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C0, is reduced to carbohydrate in dark and this phase is purely a ehemical or

dark phase. |
The two phases of the photosynthetic process are described here, separately.

MECHANISM OF PHOTOSYNTHESIS:
T\ LIGHT REACTION
(Activities found in thylakoids or r grand)

%ul 1930s it was thought tha lha photosynthetic reagtion is reverse of respiration
and oxygen evolved durmg the process comes from €0, and water combines

wilh carbon dioxide o produce oduce carbohydrate,

W Photosynthesls

\/C0+H0<___

Respiration

*/6001+ 6H0 e—ﬂ_—_% CH,0, +60,
(carbohydrate)

In 1937, Robert Hill demonstrated that isolated chloroplasts evolved oxygen
when they were illominated in the preﬂence of suitable electron accegtor such
as femcyamde e. The ferricyanide is reduced [ fcrrocyamde by photolym“f
water. "Hm reaction is now called Hill Reactlon and it explains that water i§

e L L

usJ as 4 eource of electronx for CO, f'xanon and oxygen is evolved as a by

rodict,
P‘mﬁ Randall and Kamen (1941) using heavy isotope of oxygen (0") in
their experiments provided the direct proof that oxygen evolved in photosynthesis
comes from water and not from carbon dioxide. When photosynthesis is allowef
(o proceed in presence of H.0" and normal CO, the evolved oxygen contay
the heavy 1sotope. \
Green Plants
MOT+C0, —> (CHO)+HO+0
Light  (Carbohydrate)
And if pho(osymhem is allowed to proceed in presence of CO," and nonnalx
water (H,0), heavy oxygen is not evolved. '
Green plants
WO+CO* —  0#(CHO"+HO"
Light (Carbohydrate)
Thus, the fate of differenWles can be summarised as follows:

[ } Lght | |
600,+1H0  ——> CH0,+610+60, T
l | Chlorophyll | || . i
i

The reaction also allows to assume with reasonable certainty that hydrogen:
necessary for CO, reduction is provided by water. )
According (o recent studies, the light reaction phase of photosynthesis is a
conbGely compieid process wilhseveal ot vens. 1 may e
briefly d discussed with the help of foliowing subhcadings:
o Red drop. Emerson effect and two pigmen sysems.

—
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! "6) Red drop and Emerson effect,
3 Wo pigment systems.

1. Production of assimilatory powers

\M‘Electron transport system in photosynthesis or reduction of NADP
 Photophosphorylation 870 20 10 TR
‘i ) Non-cyclic Photophosphorylation,

i) Cyclic Photophosphorylation.
N} Pseudocyclic Photophosphorylau on.

WEner Energy relationships and efficiency of photosynthes1s
IV, Interrelationship between light and dark reactions. /"

i

% Drop and Emerson Effect and Two Pigment Systems

}/ Red drop and Emerson Effect. Photoeynthesn is considered as a two
quama process, i.¢. i takes two light quanta energy to drive em
four electrons are required for the reduction of one molecule of CO eight
quanta will be required (o reduce it or (0 evolve one 1 molecule of oxygen ‘

TR S v T et e gy
Radiant
[#HO  —> 4(Hwe)+ 0 +0,]
energy
Mmolecules_relemd can be used to determine the quantum yi¢ld
of the process. Quantum yield is defined as the number of 0, molecules
teleased per hght @w absorbed. In-the process, one mol. of O i evolved
utilizing eight quanta energy, i.¢. quantum yield is 1/8 or 12%.

Emerson and Lewis (1943) worked on quantum yield of photosynthesis in
onochromaiic (single colour) IMMMWWW
that quantum yield declmed shmply at wavelength greater than 680 m m the '

d zone. This decling is called red drop.

Eight years later, Emerson and Chalmers found that he sharp decline in the
quantum yield of photosynthesis beyond 680nm can be an be brought to full Lefficiency
by simultaneously providing shorter wave Icngﬂls of hght (. The effect of two
superimposed beams of hght on the rate of photoeynthesn exceeds (he sum

,,,,,, arately This photosynthetic enhancement
i refered to . Emerson effeitﬂor feason see cyclic photophosphorylanon)"
ngment Systems With the discovery of red drop and Emerson
effect it was concluded that at least two pigment systems are involved in
photosynthesis (Fig. 12.1). These two pigment systems have been referred to as

giggen't system I (PS 1) and pigment system II (PS T1). The presence of two such

systems has been supported by studies based on chloroplast fractionation

process Wich s of particles within the chloroplast membrare,
smaller and lighter particles of PS I and larger and heavier particles of PS 11

\PS’Icomplex consists of ~ 200 chlorophylls, ~ 50 carotenoids, a mol. of P
700 one cyl. J, one plastocyanin, two cyl. b 63 FRS (ferredoxin reducmg

chl a, iron and copper. Now ns chl. a ls called chl. a 1 PS T l controls Lhe_

g o poding son efcan e NADP o NADP
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\ /

/_@_ILCom lex consists of ~ ~ 50 carotenoids, a mol. of
P 680, a primary electron acceptor Q, a plastoquinone, four plasloguinone
wﬁ- bound fo one or more proteins, (WO CyL. b 559,
one Cyt. b, and chlonde. It's chl. a s now called chl. a IL. PS 11 is concerned
with generation of strong oxidant and weak reductant coupled il the release
of oxygen.

