facture in light of organic compounds (primarily
certain carbohydrates) from inorganic materials,

UJ IIII'UUI

Litmdaly,,,zavmhvms uI cheml( al wmpounds in
light<TThe term: phomsynthe%lm however, is used

almost exclusively to designate one particularly

important natural process of this type: the manu-

with simultaneous liberation of oxygen, by chloro-
phyll-containing plant cells. This process requires
a supply of energy in the form: of light, since
its products (carbohydrates and oxygen) contain
much’ more. chemical energy than its raw ma-
terials (water and carbon dioxide). This is clearly

shown by the liberation of energy in the reverse |

prucess the Combustmn oi organic materla] w1th
~oxygen, See PLANT RESPIRATION.

The light ‘energy dbambed ‘by the pigments of
the photovsynthesiziufr cells, especially by the green
pigment chlorophyll, is efficiently: converted by
photosynthesis into stored ‘chemical energy. To-

gether,, the two “aspécts of photosynthesis —the

conversion of inorganic into organic matter. and .
the conversion ‘of light energy into chemical en-

‘ergy —make it the fundamental process of life on

Earth. It is the unique source of all living matter

and of all life energy on this planet.
. Since. fossil fuels: (coal, oil, peat) are half de- s

cayed products of plant photosyntliesis from past -
geological ages, it ean be said that 'net only all life
energy but also nearly all industria} power, as well
as all domestic heat, have their origin in"'photosyn-
thesis. Exceptions are wind and waler power. and. -
nuclear power;

The elements:carbon, oxygen and hydrogen are

exchanged’ through photosynthems and respiration: L
;‘synth(,szs can be gruupf-d into three. phases, as = *

in an endless cycle betweet’ the organic and the

“tosynthesis— light energy~xq not re{.,enerdted in

‘the age, nutrition, and physiologieal conditions & B

:varying the supply of carbon dioxide; the intensity
-or color of lumination, or the temperature. In ad-
“dition: to-these ‘easily controllable external cendi

this cycle. Therefore, life on Earth’can be main:

tained.only by the constani supply of solar energy

and'its utilization through plant pht)tesynthesls
Speed of photosynthesis. Under favorable ex-

ternal conditions, photosynthesis is a remarkably ..
¢ fast process.” With an adequate supply of carbon -
¢ diexide -and light, a green cell will produce as "
much as 30 times its own volume in: oXygen every St

hour. The rate of photosynthesis can he varied by

tiong, the rate of photosynthesis depends also on

within the organism, factors which are much more:

" difficult to-define asid control precisely.

Turnover of photosynthesis on Earth. The total -

“turnover of “photosynthesis on Earth has been'
roughly estimated in two ways: by averaging the

yields of organie matter per unit area of field. for-
est, steppe. and ocean; and by determining the

“average utilization: of incident solar energy by

-H,0+CQ, +L1ghtenergy

vegetation-covered areas (which is of the order of
1% if the whole solar spectrum is taken into con-
sideration, or 2%if viily visible light is considered).
Both procedureslead to humbers of the magnitude
of 10Mtons of carbon transferred from the inorgan-
ic into the organic state each vear. This corre-
sponds to about 10% keal (109 kwhr) of light energy
stored annually. The estimate ‘is rough, mainly
because of uncerfainty as‘t‘u the average rate of
photasynthesis in‘the world’s oce ans,:

The overall reaction. The net overall chemical
reaction of photogsynthesis 15 shown in- Eq. (1),

Chlorophyll

Enzymes

{CH,0} + 0, ~ 112 kcal/moie - (1}

where {CH,0} stands for a carbohydrate (sugar).

The photachemical reaction in photosynthesis
belongs to the type known as oxidation-reduction,
with CO, acting as the oxidant (hydrogen or
electron aecceptor) and water as the reductant
(hydrogen-or electren:donor). The unique charac-

“ ‘photochemists, and biophysicists, it is known that
photosynihesis is a-complex, muliistage process.

“inorganic wortlds: However, one ingr edlent of pho- B

- ‘hydrogen molecules, H or hydrogen ions, H*-
% from i ‘unknown. intermediate in phase 2 o
some ‘intermediate acceptor capable of reducing:
carbon dioxide.
_ *qynthesn
sde hvdxogendted water by a series of dark redes

- make this

imm\of some energy-rich intermediate products
~and enzyme-catalyzed “dark” (that is, not photo-_

qm ed s Mcbu Hel twc\(dopwa

; Voluwme \O e Scienat
SR T-cckm%oc”
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teristic of _this particular oxidation-reduction is
that it goes “in the wrong direction” energetically,
converting chemically stable materials into chemi-
cally unstable products. Light energy is used to
“uphill”” reaction possible; and a con- .
siderable part of the light energy utilized is stored
al energy, namely, 112 keal per mole, or
duc ed cdrbon d]OXJde, as-indicated in

Multis age process From an enormous amount
of research by plant physiologists, biochemists,

Its- main: parts are the pnmdry photochemical
pracess in which light energy absorbed by chloro-
phyll" is- converted into chemical energy,-in the

chemical) reactions by which these intermediates
are-converted into the final products —carbohy-
drates. and free‘oxygen. _These reactions of photo-

 in'the scheme of Fig. 1. Phase 1 is the trans-
fer of ‘hydrogen atoms, H (or electrons)=not ‘of

This is the light phase’of pholo:
“Phase 2 is the evolution of oxygen from ©

" tions. This is the least-known aspect of photosyn-

“of photosynthesis is plotted -as a function of light

© intensity
k portumal increase, thena gradual saturation. This

‘the limitation of €O, supply from the outside. Fur-

1, the light reaction, is the transfer by light-excited chlo-

thesis. /’sbuut all that is known is that it may be.
squires manganous ions; and-involves
“Phase 3 iy the reduction.of CQ,bya .
: tL reactions. The use of rddlod( tvel
arbon 14) as a tracer has given cqnsxdek,
into the nature of these reactions. This:
phase 2, occurs-at a more or less con
of energy. . ,
' Saturation: hght and dark reactwns. If the ratq

a curve results which shows first a pro-

saturation could be due to various causes: One is

ther increase of hg.ht intensity becomes of:no use
when all €O, molecules reaching the cell are used -,

Fig. 1. Schematic illustrations of photosynthiesis. Phase

-

rophyll (Chi) of hydrogen (or electrons). Phase 2, oxida-
tion of water, consists of enzymatic reactions converting -
dehydrogenated water to free oxygen. Phase 3, reduc-
tion of carbon dioxide, consists of enzymatic reactions
converting carbon dioxide and light-supplied hydrogen
to carbohydrates (CH,0). ¢, is the oxidation-reduction
potential of H,0-0, and CO (CH 0) couplesat pH 7 0.
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“al enzymes mvolved in phnto%ymhem

-without concomitant.rediiction o
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up as fast as they arrive. CO, concentration can
thus act as a limiting factor. (The same principle
applivs to the effect of increasing CO, concen-
tration in weak light when the reaction is light-
limited.)

The concept of limiting factors was mtmduced
into photosynthesis by F. Blackmann in 1905. It is
not a special characteristic of photosynthesis hut
applies to-all chemical systems in"which one or
several reactants must be continuously supplied
from the outside to keep the reaction going.
(Light can be considered as“a reactant in photo-
chemistry.)

When the supply.conditions -for CO, and light
are most favorable, the rate of photosynthesis still

" shows saturation. This is generally. attributed to

the need for the completion of photosynthesis of at
least one (and more likely, several) light-independ-
ent enzymatic reactions. An enzyme-catalyzed

reaction has a eertain maximum rate; ¥, deter-
~mined by the total amount of the catalyst (enzyme).
available in the cell, Eo, and its turnover timey t,

which is ‘the average time the enzy

must work at a given temperature oha moievule of -

the substrate before its transtormatmn is’ com-

pleted This is expressed as Eq. (21 The sever-

Vimax =E]t . (2)

ceilings on the maximum speed at which photosyn:
thesis ds a whole can proceed, each; enzyme fune-
tioning as a bottleneck of limited eapacity in the
reaction path The -enzyme which imposes the

- most effective (lowest) ceiling seemsto be involved

in‘the liberation of oxygen rather than in the reduc-
tion of CO,, since the same saturation rate is ob-
served also in the Hill reaction (see below).

The Hill reaction. Various observations suggest
that the immediate action of light {the primary
photochemical process) in photosynthesis involves
the transfer of hydrogen (or electrons) from water

(or from a molecule, Z) to an acceptor X (primary -

oxidant).

