· 

cule, capable of accepting an exciton and,.~using its energy to undergo charge 

'• '.1'' 

' '.~· . ·; 

·, 1 

separation. If this kind of quantum conversion could result in the ·transfer ~ - - . ~-· ~ \-' . 

of two.electrons from f·1n+2 to an acceptor (such as plastoquinone)·, the result-

ing rrn+4 might ,then oxi~z~ .water to o2 o Clearly .there. is a criticaJ. need -- ·" · 

for more inform3.tion about the chemistry of .the photochemical apparatus for 

oxidizing water. 

'l'he mechanism fo.r quantum conversion ·by P~eJ11ent System 1 outlined in 

Sec. Dl, c, 2, seems well supported by experimentai .evidence. Hm.;ever,. 

considerably more knowledge about the actual physics . of the quanttu11 con

version act is called for, and ·the nature of the chemical species serving 

... ., as electron donors and acceptors is still mostly unknown\. fm even \ more 
~ ' 

basic question is. whether the transfer of electrons frem \1ater to ferre-

doxin must involve exclusively .. two photochemical steps (Picgnent Systems 1· 

.. ,· 

; ·- ; ~ . . 
'' 

.... • 
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and 2) or posHlbly could be 1nediated by an alternative single photo-

chemicnl act~ 

·Information about the intermediates i..r1 photoel·~ctron transport and 

photophosphorylation i0 no~·: r::1.pldly accumulatjng, ·but the precise 

. sequence of co factors involved in electron tra11sport, c:md the mechan1sm . 

of coupling 'i'l'ith phosphor.<jlation reti1ain to be elucida.ted. ;~gain, the 

possib~.lit.y for alternate pathi'vays rernaim;. ·· .'.' : .. ·· 

'l'ho ndvanccs in u.-;.derstandil1£s of the Gtructure of the photos;ynthetic 

apparatus are :->art.icularly encoura,.;;ins: and vie may look forward confidently 

to a detailed relation of biochemical function to morphople;ical entities 
. . 

in the near future. 'l'he recent pictures of quantasomes (Park and Biggins, 1964) 

seem to reveal· sub-structure. Hill these sub-units tum out to be Pi2J;'lent Systems 

1 and 2, intermediate electron transport particles, etc.? 

.l\.s foro th•.~ carbon reduct ton cycle, probably .the most important un

ansTJrered questions have to do with the mechanisms of the carboxylation 

reaction and other steps in the cycle. Although all of the biochemical 

evidence from isolated enzyme systems·suggests that the carboxylation 

reaction is a non-reductive carboxylation of ribulose diphosphate leading 

to the formatiOJ.'1 of one molecule of PGA, kinetic evidence 1-dth Nhole cells 

indicates the possibility of a r~ductive carboxylation leading to the 

fonnation of one molecule of !'GA and one molecule of·triose phosphate. 

If this reductive carboxylation qoes occur, it 1nay be that electrons are 

somehow conveyed directly frnn the licht reaction to the carbon reduction 

cycle (Bassham, ·1964). If there is such a difference between the in Vivo , 

system and the ~ vi.tro systems this oifference may reside in some in

tricate structural arrangement in the living cell which is easily dis-

rupted. 
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'n1e finding of multifunct5.o.l1al enzyme sys'cerr.'5 for biosynthetic 

path.·lays, such as fatty acid synthesis·, sue;;sests that such organized 

system::; l~iay have import;o.r1ce elsevrhere. '1-Jnethcr they exist in photo-

synthesis_ and how they operate if they do exist ·is a very i~'Jortant 

question for the future. The a"lSi'o'Cr will corne from a combir.ation of 

tracer studtes, invcstJ.gation of the enzymes isolated by a vtu>iety 

of sorhistj_catcd techniques, and t:Oe gatherint; of better and more 

detailed k:no1vledfie of the structure of the chloroplast throu;;..~ tlle appli-

cation. of elec;.;ron microscopy and various techniques of chemical and 

· -physical ar1c'llysif;. 