Salisbury and Ross (1986) proposed that grana mainly contain PS II while
stroma lamellae PS 1. For PS 1, light energy is gathered by chl. a (P700) and
possibly by some chl. b and some carotenoids, while for PS 11 light energy Is
collected by chl. a (P 673), chl. b and xanthophylls. The carotenoids collect
light energy for both the systems. Reduced carotenoids such as carotenes are
found in PS T while more oxidised forms as xanthophylls, violaxanthin and 7 = '
neoxanthin are found in PS I1. Park (1970) proposed that four subuts of PS i
are found attached to one subunit of PS 1. It i thought that in quantasome, P700
acts as 4 photochemical reaction centre and the energy absorbed by the large
aumber of chl, a 683 molecules is funnelled to P 700 to keep it continuously in
excited state. In PS I1, primary electron acceptor s colourless chl. 4 that lacks
Mg and called pheophytin (Pheo). Closely associated with Pheo is a quinone

called (Q because of it ability to quench fluorescence of P 680 by accepting its

excited electron.
W

\Jf Production of Assimilatory Powers in Photosynthesis

Amon (1956) used the term assimilatory powers (0 refer ATP (adenosine
triphosphate) and NADPH, (reduced Nicotinamide adeninedinucleotide
phosphate). The process of reduction of NADP into NADPH#H* may be

denoted as Electron transport system in photosynthesis or Rediction of NADP

while the process of formation of ATP from ADP and inorganic phosphate (Pij
utilsing light energy is called Photophosphorylation, i.e. -
) Flectron transport system in- photosynthesis or reduction of NADP
(transport of electron from water to NADP)
“{t) Photophosphorylation or formation of ATP in photosynthesis. »
(a) Electron Transport System (ETS) or Reduction of NADP
When a photon is absorbed by a pigment in the light harvesting complex
associated with PS T, its energy is transferred by inductive resonance to P80
which is removed by Pheo (Pheophytin). So Pheo is the first electron acceptor.
Loss of electrons from P680 causes it to become positively charged. It then
attracts an electron from an adjacent Ma-protein. As the Ma-protein becomes
oxidised by losing one electron, in turn it strongly attracts an glectron from
water. This pulling apart of electron from water molecule has been imperfectly
referred to as Photolysis of water. On the other hand, electron from Pheo is used
in reduction of plastoquinone (PQ to PQHL). This reduction step requires (WO

electrons and two protons
+2¢,+ 21
EE=i"Y
-2e, -2
At Teast four types of plastoguinones have been reported from chloroplast,
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three are tocopheryl quinones and one is vit, K (1, 4-naphthoquinone acetate).
From PQH,, electrons move, one at a time, to cytochrome b to cytochrome fto
plastocyanin (PC). PC moves along the edge of membrane éto PS I where P700
accepts the electron. P700 cannot accept the electron unless it has previously
lost one which can occur by light excitation.

Excited P700 gives its electron to Fe* in one of the Fe-S proteins which may
be called ferredoxin reducing substance (FRS). The exact reducing potential and
cpemical composition of FRS is still unknown. However, electron from P700
cither through FRS or directly reduces ferredoxin. So the electron required to
teduce ferredoxin (Fd) s provided by photoexcited P700 and thus ferredoxin (or
FRS) becomes the primary electron acceptor of PS 1.

Fd (red) X NADPH + H* :
Fd (ox) X NADP
Ferredoxin reduces NADP* by providing two electrons, one at a time.

All this can be better explained using Z-scheme (Fig. 12.1) model as

proposed by Hill and Bendal (1960). In view of recent researches, it has been
partly modified.

Fd-NADP reductase (ox)

Fd-NADP reductase (red)
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Fig. 12.1. Z-scheme (partly modified by Cogdell

‘ gdell 1983). Steps between cyt. b_to cyt. f
and P’(OO to Fe-S are called down Hill and up Hill reaction, respectively. 0; the left
reduction potential (Eo) values are given.
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| different from the oxidative phosphorylation found in mitochondria in respect
‘-\\——\__

“n) rmmy‘wwxy

In earlier literature, the term photolysis of water has been used but it is
confusing as photolysis is not the primary photochemical reaction occurring
under the direct nfluence oflight. 1t s actually due o pulling apart o electrons
by the oridised PS 11 from OH ions. The protons () are released in the system
a0d are sed for the reduction of NADP whil OH radical reac to form 1,0,
Which because of its unstable nature breaks Up 10 produce water and evolves - |
Oxygen.