This conclusion is made plduslble by consider-
ation of the Hill reaction {named after its dis-
coverer, R. Hill). -This reaction is.3 prpcess_m
which iluminated chlorophyll-béa
(called chiloroplasts) produce oxyg

reduction of added, less stable ;
quinone or ferricyanide, or a dye ,uch as 2,6 di

chloro-phenol indophenol. Since thé quantum re-’

guirement {number of quanta Jequlred to evolve
one oxygen molecule) and other kinetic charac-
teristics of the Hill reaction prove to be similar to

those of photosynthesis; it can be assumed that.

in the Hill reaction ‘the primary -photochemical

" apparatus of photosynthesis. js preserved more or

less intact. In this reaction, howev’er, the coupling
of the -primary photochemical precess with the
enzymatic mechanism which brings about the
reduction of CO, is easily impaired by the me-
chanical destruction of the chloroplast’s outer
membrane.

In 1954, with the use of C as a radinactive trac-
er, ii was observed that certain organic com-
pounds containing the tracer and having reduction
levels close to that of ~uzars are formed by illumi-
nating whole oriragmes.ted chloraplasts in the proes-

¢ under-natural conditions, abeut:320 kcal of poten- -
““tial ‘chemical energy (‘“free energy ”). are. stored. -

“are absorbed by thie pigmentsunder natural o
- ditions to.bring about the reducti
‘eule” of CO,. See ABSORPTION: OF ELECTROM G-

- i Halwayq ade quate while hght aupply mdy be ove
’hu‘s'lmpuse :

_energy, correqpandma to a quantum ré

efficiency, not matched h

~in which two quanta ‘are used to transfer one hy-

ence of C'*labeled CO,, provided certain auxiliary
substances are supplied. This suggests that the
coupling of the photochemical apparatus with the .
CO, enzymatic systemis not entirely lost by the: .
mechanical destruction of the cells: or; al least, "
that this coupling can be partially restored by the o
addition of these compounds. It has been shown .
that it is possible to obtain whele chloroplasts with
intact membranes which can “‘use” CO, as the
oxidant with very high efficiency (up 10 60% of that:
in leaves). However, this lasts only a few minutes.
Quantum process of photosynthesns In photo-
synthesis, the energy of light quanta is converted
into chemical energy. Tu the conversion of 1 mole’
of CO, and 1 mole of H,0 into 1 mole of carbohy-
drate groups {CH, 0}, “and. 1 miole of oxyge)
cording to Eq. (1), about 112 keal-of total energy,

Light is absorbed by matter in the form of quanta
or photons. A 2% energy-conversion yield means -
that an- average of considerably over 100 quanta'

NETIC RADIATION PHOTON. " .
Under natural condmons, co, supply is not-

ph)amloglcal state. By usmg turbulently
suspensions of .microscopic umcelluldr
CO,-enriched water, a utilization of .up
absorbed visible sunlight has been’o
large-scale experiments. Under still ma
ble smaﬂ scale laboratory condmons v

algae by vigorousty btlrred carbanate ——bl(’ar O
buffer solutions); up 16-30% of absorbied light
ergy ‘could be converted into stored chies

and wVerai nth(-r investigators.

al reaction: :
Ihe reductwn of - olie

reqmrement of elght or more would thua pi mltg
two quanta 10 be used for the transfer of each hy-
drogen atom (or electron) from H,0t0 CO

Two-quanta hypothesis. A specxﬁc mechamsm v

‘drogen atom in photosynthesis was suggested
experiments of Emerson in 1956—1958, Earlier:

(1943). Emerson had discovered that the “quantum

yield of photosynthesis™ (number of O, molecules

evolved per absorbed quantum), whlle constantat .

the shorter wavelengths of light (red; orange, }el

tow, green), declines in the farred above 680 sm =~ i)

ithe “red dmp ). Thirteen years later,” Emerson: : ST
found that this low vield could be enhanced if both |
chlorophytl @ and & are simultaneocusly excited

woniy chlorophyll @ absorbs above 680 nm). This

effect. known now ax the Emerson enhancement

effect. suzzested that twe pigments must be excit-

. "M;;—"Giaw.Hi
. 4th Edition]
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¢ Company

' —ed to periorm efﬁcmnt photo mhes;s 'and Lhus

Jlogest that PSI1 also contains SOME ¢ h]uwplnl} ok ,
green cells and diatoms there is a preponderance. .
of aspectral: form with-an absorption band at 676

photon
pigment system {

\, carotenes . © /
\ chlorophyll b ' '

\ ~ chiorophyll a2 660

| F;qo

\ chlorophyll 3670
. Fog0/

: chiorophyH 4 678
: (4

E 1!0~‘1I$ ; ; "
F 120~ ’135

" reactionf
. gentery

Dlstnbutlpn of p:gments in the higher piants
drfferent in‘the two photosystems (or pigment systems) &

Among ths carotenoids, carotenes dominate in.PSI and™
caroteriols in PSU. Chlorophyll & is more sbundantiin’
P8I Chiorophylt ais the mostimportant pigrment in both
-systems; but each has a characteristic assortment:cf.
spectrakforms of this pigment, distinguished by thei

pl‘gm at (for example, Chlorophyll b) Exper}meﬂté

~by tht‘rs enldrged Emerson s observatwn by sugs

auxiliary pigments {for example; thered and biu
pigments; called’: -phycobiling; “inired and blue
green-algae, and the brownpigment fucoxantliol
brownalgae ‘aud diatoms). Experimental’ ‘data sug:

nm, chlorophyll a 670.) It appears that efficient
photoesynthesis requires the absorption of an equat
number of quanta in PSI and in PSI: and that
within both systems excitation energy undergoes
resonanee migration from one pizment to another
until it ends in special molecules of chlorophyll a_

called the reaction centers:

sion of water to oxygen fo a (‘yl()chrome (speeifical:

ly. ytochrome:h,), while the other is the transfer-

of hydrogen {or ¢lectron) from another eytochrome
{(specifically, cyvtochrome f) to an intermediate

L fn "e}éhangefof“eb‘(cita‘t’idh energy

;'nanometers (color). The: reactlon center pigm‘
~iwo systems also exhibit different absorpt ;
- (FromGovindjeé and &, Govindjee:.The Primaty E vents "n

, 4. in this iequenu* was pf()\’ided inkl961 ’b‘y'
: non 1) contains the ma}or par‘t uf( hlomph\ll a: the;j. :
* other {photosystem 11, PSH sensitizing reaction II
“contains the major part of chloraphyll b-and o

“rophyil @

the latter then enters .
" into the chemical reactions (Fig: 2). S
~Hill'and F. Bendell proposed in 1960 that one ()f S
these reactions is the transfer of hydrogen (nr an
electron) from some. intermediate in the conver:

Volume 1U
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‘ -~ photon
pigment system. Ik e

carotenols /

 chiorophyll b

chiorophyllaGGO F/é?om‘ s

chlorophyll a 670 /

chtorophy!l a Sf
678

: reactton
P680 center

Photosynthesls, Sci, Amer 231 68482, 1974)‘ o

tmm cytochrome b to cytochmme f can oee

‘dark. reaction bicausé the furmer is a st‘mn;,,ﬂ .

rediictant than the Jatter.
Experimental evidence for the exxsten
pigment systems and the key role of eyt

hds been m\ldued by red huht ahsorhed b

Whether two evtochromes are mvulved as sug-
gested by Hill and Bendall, or just one, and wheth-
er an iron-containing enzyme {bound ferredoxin) or
some other compound (X} is the immediate accep-
tor of hydrogen in light reaction I are the sabjects™ .
of much research. In addition, the possible’role of
other “experimentally - identified “oxidation: reduc-

_tion catalysts such as plastiquinones and a coppcr-

containing protein, plastocyanin, has been inves-
tigated - in. various' laboratorigs. The ‘tentative. .
positions.of these electron carriers .and ‘others
which have not yet been chemieally-identified but
have been observed only kinetically:tor spectio-
scopically) are discussed below. Examples of these
carriers are: the reaction center. chlorophyll a
P700. discovered by B. Kok: the vedction center
chlorophyll @ P680. discovered in Ho T Witt's