., 
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Electron !<licrograph of Spinach La-nzllae \'lith Quantasomes. 

La:T..ellae were prepared from brol\.en spinach chloroplasts according 

to the method of Park and Pon (1961) •. After air-drying of the_ . · 

lamellae on a screen, the preparation was chromiurn-shado•ded, and 

its image in the electron microscope i'ffis photographed. The "smooth" 
l 

layer may be predominantly lipid material on one surface. of .the .. top~-

1a.'Tiellar .. membraneo Hhere the top membrane has been torn away, the 

11 inner" side of the next, opposin£; membrane, consisting.of an al-

most crystn.lline array of quantasoma1 particles J) is revealed. By 

close inspection of individual quantasomes, one can see ~n1at 

appears to be sub-struct~~. 

Permission to· publish this photograph was kindly granted by Pro-

fessor Roderic B. Park. ,' .. ·· 

~/ 

Fig. 2.. Electron 1--iicrograph of Part of a Section Tnrough a Spinach Chloro-

plast, Shm1ing Portion of Chloroplast f1'lernbrane and Lamellae in 

Cross Section. 

Spinach chloroplasts were staL"'led 1dth pc=rmaganate, ernb~dded, and 

sectioned. The Llktge fran the electron microscope has been photo-

graphed and photographically enlarged to the same approximate 

scnle as the electron IT'..icrograph shoim in Fig. 1. The dark stain

ing layers are presumed. to be the lipid layers or possibly the lipid

quantaso.ual interfaces. The light areas within the lamellar enve-. 

lope rnay correspond to the array of quantasomal particles. The 

closely stacked lamellae are in the grana; the more t'lidely separated 

lrurellae seen . in the . stroma actually- extend f!'C(m one grana stack . 

to anothero Near the top left corner of the picture,is seen the 
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chloroplast membrane, consisting of two unit rnernbranes. 

Permission to publish this photograph was kii'1clly grar1ted by 

Professor Roderic 0o ?ark~ 

Fig. 3. Scheme of Photoelectron Transport in Photosynthesis. 

Tne path of photoelectron flm; associated v1ith "non-cyclic photo-

phosphor-jlation" through the t\<IO postulated light reactions mediated 

by Pignent Systeu~ 1 a~d 2 is indicated by the heavy lines. Redox 

potentials of electron-carr-Jing cofactors ~ong this path is indi

cated by scale on the left. Further explan..1.tion in text. 

Fig. 4. Radioautogrmn of Products of Go seconds' Photosynthesis with 14co2• 

Hadioautw~aph of two-dLilensional paper ch...""'C1'ila.tograrn of products 

formed by Chlorella pYrenoidosa during 60 seconds of photosynthesis 

with 14co2• 

Abbreviations: .!:, P03H-; tJDPG, uri dine diphosphoglucose; 

PGA, 3-phosphoglyceric acid; PEPA, phosphoenolpyruvic acid.o 

Sugar diphosphate includes ribulose-1, 5-d.iphosphate, sedoheptulose- ·'. 

1-,7 -diphosphate, and fructose-1 5 6-diphosphate. 

Fig. 5. Radioautograph of Two-dim::msional Paper Chromatogra11 of Products 

Formed by Chlorella Pyrenotdosa During 2 seconds of Photosynthesis 

With 14co':). 
c. 

Abbreviations: Sa~ as for Fig.~ • 

The Carbon Reduction Cycle. of Photosynthesis. ', 

Solid arrows indicate reactions of the carbon reduction cycl~ ~~ 

'•, 

'v. • '' •'.l 
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" 

formulated by Calvin and,co-workersc Dashed line represents 

hypothetical reductive carboxylation reaction discussed in text. 
; ' 

Open arrows' indicate start of seine of the bioiynthetic paths lead- f' 

ing r-.con1 intermediate compounds of the cycle. Asterisks indicate 

approximate relative def~~e of labeling after a few seconds of 

by various ~10rkers, · as discussed in the text. 

I. 
l 

·~ 

... 
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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. 

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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