OF 5 20, - 2H040, 1

Thus, in the reduction of NADP, the source of electrons is the chlorophyll
molecyle and for protons is the water molecule.

\4? Photophosphorylation, Amon and his associates (1954) were first 1o ‘
Show thatislated chloropastcan produce ATP when exposed o lighie.

light
A S
chiorophyl

(ADP=adenosine diphosphate; Pi=inorganic phosphate and ATP=adenosine riphosphate]
that it reqires light as a source of energy and is independent of oxygen, The
ok of ATP in photosynthesis is esseatial at two steps®Firstly, it supplements
energy for the reduction of C0, utilisng NADPH+H* which is the end-product
oflight reaction, That is to say that NADPH+H- is helped by the energy of ATP
to move the electrons to pi oglyceric acid (PGA) and into the carbon cycle.

X Stcondly, ATP is wsed in the phosphorylaton of rbulose-phosphate intp
fblos-1, 5-diphospatedoringisregeneration in Calvin ycl, Ribuloge-[, 5=
isphosphate i the CO, accepor of C, plants. Thus, at both these SW ',

%W. In general for every glucose molecule synthesized 18 {

—

ATP ate reqitedin C, planis and 30 ATP i C, plants. /" L
# 8o far three different kinds of Photophosphorylation have been recognised:
"fil”_Non-cyclic Photophosphorylation §
i leclic Photophosphorylation
fif Pseudocyclic Photophosphorylation
(i Non-cyclic Ph horylation, It occurs among the green plants and |

involves both PSI and PS 1.
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o the ATP synthesis resulting from this (ype of non-cyclic ele_quon: g@gp_qrj
chain s known as an-cﬁli? photophosphorylation. Water molecule mmlw
452 otce o leoon in i ystem, n the process, o moleuls of ATP
formed per “tio_ molecules of NADP* reduced or one molecule of oXygen
évolved of two molecules of water oxidised. it
JADPs Pi+ INADR!+ 2H,0 = JATP+ JNADPH + 40, i |

‘During light reaction, the protons (HY) accumulate inside the thylakmri
nenbrae resuling i 3 PROTON GRADIENT. The enrty el y 1
protons when they diffuse across the thylakoid membrang into the stroma galoqg,, .
th. prolon concentration gradent) i used [0 produce ATP. The roces i
ik o the goducion of ATP by F;=, parices of miochond (8

chemiosmotic theory). .
(ii) Cyclic photophosphorylation. In addition to non-cyclic photophos- -

phorylation, there i another pathway of ATP _formalion which involv_es only
PS, T and wavelengih of lght greater than 680 m s sed.ILhas been referred n;
@ cyclic photophosphorylation. Durin hotosynthesis this type 0

JRotopkosphorylation was_demonsirated_by_Frenkel in the isolaed
chromaiophores from the bacterium Rhodogpirillum rubrum. ‘The reaction in

cyclic process resembles those seen in mitochondria but here initially energy is
provided from absorbed light quanta instead of glucose. Electrqns used ¥n‘thc
cyclic photophosphorylation do not come from waer, i.¢. water is not oxidised
and oxygen is rot evolved in the process.

Fd
-04f
¢
0.0 Cyclic
photophos-
phorylation
4
System
HoAr PT00 |
" Gg3me

Light
% Schematic representation of photoinduced electron transport i.n photosynthesis
showing cyclic photophosphorylation. (Fd=ferredoxin; PC=plastocyanin.)
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\/Ig the cyclic photophosphorylation,light lifts the electron from P 700
(E'= 042 V) to FRS (E'=-0.6 V) or Ferredoxin (E'= -0.417 V). The excited
electron returns to P 700 through two to three transfer steps to decreasing redox
potentials. It s during such a downbill migration of the electron that enough

energy is released for ATP synthesis. The potential gap between FRS ta P 700 is
nearly one volt which is sufficient to produce at least 2 ATP moleculs per
electron transfer, o four ATP molecules per two electrons transfer. Inthe
process, ATP can be formed between cytochrome b, E'=0.03 V) and cytochrome
f (E;=0.36.V) and between ferredoxin and cytochrome b, the potential gep

between these two being more than ~ 0.32'V fSee Fig. 12?35)_. STy

The concept about is site, rate and mechanism is not yet very clear. The _
pathway of cyclic electron includes a part of electron transport chain' that
connects PS IT'to PS I (two photosystems). What is the exact point of entrance

of cyclic electron affer the ferredoxin is debatable. The studies o far made
reveal that it may enter at plastoquinone, cylochrome b, cytochrome f or

plastocyanin level. The reason is that PS T mediated cyclic photophosphorylation
In_some cases requires plastoquinone and in other cyt. b, or cyt. f or
l’w’—_— gt

o B g U R R R AT v

: ¢ 12.2. Differences between cyclic & non-cyclic photophosphorylation
AT IUT V LC e O g

Cyclic pholophosphory_laﬂt Non-cyclic pholopkospharylaﬁan

"¢ Tn the process only PSLis functional. 1. Both PS I and PS II are functional

N Electrons move in a closed circle. 2. In the process, water is the ultimate
Electron freed from chlorophyll after source of electrons and NADP* is
excitation to acceptors returns to the final acceptor.
chlorophyll.