Fig. 3 Two light steps in photosynthes:s (compare with:Fig,
donor of hydrogen atoms:(or. electrons) Q(C550) and X (P430) are the primary ac-
" ceptors of electrons of pigment systems Il-and; respectlvely Pisiinorganic phos-
phate,~ADP- is: adenosinediphosphate, and ATP. is: adenosine
energy’ phos;ahate) PE80 is the reaction-center of pigment syste
“reaction center for system | Cyt is cytochrome PQis| plastoqumone andPCis plasto-
“cyanin, NADP+ is nicotinamide-adenine dinucleotide phosphat FDis: ferredoxm, and
R is the FD- NADP+ reductase. The two photosynthetlc urits fand 1 involved m the
--process are indicated by solid circles, Both units contain all. the: pigments buti in dif-
ferent proportions; the long-wave formof chtorophyn a predommates inunitland the
accessory pigments in unit 11, The light energy absorbed inunif Hs delivered by trans:
fer fora molecule of P700; by analogy, the energy absorbed it I} is supposed to-be
dellvered 10 a molecule of the pigment P680. ¢, is the ox,tdatlo,n reduction potential
‘at pH 7.0, The roles of Cyt b, and of the phosphorytation step in the cycle around PSI
have not been established and are indicated by question marks:
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jphyll a molecule (P680), Wthh is assumé

(lower vertical arrow, Fig. 8).is sugrrested

laboratory; Q and X thal act as the primary elec

tron acceptors of PSIL and P81; respectively; and o

Z. the-electron donor to P680+-of PSII. e
The model of photosynthesm (or eléctron trans
port) shown in Fig: 3 is -a relatively simple version
of the ideas expresqed Researcliin several labora:
tories-has confirmed, in general; the basic:mecha-

nism proposed by Hill; that is, the operation of two -

light reactions in series with a large number of
electron carriers intervening the: transfer of elec
trons from reaction II to reaction L.

Photosynthesis is conceived of as a set of at
least five reactions, two of which are light reac-
tions (I and IT) and three of which are dark reac-
tions (Fig. 3). The starting point is reaction II, the
one mosl closely associated with Q, evolution. The
final result of this set of reactions is the oxidation
of water to O, and the reduetion of plastoquinene.
Light absorbed by the major part of the accessory
pigments (PSI1. or unit 1i, sueh as chlorophyll 4 in

‘ amund 320 nm - and equuvdlent

is the (unknown) - ponent labeled X- 320’111 Witt's

phosphate. (high- -
m 1P 700:0s the.

()h)]ms m red zmd blue-
~green- algae) is ultimately transfers

green ‘plams, and pﬁ‘yc

in-a favorable position fo dct as ai ““enérg oy trap”
(or reaction center). The primaty. light réaction
0. be an
electron transfer from* P680 i -the’ electron: ac-

Lo t;hlow- -
to be:

ceptor, Q (e, = 0v), powered by exmred P680 as- - :

P680+ hy 11— PESOE

The chemlc l natum uf the wea
unknnwm but 1tq e)u i nce«l :

fabora

toa Lymchrome b (nm bé s nrwmaﬂy proposed
by Hill). There are suggestions that both PQ and
cytochrome b, —bothiof which have €Q~'Ou_pa1a
“ticipate in the electron transport chain, bt wheth-: -
. er-there are parallel paths or one path is gnder”

mvestwatmn Most wsearchets ar

eytochrome (¢ ytnchro‘me ) and theftosa 0
protein, the plastecyanin, both of which have e
values close to edch other:In some cases; the rule

of plastecyanin and cvtuchwme fseems to he res -

¢cases trans-:

< ferred to the well-known eneigy trapof P8Ik
“as P700, Here again, the: p()SSlblhty ‘of parallel =

versed but the electrons -are.in but]'

paths exists. One: suggested pathiig summarlzed

m Eq.(6). Enough energy 15 relea@ed inthe “down— L

Q—> B (Ol’ R)—— PQ->
Cytochrome f- PC—» P700 6)

hill” reaction from Q to PC,p that phoephor\zlamm
(see below) be coupled with it. In addition to the
clarification of the role of cytochrome by, the chem-
ical nature of a new component labeled B {or R)

between Q and PQ needs to be investigated. This -

component has been shown by kinetie measure-
ments fo aeenmiulate two electrons before trans-
ferring them to the plastoguinone pool. It has been
suggested that Q, B, and PQ are all different popu-
fations of plastoquinones.

Another light reactiun (1) is needed to transfer

~shown in Eqs 4). The P68() recovers: by ace cptm«r :
- anelectron from Z (E “q. 5): o

Coan




. electffms from P700 to the level of NADP*, nico-
tinamide - dinucleotide phosphate. The pigment

system that sensitizes reaction 1 is mainly com- .

posed of long:wave- forms of chlorophyll e and

P700, but accessory pigments also contribute their
Light- quania :

energy to this reaction (Fig. 2)..
dnmtlv abmrbod b) P7 700 molee ulvq cmd i

'Fq 7(1) [herP are. very fe

, phomox:dalmn of P700 (e, = +0.4 ) and a reduc-
tion of an unknown intermediate X (g, ~—0.6 9.
“ Thisis expressed in Eq. (75).

P700+hw 1 —P700¥ = {7u)

X+ P700% - X 4 P700:

The final result of the set of rea(,tmns in llg it
: l"(‘d(‘“()l’} l is ﬂw (mddtmn of cytochrumf* f

Cain mudant Strong (*nnuvh to n\ldl[(’ ﬂu re du( ta
'prodw ed by light reaction 11, is niade availabl
has'been suggested that: the path of electmns fro
')x o \{DP* fu“nw‘l that shnwn in Fq (8)

X FD" NADP: S

“reduged X‘rrdnsfcxs electrons 40 the iton-contain
ingrenzyme terredoxin. (FD), previously known

: phumsvmhcuv pyridine nucleotide reduetase, and

then o NADPY, The transfer 1o NADP* s catd-
Clyzed by an enzyme (R) which has many names, the
most commonly accepted heing ferredoxin-NADP*

‘reductase. This R should not be ((mfuwd wnh
the “R” mentioned above.

The chemical nature of X has not yet bf‘en d'

: mlte]y established. - Electron-spin - resonan
g st‘ud‘ies‘ indicate that it is an iron-sulfur prot
Optical studies show that it has-an absorban
biand-at 430 nm- and, thus, is often

bound ferredoxin.

The chemical natare ol the 1ea(n<m centers -

P680 und P700 is. also not definitely established.

Chlorophyll @ is definitely a component of these -
There are strong indicatjons, based ‘én:
studies; that, ol
~1n 0Oy evolution in_a series of flashes is found o 7o

centers. »

optical and electron-spin resonance

these are dimers of chlorophyll a.
Two products, adenosinetriphosphate (ATP) and

’ reduced NADP* (NADPH), are needed for the -

reduction of CO, to carbohydrate (CH,0), For a
discussion of how ATP is produced see the section
on photophusphorylation: for a discussion of the
path’ of carbon in photosynthesis see the section
on carbon dioxide reduction.

By treatment of chloroplasts with detergents,
such as digitonin or triton, it has been possible to

- physically separate the two pigment systems -

which perform the two light reactions. Work ‘on
mutant algad lacking individual electron carriers
has. provided further support for the mechanism
deseribed above.

0, evolution. All oxygen liberated in phnmn\n-
theslq originates in water and none in CO,.
shown by experiments with isotopic twcers in

l’7()0 mo]eculv‘; be-
“eause there s only-one Pmo muolecale per 300
e hl(ymphyll mofecules:

" The primary light reaction’is suggested to be a

referred to aq flashes of light and in “low- ;intensity continuous.