3/ Reduced NADP (NADPH,) is not 3. NADPH2 is formed which is used in

formed and assimilation of CO, is assimilation of carbon dioxide.
slowed down. i x
V4 Oxygen is not evolved. 4. Oxygen as by product is evolved.
& The system is found dominantly in 5. The system is dominant in green
photosynthetic bacteria. plants.
»»6./ The process is not inhibited by 6. The process is stopped by use of
DCMU. DCMU.

N

o

However, when cyclic photophosphorylation operates, the CO, assimilation
drops down because of the shortage of reduced NADP (NADPH+H" du to lack
of protons ‘H). But at the same time it can explain the phenomena of Red drop
and Emerson enhancement effect. When wavelength of light above 680 nm is
provided non-cyclic photophosphorylaton is blocked which result in shortage
of NADPH+H: necessary for CO, assimilation and fallof rate of photosynthesis.
And when non-cyclic photophosphorylation is  restored by supplementary
wavelength of light below 680 nm, the NADPH+H' production sarts and more
efficient wse of ATP produced in cyclic photophosphorylation is made and the
rale of photosynthesis increases,lt explains the enhancement phenomenon, (/¢

Certain algae can grow in a fiydrogen atmosphere in the complete absence of
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required. The total free energy would be
136,8004631,200=768,000 cal , \

whereas free energy required for the synthesis of one hexose molecule from CO
is 673,000 cal; that means the utilisation of 18 ATP and 12 NADPH+H! w
be more than sufficient for the purpose. Light reaction thus can be summarised
as follows:

‘ light

[2H0 + 12NADP+18ADP + 18P —> 12 NADPH+H'418 ATP 460,

chlorophyll
Efficiency of Photosynthesis. Consideration about energy efficiency of

~ photosynthesis requires other methods of calculation. ,

In one way it may be calculated as follows. The two photosystems harvest
energy in the form of ATP and NADPH+H". ATP stores energy nearly 7.6 Kcal,
(7,600 cal.) and NADPH+H! about 52 Kcal. (52,000 cal.). Light energy uilised
is four light quanta (two per photosystem), each of 40 Kcal. of light energy,
Now if we measure the efficiency of photosynthetic conversion of light energy
in terms of ATP and NADPH+H',it will come to [(52+7.6)100/160}=37.25% or
neatly 37 per cent. Thus a major portion of absorbed light energy is wasted,

For the second way of measuring efficiency of photosynthesis, calculation'in
terms of CO, assimilated or molecule of oxygen evolved is made. For every C0,
molecule fixed, one molecule of oxygen is evolved and nearly 112 Keal. of light
energy is stored, i.e. 673 Keal, light energy for each molecule of carbohydrate

o for reduction of six molecules of CO, Since a molecule of CO, consumes

eight light quanta, the total consumption will be 48 quanta per hexose molecule
formed. Assuming 40 Kcal, energy present in red light (most efficient light for

photosynthesis), the energy efficiency for the process will be G73x100/

48x40=35.052 per cent or nearly 35 per cent, -

The difference between the two methods in photosynthetic efficiency may be ,

explained on the basis that a part of light energy stored in ATP and NADPH +
H* may be lost during the participating in the process of CO, assimilation.

Salisbury and Ross (1986) proposed that instead of 8 photons and 3 ATP, 12
photons and more than 3 ATP are required to reduce each mol. of (0, This
would further change the efficiency of process.

IV, Interrelationships between Light and Dark Reaction

Light reaction i5 commonly called photostage and dark reaction synthesis

stage. The two phases may also be called hydrogen fransfer phase (light |

teaction) and carbon assimilation phase (dark reaction).