17430 There aré strong'indications thaL itmaybea

" n “dark-adapted ‘samples,” about 805 of reaction-

T
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which tracer oxygen, O, was found-in l.ibérdted‘ ,
O, when it was mcmporated into water but not " -
when it was incorporated in CO,. These: experi-
ments were made by S: Ruben, M D; Kamen and

“coworkers in 1941, There has been some criticism: %
“of these experiments, because the experimental -
‘condilions’ were such that' a considerable amount .
- of exchange reaction between H,O and CO, must.

have taken place. These resulte however were:

‘confirmed in 1975 by A. Stemler under candmuns S

which niinimized the exchange reaction! :

The mechanism of O, evolution is- the ledst-r‘
known part of the photu( hemical process: How- =
ever, baséd on the measurements of the amount of
0, evolved in single brief (10 psec) saturating light =
ﬂd\h(“s Kok and P. Joliot have suggested that four -,
oxidizing equivalents must accumulate on Z'before =
it can oxidize H,0 t0.0,. Because the« atterniof O, s

‘evolution h)llqu a permd of 4, that is; the maxima . =
Loeent eltevery: foorth flash, ‘reaction m,echdmsm
2 (9 has ibeen proposed: (A refers to: )
quinone pool,
same meanuw as descrxhed earlier]

whereds other symbols’ have the

PB80 Q-+A——L'-> 7 P680. Q+A*‘
75 680 QM zon P680- Q"
Z+ - PE8O- Q 4 A-r 2 PESO -
7+ P680- Q-+ 2H,0~— :

Net: 2H, o+ 4A— A
PSQQ

}*urther dﬂd]yal% nf O evo]utmn in

light preceded by varying number of hght flashes
suggests that in darkness 2% - P680 - Q s stable

center ¢omplex is jn this state and about 20% in
the Z - P680 - Q state. Such 4 situation would lead
to 0, evoluuon in the third fRash followed by 5 -

period ‘of 4, as actually observed. The oscillations

damp out after 1015 flashes. In order to quanti- .

 tatively explain all the datd, one has to suggest a

certain number of ““double hits,” that is; two light
reactions in the same flash, and a ecertain number
of “‘misses,” that is, inability of the centers ‘to
proceed forward. Research suggests that there is
more than one component between H O and P680
ind. therefore. the charge accumutator (Z, above)
should be distinguished from Z, the electroyidonor

‘to P6807. Govindjee and R. Govindjee propose that -

these compounds be. distinguished by subscrlpts

CasTollows:

H,0 Z =2, -2, - PE8O ‘
0O ) i o §

2

where Z; is the charge accumulator (Z in Eq. 9).
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and Z, is the electron donor to P680*, aud Z, is
another intermediate hetween Z, and Z, which is

responsible for an electron spin resonance swndl

labeled 11 vf in K. Sauer’s laboratory.

It has also been shown that Mn is requlred for
O, evolution. Plants grown in. an Mn-deficient
medium lose their capacity to evolve 0,. Recon-
stitution by adding external Mn; however, has not
yet been shown to restore O, evolution, although
light-induced electron flow from Mn to an external-
ly added Hill oxidant is restored. O, evolution can
only "be vestored by growing the Mn-deficient
plants.in an Mn medium. It has been speculated

that “the charge accumulator (Z,) may be an Mn-
complex, as Mn is known io- exist in several:

valence states. Further resedrch- is needed: fo
understand the biochemical mechamsm of: 0

evolution. Research by I, Wydnynskl, (mvm(fwe. ’
and coworkers has shown thal Wwater-proton relaxa.’

tion rate may be an excellent m(mitbr of changes in
redox slate of manganese during 0, evolution.

In 1974 A. Stemler, Covmdjee and .coworkers
demonstrated that the presence of bicarbonate
ions - (HCO,) is *necessary for the recovery of

“reaction centers during O, evolution in chlore-

plasts-incapable of CO, fixation. Further studies
have shown that HCO," is needed for electron flow
from Q- to A (see Eq. 9).

Phetophosphorylation. In 1954 A Frenkel -

warking with chromatophores’ from photosynthe-
tic bacteria and D. I, Arnofizand coworkers using
chloroplasts from green plants showed that these
pigment-bearing particles, when illuminated in'the
presence of ADP (adenosinediphosphate) and in-
organic phosphate, use light energy to synthesize

ATP the particles store about 10kcal of converted

light energy in each molecule of the high-energy

'i - phosphate ATP. This photophosphorylation could
+he ‘associated with some energy-releasing step in.
‘photosynthesis. A possible location of this stepis’ .

shown in Fig. 3. the reduction of- (,ytoehromc / by
plastoquinone [Eq. (10)].

PQ{reduced)+ ADP +P,
+ Cytochrome - PQ ATP
+ Cytochromef{reduced) " (10)

Thig'is énalf)gouysk to the fw;;‘y in which ATP is

produced in respiration. This site has been termed

~site 1A second site of phosphorylation has recent-

Iy been proposed to lie somewhere bhetween H,O.
and PQ and has been termed site I The two sites
of phosphorylation are slightly different in their
pH dependence and other requirements. Site H
phosphorvlation oceurs only in phase 2 (Fig. 1),
that is, oxidation of HyO resulting in the release of
H~ on the inside of the lamellar membrane occurs.
If non-H* ion-producing  artificial “electron

donors are used instead of H; 0 site II of phos-

phorylation is inhibited, but s;te I continues-to

“operate. The ATP produced’in the light stage of

photosynthesis apparently is needed to make some
later, enzymatic reactions (such as the reduction
of a carboxylic acid by reduced NADP*) run in the

- needed uphill direction.

Evidence has accumulated that light reaction 1
c¢an be reversed, at least in culture: that is, elec-

“trons, instead of going to NADP™, may simply re-
= t ol By

turn to any of the intermediates mentioned above
(such as eviochromes, plastogquinone, plastoeya-

+

= of theinitial light-induced charge sep

: }3()t€14tldl The two tog
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nin, or P700), thus closing the cyele. Tt has heen

suggested that cytechrome b, may-be an inter- .

mediate in this "hack reaction” of PSL This type
of electron, flow, mediated by phenazine metho-
sulfate, leads to the production of ATP aad ADP
and inorganic phosphate (P,) and has been termed
cyelie phosphorylation. The existence and role of
such phesphorylation_ in hvmgr l}’ldtelldl needs
further study.

It has been shown. by A, Ja\rendorf that light
produces a high-energy state, and the actual phos-
phorylation oceurs-in dark. Furthermore, if ¢hloro-

. plasts are ‘Hrst suspended in an ‘acidi¢. medium
“and then transferred to an alkaline medium in the

presence -of ADP and P, phosphorvlation:accurs

~without the need of light. All these experiments

have been interpreted in terms of a | th:ﬂxesw by

Mitchell, in which light' produces a H* jon
umdwm across the lamellar membrines in the
chloroplast, and the energy dissipation of thls He
gradient via the ¢ oouphng factor
thase, a protein cnmplex present |

and associated with pho%phorylatmn) eused o

Grom

drive - phesphorylation. - W, Junge and Wilt have

‘shown that phnsphoryldtmn in ‘short saturdtmd

light flashes is" related to the -electricifie
erated across the thylakeid membrane as a

may ‘occur within- <20 ndnosecond
agents Whl(h djsslpdte the Jex

pOleble that under ﬁash conchtmns
tion is related to At{;, and under: stead
tions,ApH, The ApH

tonotive: force: (pmf
exmts tm the creation

mepnrtance of ApH and Alflv in these two systeme iy
mnay, however, be different. In addition, theqe pig-
: "ment bedruw pamcles also show hghl—mduced

in Eq (11) -\nother theﬂry the conformatwnali

Lwht — Electron tran sport

> AFP (11)

Proto 1 mot veforce

theoryy however, considers Lh(' contmmd‘nnn of

proteins: to. be” of “primary bmportance in the-
sterage of energy. ‘However, it has not been pos-
sible to show that such changes oceut in a short

time. A third. theory is the well:knowr
theory in which a chemical intermediate
ATP synthesis. Such an mrermedlate has Hever
been isolated. Thus, it appears best to continue to
use ‘Eq.. (11) asia reasonable hypothesis for ATP
synthesis. See’ ADENOSINEDIPHOSPHATE (ADP):
ADENOSINETRIPHOSPHATE (ATP).

Photosynthetic unit. In the section on the two-
quanta hypothesis. mention was made that thére

are special chlorophyll @ molecules ‘which engage
in the chemical reactions. Their voncentration

seems to be one in several hundred (hlmophyll

‘molecules, and energy absorbed by other plgments

is effectively transferred 1o (hese special
cules (energy traps or reaction centers): Thess
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hypothetigal groups of molecules with their energy
traps are often referred to as photosynthetic uniis.
1n 1932 Emerson and W. Arnold showed how the

Tight ﬂdshes %epardted by mler al

s ﬁvariab]é du,rati»on." They fou’nd“ ﬂ t,‘il

 from the light reactions. Emerson and Arnold fur-
ther observed that, when the dark period between -

required for the efiicient utilization of the pmduvts

the flashes was more than 0.04 sec, the maximum

Cyteld from 4 single flash was one O, molecule per .
22500 chlorophyll molecules.

cight quanta are required to evolve one O, mole-™
Ceule; it can be envisioned that the absorption of -
“eight quanta of light by a group of 2500°¢ hlomphylf :

Since a minimum of

mplecules results in the evolution of.ong O
cule; However,

< ratio of one 0, per 2500 Chl shodld he one ph()tu-

act: per 300 ehlorophyll ‘moleculeés. This is the

“commouly:-aceepted size of one photosynthetic

‘tenslty and duration, variable flash erouping, and-
varying dark intervals, is one of the most important

“{except the primitive blue-green algae); as well'as

unit in higher plants'and algae.
‘The use of flashing light, with varying flash i in-

-approaches to understanding the way in which

different faetors affeet the overall rate of photosyn- v
thesis through their effects on different steps in.the

Manochromatic flashes: Have

MSI

reaction sequence.
been used to gain understanding of the me¢ha

of the two light reactions. By using thes¢ tech
niques, it has been shown that the evelution'sf O,
molecules requires the ac ummldtmn of nxxdlzmg, :

power, as diseussed earlier.