Levitt (1969) proposed a scheme showing interrelationships between the two

phases. It explains that the reduction of each molecule of (0, 3 molecules of
ATP and 2 molecules of NADPH + H (for C, plants) are utilised. Both ATP and

NADPH, act as assimilatory powers to provide sufficient energy to carry out the

process. Twelve molecules of ATP are utilised for uplifting the twelve molecules
of NADPH, because the redox potential of NADPH, is much lower (E', =
~0.32V) than required (E', = ~0.4V) to act as hydrogen donor during the
process. Another six molecules of ATP are utilised during the phosphorylation
of ribulose-S-phosphate to regenerate ribulose-1,5-diphosphate. Similarly twelve
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molecules of NADPH, are uilsed because for th feducion of each molecule of

(0, four lectrons (hydrogen aloms) are fequired
|
Ligbtphase | Dark phase

N_ADPHE
NADPt ' L o
i
sl
e 0
A of Ribulose

di
phosphate

€0y

|
|
I
|
|

l .
Fig, 12.4. Schemgtic represeatation of interelations between two phases of photosynthesis.

Thus, in all 18 ATP molecules and 12 NADPH, molecules are required for
the synthesis of each molecule of glucose from €O,
utilising energy
—> CHO+H0 +2NADP
_ATP molecules i

or

600, + [INADPH + H + 18ATP —SCH 0, + G0+ TINADP £ TVADP ¢ 18h

00, + INADPH + H'

6176

——— B S
i i — vt e p— b

(Activities found in Stroma)

i

photosynthesis was established by Blackman (1903). But it was only after 1946
that usage of radioactive and other modem Sophisticated techniques could
elucidate recent concept of photosynthesis and Calvin and his co-workgrs
proposed the pathway of CO, reduction. They advanced their studies V{hllﬁ
working on unicellular green alga Chlorella. pyrenoidosa The alga-gftered
many advantages and has served as classical material for .Stlldl?.\‘ on
photosynthesis. It was used in the study for the first time giving consideration o
following points: e ¥

(i) It grows luxuriandly in different environmental conditions and avoids
contamination.

(i) The entire plant behaves like a single chloroplast.

(iii) It is a rapidly dividing alga. i

(iv) Its synchronous culture is casy (0 maintain which is essential for
physiological studies.

The fact that non-photochemical process (dark reaction process) is involved in
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(v) 1t contains Photosynthetic pigments similar to the higher plants and,
therefore, the end products of photosynthesis are also similar, h )

(vi) The young cultures are rich in protein while approaching maturity fat and
carbohydrate content increase.

The use of long-lived “C-labelled compound by Calvin and his coworkers
gave a new impews (o work on CO, fixation. They observed that carbon
reduction is a cyclic process and the first stable product is the 3-phosphoglyceric
acid. When flashes of 1/16 to § seconds were given to alga, labelled carbon
(C) entered first into an acceptor molecule to form phosphoglyceric acid.
However, Benson working on the same problem found that a S-carbon compound :
was the first acceptor molecule of labelled carbon, The S-carbon compound was
soon identified as ribulose-1,5-diphosphate. On accepting carbon by 5-carbon
compound, it was noted that an unstable carbon intermediate (B-keto acid
intermedate) is formed which breaks up into two molecules of phosphoglyceric *
acid. So the first stable product was established as 3-carbon compound (3-
phosphoglyceric acid). The entire process of photosynthesis runs in a cyclicf',
fashion which includes formation of hexose sugars or starch and regeneration of
ribulose diphosphate. A

Recently 4-carbon compound has been found as the first stable product in
certain plants, It thus appears that at least more than one pathway of dark
fixation of CO, leading to synthesis of carbohydrate exist. Following three pes
e now well established: ]
I 1Cilvin cyle (C, plants) -

2 Hatch and Stack cycle (C, planty) o
jf.’CAM cycle (CAM plants) "

The three types of plants are differentiated on the basis that in C. plants lIt
fissL stable product of photosynthesis is 3-carbon compound (phosphoglyceric
acid) and in C, plants, 4-carbon compound (oxaloacefic acid or malic aca s
"Te Tirst sable com und. cycle lso, the first product is malic acid.

The three processes are discussed bere, il 0
L ALY CYete (C, Planty) )

{

B
i
i

The dark reaction process of photosynthesis has been named variously such

as-Calvin cylee, Bassham and Calvin cycle, Blackman reaction, Cal
Assimilation, Path. of carbon in_photosynthesis, Reductive pentose pho

cycle etc. Calvin cycle consists of two important parts. , ‘)z
@) Synthesis of carbohydrate . e
w{b) Regeneration of ribulose diphosphatc. o

g} If ﬁf‘
(a Synthesis o Carbohydrate i
(1) Carbon diovide s first accepted by ribulose diphosphate and formns an
unstable 6-carbon compound from which two molecules of phosphioglyceric
acid are formed. The reaction is repulated by enzyme called carbo}quismIIrhse

or RuDP carboxylase (Rubisco).

o )
boIni) il | vy Aitotiba' AV Trflond
i _ ol Higitolofavdd
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CHOP) B lCH,O(I’) ICOOH

|

C=0 Rubisco CHOH + CHOH

I 00410 ————> | I
N4 HCOH COOH CHOMP)

| 3 hophogyoec i

HCOH (2 molecules)

| ‘

CHOP)