Photochemical apparatus. The primary phéto:
chemical stage of the photosynthetic: procese ap: -
pears to be closely associated with certain strucs .

wiral elements found in: plant cells, ~All “algae

albhigher plants contain pigment-bearing intercel-
lular bodies called chloroplasts. In the leaves of
the higher land plants, these are usually flat ellip-
soids about 5000 mpu (0.005 mm) in diameter and
2000-3000 mu in thickness: 10-100 of them may
be present in an average cell of leaf parenchyma.
See LEAF (BOTANY).

In algae the number and shape of chloroplasts

are much more variable; for example theé much-:
studied green unicellular alga Chlorélla contamb _

only one bell-shaped chloroplast,
All chloroplasts. fixed (solidified, uaua]ly by 0s-

mic acid) and-sliced show under the electron'miero-

scope a layered structure with “alternate - lighter
and darker layers roughly 10 ing in thickness. Itis
gencrally assumed that these layers differ in their
proportion of prutudlc and hp(ndm (fatlike) sub-
stances.

Two main types of chloroplasts are known.” In :

some, the layered structure extends more or less
uniformly through the whole chloroplast body
(lamellar chloroplastsi. In others, this structure is

_Jluht Tedction.in phumsynthwls can be sepdraf d - 'fgra.nulax chloroplast% are pel mltted £ dry out and v

. chloroplasts have beenobserved alé

- 'brane and there may be a vectorial arrangement
: eloctmn transport components in them. For exar
plesithas been suggested that in PSILthe oxygen-

~evolving system is.om the inner {locular) side of the

; it is now known that the two hgh‘f' ,
_reaction . mechamisms of phutmynthvss ré
~the transfer of four elecirons through tw :
< reactions forevery molectle of oxygen evolved. -

Thus there are at least eight photoacts:leading to
'_thfa evolution 'of one O, molecule. Therefot

An the case of couphng fdctnr These pa'
Houndonthe top of the thylakmd men

phox ylmmn activities,

““green color to plants-because they absorb blue and
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emphasized in certain cylindrical sections, called
grang, and is less pronounced in the areg between -
them, called the stroma region (Fig:-4), When such -

Cyanophyta), the phlm‘)(:hemical apparat
primitive. However, lamellae similar to” those i
 blue-greent . [
inbactes” Fig; 4. Electron
‘may be'a.‘micrographof across
dmeHa consisting of tw submemblane orming & . sectionrof a chloroplast
sdchke disk called. a thylakoid. It was suggested omimesophyl cells of

oné e ntaix stheF n the - -corn (Zeamays), fixed. .
é-contain ind e" ith osmic acid: (After

Vatter)

d]"( a(and muah bmallm ldmclhu pam

these mo syslems niay tra11~ver<e the e me mems:

membrane, and Q. the primary.electron-acceptor
is close 1o the outer (stromal) side of the ‘membran
In PSI, plastocyanin, eviochrome [ and P709 a
suggested to be closer to the inner side,:and X
redoxin, and ferredoxin-NADP~. reduectase on the. . .
outer side, Such a picture is only tentative and is o
hased partly on immunochemicaf data, - 7

The fine structure uflhyldkoid membran
from clear. Various: '
have been observed

unstacked- regions.
phorylation . activit’iuh lhe (an b, r
with the membrane with tlw r

“Distribution of chlorophyli It is genemlly g
sumed that ¢ hlomphyﬂ molecules, which give the 7

red light and transmit green light, aré located at-
the interfaces between the proteidic and the lipoid-
ic layers of the chloroplasts, perhaps forming one-
molecule-thick cohesive layers (monoldayers). Est
mates suggest that the total area of such interface
in a chloroplast is just about adequate to dccom-
modate all the (‘hlorophyl] molecules. present, al-
lowing about 1 mu? for each molegule. .
What could be the purpose of a laminar struc-
ture “painted over,” as it were, with monolayers of -
pigments? Two hypotheses are offered, hoth of 7~
which may be correct. One is that the two-dimen+ "
sional, [aminar structure creates .the hest condi- -
tions for easy access of the reaction substrates to
the ehlorophyll molecules and. also for rapid re- -
moval of the reaction products. Photosynthesis is .
by far the fastest. metabolie process in thecell, and
easy supply and removal of reactants may be an
important advantage. (In terms of namber.of mole--
cules transformed per unit volume pér- unit time,

:photosynthesis can be 10 or 20 times faster than

respiration.) The other hypothesis places.emphasis: '
on the possibility of excitation-energy migration in
the pigment laver. The absorption of a photon acti-
vates a single chlorophyll molecule into a short-

4
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lived, energy-rich excited state. To minimize the
danger of the-dissipation of this excitation energy
before it ¢an beused for photoohemlca] purposes,
it may be advantageous to permit the energy to
move around:and-te:jump from one chlorophyll
molecule to another to increase the chance of its
éncounter with the reaction substrates. Such a
mechanism of resonance-energy - migration is in
fact postulated ‘in some theories of the primary
photoprocess in photosynthesis.

However, the picture of chlorophyll molecules
distributed in umiform monolayers on interfaces
between proteinacesus and lipoidic lamellae: is;
perhaps, grossly oversimplified. There is‘consider-

in the cell are in the same physical state, These
kinds of chlorophylt differ in the positions of their

absorptioi bands.and in their capacity for fluores-

ay-have different functions in
2)."Only ‘a small fraction of

cence, ‘and they
photosynthesis+{(F

ehlorephyll ¢ seems to be closely associated with

the primary photochemical process. while the rest
serves primarily as its energy supplier. These
differences in funetion must be somehow associ-
ated with the spatial arrangement of chlorophyll
molecules in the layered structure, but just lmw is
as yet unknown. Se¢ CHLOROPHYLL::

Accessory plgments. ‘An interesting prublem 18
also the:location in the chloroplasts and the fune-

tion-in phutosynthe s of so-called ‘accessory pig-’

ments = that is, pigménts other than chlorophyll a,

the one pigment present in:all photosynthetically:

active plants. In the first place, there are other
uhlorophyﬂs such as chlorophylld in higher plants
and green algde, anid'chlorophyll ¢'in brown algae.
Then there are nonchlorophyllous pigments be-
longing to. two ‘groups:-(1) The carotenoids,.so
called hecause of similarity to the orange pigment

“of ‘carrots, are a varlable assortment of pigments

found in all photosynthetic higher plants, algae,

and even photosynthetic bacteria. (2) The phyco-.

bilins, or “vegetable bile pigments.” are chemical-
ly related to animnal bile pigments, The phycobilins

are either red (phycoerythrin) or” blue - (phyce:

cyanin). Both- types are present:in red: algae
(Rhodophyta) and blue-green algae (Cyanophyta).
the red pigment prevailing in the first group of
organisms and the blue pigiment prevailing in
the second. Another phycocyanin called allophy-
cocyanin s -alse -present in blué-green _algae,
See (AAROFFNOID‘ FLUORESCENCE COMPOUNDS
(PLANT).

Experiments by E Gant and 8. F. Conti have
established that phycobilins are located in special

‘granules associated with the lamellae of the chloro-

plasts: These granules have been called phyco-
bilisomes.

In 1884, T. W. Engelmann suggesied that all-

these pigments contribate to photosvnthesis. Later
it was concluded that only light absorbed by chlo-
rophyll was of importance. However, it is now
clear that light absorbed by accessory pigments
does contribute to photosynthesis.. These conclu-
sions are derived from measurenients of the so-
called action spectra of photosynthesis-obtained
primarily by Emerson and by F. T. Haxo and L.-R.
Blinks. In such measurements photosynthesis is
excited by monochromatic light. and the produc-
tion of oxygen either per absorbed quantum of light
{the quantum vield) or per incident quantum of

“sis about as-effectively as tlie green pigment. The
; red “and: blue -pigments of the Rhodophyta and
able evidence.that not all chlorophyll @ melecules .-

‘fuorescence in- different piante have suggestied
“elose para]ielxsm with the action spectrum of pho:
““tosynthesis. Inother wurds, fluorescence of cliloros
. phyll @ in the:plant can be exe ited -also by light -

‘causes another nearby bell ‘to ring). Therefore it

- accessory pigments, such as ¢
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light is measured as a-function of wavelength: The
observed spectral variations in the quantum yield " !
of photosynthesis can be relatedto the proportions:

of light absorbed at each -wavelength by the dif-

ferent pigments in the cells. Measurements of this :
kind led to the conclusion that quanta absorbed hy -~
carotenoids are 50~80% less effective than those
absorbed by chlorophyll @ in contributing energy
to photosynthesis: An exception is fucoxanthol. the -
carotenoid. that accounts for the color of brown
algae (Phaenphyta) and: diatoms(Bacillariophyta).
This pigment supplies hgﬂht énergy 1o photusynthe-

Cyanophyla are also highly effective; as effective
as clilorophyll or somewhat Jess, depending among
other things on the physiological status of the algae
and the color of the light to which they have be-’
come adapted The priniary function of all these
pigments is 1o harvest the light énergy and transfer
it to reaction-center (hlorophyll molecules.”

Energy transfer between pigment molecules.
Chlorophyll a'in plant-cells is weakly fluorescent;
this means that some of:the light quanta-absorbed
by it (up‘to %) are reemitted as: light. Obser-
vations . of ‘the -action speetrum-of (*hlnmphyll @

absorbed by the acc ,sory pigments,* with the
probability of this sensitizéd: fluorescence closely
paralleling that with which the saine Tlight is used
for  photosynthesis. tation of chlorophyll
fluorescence by light quanta absorbed. by ‘phy:
coerythrin requires. transfer of the exeitation en-
ergy quantum from the primarily excited phycoer:
ythrin molecule to-a nearby chlorophyll molecule
(ds in:acoustie resonance, Where striking one bell

can be suggested that llght quantaabsorbed by
rotenoids and phy-~
cobiling,. ¢on ribute -t osynthesis: by being -
transferred to chl el This mechanism is
also calledl heterogeneous energy transfer. By this..
mechanism red algael growing relatively deep
under the sea. whew only green lighl penetrates,’
can supply the energy ‘of this light to chlorophyll
which'has a very weak absorption in the green
vegion of the bpe(‘num .

If excitation  energy can be transferred effi-
ciently in the chloroplasts from accessory pig:
ments to chlorophyll, there is a geod probability
that a similar transfer can and does occur also
between different chlorophyll ‘molecules them-
selves. This is -called homogenesus energy trans-
fer.  If this happens répeatedly during. the life-
time of excitation, the exeitation energy can mi-
grate as much over considerable distances in the
chloroplast, As suggestéd in the section on distri-
bution of chlorophyll, this migration of excitation
energy may have advantageés from the point of view
of efficient utilization of absorbed light quanta for
photosynthesis. Excitation-energy transfer among
chlorophyll ‘¢ ‘molecules” or among phycobilin
molecules can-be shown by the depolarization of
fluorescence when these pigments are excited by
polarized light. Excitation:energy transfer from
accessory pigments (donor molecules) to chloro-
phyll ¢ (acceptor molecules) or from various short-
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‘ : fWaVé]enUth forms of chlorophyll « 1o the long
G4 wavelength forms ‘of- chlorophyll ais.shown by:

widely accepted hypothesis is ‘that proposed by
T. Férster. In'it. energy transfer is preceded by
thermal relaxation in the donor molecules, The efh-
ciency of energy transfer depends upon.ihree
basic factors: orientation of acceptor molecule;

~ fluorescence spectram of the donor molecule with

““the absorption spectrum of the deceptor molecule;
and- the distance between. the two- molecules

(energy transfer is proportional to R7%, where R is
the distanee).” Other mechanisms have not vet
heen tuled out. The function of most of the pig-
ments (including most of chlorophyvll @ molecules)

molecules (P700 and P680; depending upon the

and used for pholovhemtstrv as noted earlier.
i) PSl;a‘nd” P8I are separated in space, there.
“also - the pOS‘ﬂblllly of excitation-énergy n"ansfer
- among such units: Enerny transfer can also vccur
" in units of the same type. It has been'shown that
; ,e“u,dt;mn-enerﬂy,\ransfm among units of the same
" type or different types need not be constant; it can
“vary depending upon various physical and chemi-
cal factors. ‘

- an.electron into a state in which it-will be able’to

phatoconductivity. a phenomenon known to (
insulating ¢rystals which-become

another p]c}Lf,‘. l‘hus xhe oxidation and the reduc--
tivn products of the light reaction will be spatially
separated, dnd the danger of their recombination.
withi the loss of stored enevoy. reduced.

This picture of photosynthesis as a process typi-
cal of a solid, crystalline medium rather than of a
solution is a tempting one;. it has been supported

ever, other considerations do not support it, such
as thesimilarity of the shape of the absorption
band of ehlorophyll in the living cell with its shape
in solution ‘and the fact that electrons cannot re-
mdin free in the presence of water. Perhaps the
solid-state theory applies only to very small regions
in the chloroplasts or grana. containing 10 or 100
pigment molecules.

The concept of electron transfer is used in a
somewhat different sense in-the theory of photo-

cussed in which cytochromes were involved as in-
termediates belween the two photochemical steps.
Cytochromes are known to be oxidized by conver-
sion of their iron atoms from the Fe®= 1o the Fe™
state bv loss of an electron. The inter=vstem en-

sensitized . fluorescence “technique. The most’

with respect to the donor molecule: overlap of -

is to act as an antenna, harvest the energy, and:
transfer to very few 'tl-in 300) reaction-center .
g ~thai lt uses its excitation energy either in ene or m

e other, or in both, of these steps. Support for

_,pwment system: see in Fig. 2). Energy is trappeci; ‘

~ tions of reversible photochemical oxidation-and of

Electron transfer in chioroplasts. It has also .
been suggested that absorption:of a light qudmumg .
in the dense layer of chlomphyu molecules may lift. -

S movest mugh the lamella. This is (*ompdrable 0

whnn rmdmtvd with light, In: thm

patially separated
and may thenaer .
4 rodu( mm at some other h)cdtum in'the chloros
_plast %n'u(mte (dddm " nf an elec ‘tron 1% eqlnva»

synthesis, In the section on the two-quanta hy- -
pothesis, the scheme of photosynthesis was dis-

L
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zymatic chain in photosymheus thuq replesems a.
_ downhill electron transter similar to that in respi-»
‘ration (Fig. 3). At the two ends, however, the oxida-
“tiotr of water and the reduction of NADP* must
involve the loss and the acquisition of hydrogen

alomq Zthat s, of elecirons and protons. :
- Chemical role of chlorophyll. Unless a solid-
“state picture of the primary photochemical process =
in photosynthesis is assumed, the question arises;”

How does the chloropliyll ¢ molecule. ulumately in
possession of the absorbed quantum of energy; uti-
lize it for an energy-storing photochemical process,
such as the transfer of a hydrogen atom from a're-
luctant denor (perhaps water) to a reluctant accep-
tor (perhaps NADP*)? It _has been suggested that

- chilorophyll acts-as a typical oxidation-reduction
~catalysi—that is, hy being itself first oxidized and -

en:reduced. orivice versa, with the difference

—thig‘pla"usible hypothesis is provided by observa-

reversible photochemical reduetion of chloréphyl
i solutien. Studies of changes in- the abSDrpti
spectrum of photosynthetic cells ‘in light suggest
that a small fraction of-a special form «of chloro-
phvﬁ a (P700), absorbing maximally at 700 and
430 my, is inan, oxidized state during 1llummatl .
is' the reaction center of \PSL.The reaction
et of PSIT (P680) has been suggestad to under-’
xidationredierion [see Eqs. (4) and (D) '

i and coworkers. [t was long assumed that the
ecute ol € Os unt feduced phiotochemic ally as

Ve pro(e% i now generally assumed 1o ge-

organic molecule as shown in Eq. {(11).