Ribulose-1,5diphosphate

(2) Phosphoglyceric acid s reduced to phosphogl de by NADPH +

CHO

E‘_Ei;&enafcg(mfnss_uppmd by the ATP and triose phosphate dekydrogenase.
I

ATP + Triose phosphate * |
CHOH+NADPH+H ———————> CHOH+H,0+NADP
r\/ [ dehydrogenase I ;
CHOP) CHOP)
3-Phosphoglyceric acid P‘losphoglyeer:ldehyde -

At this step the products of light reaction (reduced NADP and ATP) are used up
in the process. This reaction is completed in two stages. In the first stage,

phosphoglyceric acid reacts with ATP and forms 1

J-diphosphoglyceric acid

which is reduced in the second stage by NADPH + H to give rise to
hosphe follows: :
Wﬂe as follow

At st

00K
I Phosphoglycerate kinase
CHOH+ATP .
Wi
CHOP)
Phosphyglyceric acid

1 4

\Second Stage
COO(P) : v 4
I PGAId- dehydrogenase
CHOH+NADPH+H' —————>
| y

CHO(P) J

Wit
CHOH+ADP
|

CHOP)
1, 3-diphosphoglyceric acid

CHO
I
CHOH+H,p0,
I

CHO®)
3-Phosphoglyceraldehyde

‘\.6{ The phosphoglyceraldehyde molecule is converted into dibydroxyacetone

phosphate in presence of enzyme friose p i ¥ e
T 2 '

| Triose phosphate isomers

‘\/'lcuou —_—

CHOM)
3-Phosphoglyceraldehyde

| ‘
C=0 /

|

CHO®)

Dihydroxy acetone phosphate

;\@IPhosphoglycemldchyde and dihydroxyacetone phosphate (one molecule
cach) unite to form fructose-1.6-diphosphate. The enzyme aldolase regulates
—————————— e —— ‘

Jiall
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%2.5, Calvin cycle. T to XIII enzymes. I-Rubisco, II- 3-phosphoglycerate kinase,

" II-PGAId-dehydrogenase, IV-Triose-phosphate isomerase, V-Aldolase, VI-Phosphatase,
VI-Transketolase, VIII-Epimerase, IX-Aldolase, X-Phosphatase, Xl Transketolase,
XII-Isomerase and XI1-Phosphopentokinase.
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i A
CHO CH,OH CH,0P)
| ! | Aldolase
Q/ |CHOH + |C:O s e A 04 )
~ CHO®) CHOP) HOCH
3-Phosphoglyceraldehyde  Dihydroxyacetone |
phosphate HCOH
|
& HCOH
, |
CHO®)
Fructose-1,6-diphosphate

(5) From fructose-1,6-iphosphates_different types of compounds are
syntesized and may b conered it ghcue or ach

() Regeneratin of Ribulose diphosphate

This i true that carbohydrates are formed in a way described eartir, but the
process utilises one ribulose diphosphate molecule. Therefore, its regeneration
is essential in order to say that carbohydrates are synthesied by utilising CO,
and H,0. In this cycle only one molecule of CO, is uilsed at a time, thus cycle
will run for 6 times 50 as to synthesize carbohydrate directly using CO, and
H.0. A schematic balance sheet is escribed in Fig. 12.6 and the cycle in Fig.

125 4
[N 1x6C
1180\ oroce
/ \.‘ ' Triose qain
. \PGA / ‘ phate’

ol

6C
Hexose
diphosphate

9~

: 24C

6C Tetrose

e/:'[p Pentose phosphate
phosphate [

4x5C - %1
‘ Heptose
diphosphate

4 /d -

Fig. 12.6. Schcmalic.balancc sheet of photosynthesis process.

Therefore, the generation of ribulose diphosphate is essential o carry on the

* process of photosynthesis which takes lace as follows:
The s formed ructose 6 phospat and phosphoglyceraldehyde combine
and break into 4-carbon compound (erythrose-4-phosphate) and S-carbon
compound (xylulose-S-phosphate) in presence of enzyme ransketolase.
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CH, OH Icno ,CH,OH
=0 cilo Transketolase ~ HOOH C=0
| l eyt ] I

,.é HOICH + H(lm H(IZOH + HO(I:H
chon CHOP) CH,0P) Hclon
HCOH 3-Phosphogly- CHOP)
| ceraldehyde Erythrose- ~ Xylulose-
CHOP) d-phosphate  S-phosphate
Fructose- g