RH+ CO, - RCOOH

By the use of C' tracer, it has been foﬁnd»t; 13
the compound R is.a pentose. that s a éu;ﬁa‘r,“ ‘

with only five earbon atoms instead of the six pres-

- ent in the more common hexoses: The pentose
e mvulved is_called rihulose, or more precisely, 4
;_phosphate ester of this s sugar, ribulose diphosphate.’
by certain experiments on chloroplast films. How-~ {RuDP). It is still uncertain whether the carboxy-
~lation of " this ‘compound is normally accompanied’

by hydrolytic splitting. giving rise to two mole-
cules of phosphoghvceric acid {PGA), as indicated
in Eq. ¢12%. Thiz reaction is catalvzed by an enzyme
valled carboxvdismutaze or carboxylase.

HZiCO®
C=0 H,Co®

oo
H-—~C—OH +CO,+H,0-> 2 H——(‘S——OH (12)

H——(1)~¥OH ) ﬁ—«OH
HC—0® 0
Ribulose- Phospho-
diphosphate giyceric acid
=H.PO-

Carbon dioxide reduction. Since 1939, knowl
“édge of the conversion of CO, into’ organic mole-
“eitles, such as glucose; has ‘been much ddvanced
by the application of radioactive tracers; parficus
of € by M. Calvin, AcA Benson, ), A Bas-

Hobot s hxst incorporated into a Iarver moles

~cur by way of carboxylation. that is, by forma-
tion of an organie acid from a hydrogen-conwaining

DiN 9

ccnnm—.Auodwémo

Y BUI g
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The alternative to Eq. (12} is the formation of an
intermediate: a single molecule of an acid with a
six-membered carbon chain. Phosphoglyceric agid

has been found by some workers to be the maiin -

CH:gontaining prodiuct-afier very brief (1= 10 sec)
,photubvnthesm of algae-in CMragged carbonate.

. ‘However, in these experiments; algae were killed

‘at the end of light exposure by dropping them into
boiling alcohal, and it has been suggested that this
may have caused the decomposition of a 6-carbon
acid-into two molecules of phosphoglyceric acid.

The next step after PCA formation is-its reduc-
tion to phosphoglyceraldehyde as shown in Egs.
_ {13). This reaction is assumed to take place in two

H,co@ H2(|30® ,
H-—C'—OH+ATP,—>,H—.—C,—fOHrk,;:“
|
ﬁ ‘OH

Phospho—
glycerlc
_-acid
(PGA)

, Hco® ‘ \
CHe oM rNaDPH

Sk b
0@

4 ADP

Diphospho-
- glyceric
acid
H;{:O@ ' =
H—C—OH ~ +®O0OH+RX  (13h) "
“Phospho-
glyceraldehyde .
(TP :

,'ste'[\)ﬁs' (1) phmphorylatmn of PGA 0 d;phospho

- iglycerie acids. and- (2) reduction tof the latter to
. phosphoglyceraldehyde (or tripse phosphate. TP}.
. These reactions are catalyzed by an enzyme called

triose ‘phosphate dehydrogenase. The strong re-
ductant (NADPH) and ATP must be supplied by
the primary photochemical process.

The pyridine nuclectide NADP- serves as a
mediator between the primary photochemieal
oxidation-reduction and the enzymatic reduction
of CO, in photosynthesis. It has been proved that
N &DP’ can be reduced to NADPH by illuminated
chloroplast suspension - in. the Hill reaction; how-
ever, this is not in itself convincing proof of the
postulated participation of this ‘compound in pho-
tosynthesis ‘because many. different oxidants can

“be reduced under the same conditions: However,
it has been shown that NADP* occurs in high
enough concentration in chloroplasts fo serve as.a
reductant in photosynthesis and thatit does under-
go photochemical changes in living matter.

One difhculty arises: NADPH is not a strong
enough reductant to reduce phosphoglyesric acid

to phosphoglyeeraldebyde or, mire g mm’.» 10

4

(130)
g H{CH; O", with HLO——

1 nons of ‘the kmds well known from dlfferent mes ‘
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sponding uldehyde: RC H()) In fdct ﬂu Teverse
reaction, oxidation of NADPH by ”lveeruldoh)du i
liberates a considerable amount of energy. Inres- i |
piration; this reaction is coupled with the conver. L
sion of -ADP_and morgamc phosphate inte ATP,
an energy-storing reaction in whwh the oxidation’” *
energy is neatly ‘preserved ina so-called high-
energy phosphate bond, a widely used bwloglcal
energy currency. It has been suggested that in =
photosynthesis the reverse: happena-—lhar is, the "
reduction of phosphog]ycen( acid to phosphogly- -
ceraldehyde by NADPH is made possible by cou-”
pling it with the ‘energy-supplying onversion of - .
ATP back into ADP and inorganic phosphaxe -
This is-the most commow version of the mecha: :
nism of photosynthesis. at present. Since glyceral: - -0
dehyde has the reduction level of ;arbohydrate
1), its enzymanc con-
version fo sugars, for xample, to a hexose (as
final‘produet) or a pento: ateeptor, thus
loamg the cyole), can be (ccomphshcd ' ‘

2

tabolic pathiways. However, experience showsthat
one ATP ‘molecule is needed for the (’ouversmlf
of ribnlose monophosphate RuMP) into RuDP.
The specific mechanism by which TP i is.convert:
ed in photosynthesis- inte hexose phosp ates has,
been established by tracer s'tudtes P’hc ph,
aldehyde first undergoes. 1
{with the help of an enzym
droxyacetone’ phosphat
carbon sugar phospha :
{C==0) group instead of an dldehyde {C 0), group ‘
An equilibrium is estahlished with 60% ,
hydeand. 40% dlhydmxyaeetone o
shown by Lq (14). One molewle of.

phateg as” o
o uf these' e

M ,co® H co@ .
| AR
H-~ (’}MOH ":omera&e& (’}MO: o (1)
0=C—H , H,COH * "
TP Dihydroxyacetone -
phosphate (DHAP)-

two intermediates combines (under the ‘action of -
an enzvime, aldolase) to form a molegule of frue :
tose diphosphate as in Eq. (15). The frucmse dl

HCO®  H,co® cho@ R S
i e
H—C—OH+ C=0 S C=0 . . f
| | Aldoiase I i
O=C—H HCOH “ZEZHO—C—H  (I5)
P DHAP H_;*_OH
_ <
@.—~({3—~—OH
H.CO®)
Fructose

dnphosphate (FDP)

phosphate (FDP) thus formed loses a ph()sphate
group, by the action of a phosphatase. enzyme, to
form fructose monophosphate (FMP). With the
help of an isomerase, the latter isomerizes partially
10 glucose monophosphate. Once glucose and fruc-
toce molecules are available. higher molecular
carhahvdrates such as suervse or starch can be
ot mried.
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For the continuvus operation of the carbon cy-
cle, RuDP must be regenerated for the carhoxyla-

tion reaction. When the cycle rotates six times,

one hexose molecule is formed. From 6 molecules
of RuDP, 6 molecules of CO,;, 12 molecules of

“NADPH. and 12 molecules of ATP, 12 TP mole:

cules are formed; 2 of these give I molecule of
sugar, but the other 10 molecules regenerate
RuDP (C, compound) by a very involved mecha-
nism. A key role is played herc by vitamin B
(thiamine), which has the capaeity of transferring
C, groups from one sugar to another. Thiamine is
used in two ways: It takes a first C, group from a

: Ca sugar to form a C, sugar (erythrose): and a sec-
ond one {rom a C, sugar (sedoheptulose), formed:

by ¢ondensation of this erythrose (C,) with ‘airiose
(C,): This gives a pentose (C,y molecule: otherpen-.

toses are formed by addition of the 1wo G, groups
© to triose molecules. These pentoses may be either-

“ribose, xylose, or ribulose. Ultimately they are all
converted into ribulose. '

"Figure 5 is a condensed version of the Calvin
~cyele, an elaboration of the upper arrow of Fig. 1
“where each arrow represents a sequence of several

reactions. The three major reactions arey (1) ear-

; “boxylation of RuDP (such as by the addition of GO, '

to the 5-carbon keto sugar phosphate) and-fornia-
_tion of phosphoglyeeric acid (PGA), a 3-carbon
acid: (2) reduction of PGA 0 a 3-carbon aldehyde,

< TP, -and (3) regéneration of RuDP by mutual con-
version of carholiydrates. As mentioned previous-
ly, the reductant generated by the light reactions
(NADPH) is atilized for the reduction steps while

S ATP, another product of the light reaction, is
" utilized at two sites. These are (1) in the phos-

- phorylation of the 5-carbon keto sugar, RuMP to-
A tel

CCRuDP. and 2 in the phosphorylation of P
- 7 S diphosphoglyesric acid priveto ity reduetion
1 lias Jong -beéen suspected that: ‘prod

- place in photesynthetic systems. It has” been
shown: for example, that under certain conditions,

“.30% or more of the photosynthate in one green
alizae appears in the form of amino acids. Under
other conditions. when algal cells are exposed to
€O, for only 1 -2 min, as much as 30% of the fixed
carbon is found in lipid-like substances. .