2

phosphate to form sedoheptulos- T-diphosphate i presence of enzyme aldalase.
W 7

CHO CHOP) CHOP) CH,OH ,
l | Aldolase | Phosphatase | -
HOOR #4001 ) v =51 (=0 — G0
I l | H0, . |
o Hoo CH,0H HOCH HCOH#H,p0),
| Dihydroxy | Y
CHO®) * acetone HCOH HCOH
Eiylrose  phosphate | |
4, phosphate chon chon
chou : chori
CHOP) CHOP)
(Sedoheptulose-1, (Sedoheptulose-7

combines with a molecule of difydroxyacetone

T-diphosphate) -Phosphate)

%om sedoheptulose-1,7-diphosphate one phosphate is removed in presence

of enzyme phosphatase (as shown above) and thus sedoeptulose-T-phosphate is

formed;

WSedoheptuloseJ-ghosphate and phosphoglyceraldehyde combine in
ad produce one mokecule each of xylulose:S,

presence of fransker

phosphate and ribose-5-phosphate.

CH,0H CHO CH,0H CHO
| [ Transketolase |
|c_-o HOCH RET [y H|00H
+ |
HOCH CHOP) HOCH HCOH
M | 3 Phosphoglycer- I l
HOICH aldehyde HCOH HCOH
I |
HOCH CHOP) CHOP)
| Xylulose- Ribose-
HOICH S-phosphate  S-phosphate
CH,0P)
Sedoheptulose-
7-phosphate :
“{5) Both these com unds convet inlo npuqu_sgﬁ@psﬂnte; in presence of
enzyme phosphopentose isomerase, T

s i
TN,
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Thus ribulose-S-pho is_formed from three different ways (described

eatlr), ‘
~{6) Ribulose:S- in presence of enzyme called phosphopentokingse
forms ribulose-1,5-diphosphate uilising ATP. ATP converls into ADP, This

ATP s obtained from photophosphorylation process
CHOH CHOP)
C=0 " Phosphopento 'c=o
e HIOOH i i chou e
El%u(l)ous)e) Sphoghate vy g}i;zu?gl.wmm W‘,

Another easy scheme has been in Fig. 127, 1t is little modified
from Calvin's cycle and is a sort of summary of the process.  ,#
 Light reaction

Fig, 12.7. Schematic simplified representation of Calvin cycle, partly modified.

e
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Enzymes of CO, Reduction Cycle

A look at the Calvin cycle indicats that it can be conveniently divided inlo
three. phases-the carboxylative phase, the reductive phase and the regenerative
phase. In the first carboxylative phase that is carboxylation of ribulose-1,5-
diphosphate to form PGA, carboxydimutase is involved. In the reductive phase,
that is, reduction of PGA to triose phosphate, enzymes involved are (i)
phosphoglycerylkinase, (i) triose phosphate dehydrogenase and (iii) triose
phosphate isomerase. In the third regenerative phase the enzymes which
participate are (i) aldolase, (ii) phosphatase, (i) transketolase, (iv) transaldolase
(an altemative enzyme for cycle). (v) phosphoribose isomerase, (vi)
phosphoketopentose epimerase and (vii) phosphoribulokinas. 0//

(s AHATCH AND SLACK CYCLE (C, Planty

Kortschak and his cowarkers (1954) reportd the formation of dicarboxylc.

il (C) as prmary produts of pholosynbes's n_sugacan vhich was
confirmed_in several_other planis by M.D. Hatch and CR, Slack (1966) of -
 Ausrali, They then proposed an alemative puibway, the C, cycle. However,
C, cycl is now Kiown in-Saccharun_officnarin (sugarcane), Zza mays -
(maize), Panicum maxinum, Chloris gayana, Atrilex spongiosa
Digitaria samguinalis, Cyperus rotundus, Amaranius (pigW [ has ls
been reported in the epidermal guard cells of Tulipa gesnariana and Commelina.

mnani, S, i cyclehas been reportd nof ony in the members of Graminae

(0
———
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may be expressed as in Fig. 12.8. The oxaloacetate is readily converted into
malateor aspartate depending upon species. Malate is derived from oxaloacetate
b reducton with NADPH +H in te presenceof malic debydiogenase, Malate
is then twansported o the chloroplasts of bundle sheath cels where it is
decatonyted by NADP seifc mlate enyme 0 e pyvat an
carbon dioxide. The released CO, s used in the carboxylation of ibulose-1, 5
diphosphate in the presence of enzyme wﬂ@mummm

osphoglycerate, the fist stable product of Calvin cycle of photosynthesis. It
follows Calvin cycle in further steps to produce starch and to regenerate

REACTIONS TAKING PLACE IN MESOPHYLL CELL CHLOROPLAST

o e .