Carbon dioxide fixation in C, plants. In 1969

M. D. Hateh and C. R Stack showed thatin-maize,
sugar cane; und several other plants “eontaining
- dimorphic (mesophyll and bundle sheath) chloro-
-plasts the path of carben is somewhat different:
The primary acceptor of €O, is phosphoenolpy-
ruvic acid; this carboxylation, catalyzed by phos-
phoenolpyruvate carboxylaze. leads to the for-
mation of a d-carbon dicarboxylic acid such as
oxalvacetic acid in the mesophyll ceils. Planis fix-
ing CO, in this manner are called C, piants. Oxalo-
acetate is reduced to malate or malic acid with the
help of NADPH in most plants studied (malate
formers). In some plants —the aspartate formers —
aspurtate may be produced instead of “malate.
Malate is rapidly transported to.the hundle-sheath
cells, where it is converted into pyruvate and:CO,

~(decarboxylation) with the simultaneous reduction

of NADPY to NADPH. O, is fixed into sugars via
the  Calvin evele, and phosphoghyeerie ackd s
generated from ribulose 1.5-diphosphate. Thus.

and the ol

malate transters the CO
from the mesopiy:l Do

Truwel

“that this pathway must have originated

e stion::
"of compounds’other than carbohydrates can-take .

_respiratory €O, leading to loss of carbon. Hence,

- (containing a green pigment called bacterioviridin,:
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4H (from ,photocherrﬁcal k
redox reaction) -

reduction
and phosphorylation

12 phosphoglycerié acid 12 triose ﬁﬁéSphafte

A ™

12ATP 12ADP. .
Jl2E; 1.Cs
hexose * .
i 7 carquylation phosphate‘ 5
/ kreﬁgery’jeration '
- 6:C0;5 - ~.of pentose
o . phosphorylation B N
6 ribulose diphosphate - 6 nbuiose"monophosphate ;
6 ADP 6.ATP
+ B LR .
6 P;

Fig. 5. Conidensed vérsion of the Calvin cycle. -

Pyruvate is translocated back to the mesophyll:
cells, " where it is .conpverted into’ th-’sph‘Oi:noI-f
pyruvate {with. the help of ATP} 1o Comntinue: the
eycle: The above cycle is reminiscent of Crassuls
cean acid metabolism (CAM), with the difference .

that CAM plants fix CO, into malate at night, and
refix CO, into phosphoglyceric acid during the S R A L
day. The temporal specialization in CAM plants is ' S +
replaced by spatial specialization in €, plants. An k ENER T
evaluation of taxa showing C, pathways suggests:
nated Andepen:

dently and in parallel in various species: P
improving efficiency of photosynthesis. 1
view. of the tremiendous increase in ‘human popula-
tion on. Earth and Timited resources available. t
feed all its inhabitants, it is necessary-lo exploi
ways to increase the efficiency of photosynthesis
which in turn mayv lead to increased production of
food. Basic research has revealed several possible
approaches to this problem. These include at-
tempts 1o reduce wasteful respiration losses. par-
ticularly of photorespiration (release of CO, in
light), . Low  photesynthetic  cfheieney of mam
plants in bright light is due to the release of photo-

the slowing of photorespiration by bioehemical or -
genetic means should lead to increases in’net-
photosynthesis and yield. Several laboratories are
now attempting to use tissue cultures to obtain "
desirable mutants.

In nature. plants have adapted their photosyn-
thetic machinery 1 the environment they grow in.
Scientists must begin tn utilize the adaptive mech-
anisms of these plants and diversify agriculiure to p‘/ R
grow nonconventivnal plants to feed animals as | &, '
well as humans.

Bacterial photosynthesis and chemosynthesis.
Certain species of pigmented bacteria, some green e

or chlorobium-chlorophyll). some purple or red- T el R
{eontaining hamvri(n~Mnmphyliﬁé’mi carotenoidsy, "’“3‘ S
1esize organic matter from CO. in

ol 1 band of hacte-
near-incrared whiie

arv able to svnil
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that of chlorophyll is in the red, purple bacteria can 1945-1956; E. L Rabmuwm,h and Cnvmd}ce :
live also in invisible, infrared light. In countrast to Photosynthesis, 1969; 1.'B. Thomag and | H. €. -

green plants and algae, these organisms cannot ‘Goedheer (eds.), Currents in Photosynthesw, 1966;
use water as a source of hydrogen for.the redaction . 'L.'P. Vernon and .G. R.Seely {eds.), The:Chloro- :
of CO, and can survive only under conditions pro- phylls: Physical, (’henucal and Biolpgical Prop- ="

iy v1dmu other hydrogen sources, such as hydrogen erties, 1966; 1.. Zelitsch, Tmproving the efﬁcwncy

) 188:626=633,1975. '

sulfide or other sulfur compound% free molecular of phutosyntheqls,.chen('e,
hydrogen; or ‘organic compounds; In the last case. -~
the bacteria destroy onie kind of organic matter to
E synthesne another.
- “Because hydrogen is bound nowhere as strongly
“as in-water, these types of photesynthesis store lit-
tle if any light energy. They do not have the same
“significance as plant photosynthesis in the trans-
formation and storage of cosmic energy on Earth,
In fact, all they can dois utlh}e, in light, ‘chemi-
cal enérgy already available in:the form of unstable -
hydrogen compounds. In most'cases they use light
energy me}ely or mainly as: chcmtcal activation-
energy ‘as it is also used in ‘mbst’ photochemical:
" reactions inthe test tube. g :
. It has been suggested that bacterial photo-
synthesis also involves.two light reactions. but the >
‘details are very different. Eight quanta seem to be
required for the -reduction of gne CO, molecule:
_in bacteria. See BACTERIAL PHGTOSYNTHESIS,
"Ttis unknown whether bacterial photosynthesis
is an earlier mode of life, preceding plant phote-
synthesis, or a later form of life into which plant",
photosynthesis has de«enerated,m,chemmal sur-
roundings providing certain” seurces of hydrogen
In any case, bacterial’ photosynthesis is bound to
: remain limited to a few natural hakhitais, such as
% N Lo stagnant canal waters or ‘voleanic sulfur springs.
For the 'sake of completeness, ‘mention should
be made also of chemosynthetic bacteria, cells
- which.can achieve the conversion of CO, to organ-
“ig:matter with the help of hydregen donorq smular
i 5 7 to those utilized by photosynthetic bacteria, but
3 s witheut the help of light. They simply burn chemi-
: o : cal fuel by a mechanism permitting them io sal-
vage some combustion energy to reduce CO,, In
the simplest case, that of so-called hydrogen bacte ,
ria, the cells oxidize one part:of molecular’ hydru-k
gen to water and usé some of the liberated energy.
to transfer another part -of the hydrogen 10 CO,.
Whereas photosynthetic bac can live anaer-
obically, the chemosynthetic ¢ require oxygen
to keep their energy-liberating’ process in opera-~
tont Some. chemosynthetic organisms have de-
veloped wherever oxidizable material is present in
nature, be it coal, oil. free hydrogen, sulfur com-
pounds. ammonia, nitrite. or ferrous salts. The
question can be asked: What is the evolutionary
role of the chemosynthetic way of life? Is it a pre-
decessor of photosynthesiz. or is it degradation of
photosynthesis under “easv"™ conditions of abun-
dant energy supply? [COVINDJEE; R. GOVINDJEE]
Bibliography: J. Berry, Adaptation of photosyn-
thetic processes to stress, Science, 188:644-650,
1975; R. K. Clayton, Molecular Physics in Photo-
synthesis, 1965; H. Gaffron, Energy storage in pho-
tosynthesis, in Plant Phys'iologv A Treatise, vol.
1B. 1960: Govindjec (ed.), Bivenergetics of Photo-
synithesis, 1975; M. D. l&amen, Primary Process in
Photosynthesis, 1963; B. Kok and A. T. Jagendorf
(eds.), Photosynthetic Mechanisms of Green Plants,
1963: 1. M. Olson ted.), Eneray CUHTPI'\IUh /’n the
Photosynthetic dppeerctus, 1960: E 1. Rt
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