NADPH + K Rt g
COOH ]
P i 1) COOH CHy

| ATP ADP | 0

=0 X C-0POF o |H2 | :

| j 1 C:O\ ?Hz H-?-OH
I H-C- N,

Pyrwic acid  phosphognopyric  COOH Bl on
acid Oxaloaceticacid . Malic.acid
L T hspartic acid |

but lso among ceriain members of Cyperaceae and certain dicot belonging to
_ Amaranthaceag, faceae, Compositae, Euphorbiaceae, Portulocaceae
el However, el by, o,y nd e are C, plants hough these are—

members of Gogils 1/ onae Db

C, Cycle

The C, cycle may also be referred to as the dicarboxylic acid cycle of the ﬂ-

-carboxylation pathway or Hatch and Slack cycle or Cooperative photo ihesis
(Rarpilov, 1970). While using C"0, in their experimental stdies, thy f___m
the initial Iabelling in oxaloacetic acid followed by malic and aspartic acids.
an the primary carboxylation teaction gad
the phosphoenolpyruvic acid (PEP) was found 0 be the CO, acceptor molecule

COOH Phosphoenolpyruvate  COOH
| carboxylase

/ C-0P+CO#H,0 — C=0+H,P0,

| Phosphoric acid
CH, CH,
Phosphoenol |
pyruvate COOH
Oxaloacetate

In the chloroplast of mesophyll cells, CO, iﬂewmox@gn of
phosphoenolpyruvate (0 fom oxaloacetate. This step requires a molecule of
waler_and eleases a molecule of phosphoric acid as by-product. Enzyme
phoshoenolypyrorat carborylse  eeded n e rescton The ene eacto

/
/NHZ oo !

Nanine i—cloori COOH CH, ?H{
(|:=o cio LHZ SR H-Cl-NHz H-C-OH
o cooh |

ruvic acid | ] ST
Py dooy  STARCH Math

Oxaloacetic acid

Sugas., | TOPHLOEN _
1 i
e %CYCLE
k RuBP

‘ NADP*
NADPH + H* -—J
REACTIONS TAKING PLACE IN BUNDLE SHEATH CELL CHLOROPLAST

NADP*

5

%& Schematic representation of Hatch and Slack cycle showing relationship with
Calvin cycle (modified from Hatch and Slack cycle, 1974).

Simultaneously, the pyruvate is transported. back to_the  chloroplast of
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mesophyll cells where it is reconverted into the phosphoenolpyruvate by

utlising energy of ATP of light phase in the presence of enzyme
@Qhate dikinase, ATP is converted to AMP in the process. Smce, the .

conversion results in the form of AMP, the requirement to regenerate ATP from

AMP is 2 ATP, MP is 2 ATP. This is how 12 additional Amam_eeded;mgw
“Chollet and 0 Ogren (1975) recognised three categories of C wnts
mw%me where CO, i nitaly fixed

by phosphoenolpyruvate and oxaloacetate is formed. The m malate produced from
(itis transport s transported fo bundle sheath cells.

i Second group includes plants such as Panicum maximum and Chlons
gayana, in which case it is aspartate, rather ther than malate, transported to bundle
Sheath cells. There i here it is uansan,lmalﬂm!oaceme which becomes convencd

into pyruvate and CO! )y PEP carboxykinase.
Niii)" The third group includes Atriplex spongiosa. In ) this case, the aspartate
produced in mesophyll cells is transported to bundle sheath cells where it is

transaminated and reduced to malate. The malate is decarboxylated (o foxm

pyruvate and CO,,

s elares o C, P19 /lmh?ﬂ\

The most distinguishable anatomical feat
pTCSCIlC& of bundle sheath cells containing chloroplasts. These celh are radlally

¢ bundle sheath cells lack grana in 0 their -4
clllomplasls while. mesophyll cells have well-developed grana as in sugarcape et o

arranged around a vascular buadle,

(see Fig, plate I2.1). Tt constitutes an example of extreme dimorphism of
chloroplasts. However, in certain C ", plants such as Bermuda grass, the
chloroplasts of bundle sheath cells also  also possess grana. So dxmorphlc chloroplasts

by no means ogour in al C, plant,

The arrangement of chloroplasl containing cells (bundle sheath cells) around
vascufar bundle is alww plants. These are arranged

in one or more layers consisting of large erlh Bundle
sheath cells remain surrounded by one or more wreath Iike layers of mesophyll

cells This anatomical arrangement i called Kranz type (Kranz=wreath, a

Cerman term). Sn.lhyﬂ&lfs_f_rom the wreath of mesophyll cells around
bundle sheath cells

"~ Detailed studies regarding the differences between the two types of
chloroplasts have shown that ratio of PS I: PS 11 (photosystems I and II) activity
was three times higher in bundle sheath cells than in mesophyll cells, The
mesophyll cells were almost three times more active in non- -cyclic electron
transport system than that of bundle sheath cells. For cyclic electron transport
system both cells were equally efficient. Besides, a clear-cut categorisation of
photosynthetic enzymes is also found. The most of PEP carboxylase occurs in
mesophyll cells while most of ibulose-1, 5-diphosphate carboxylase and malic

enzymes in bundle sheath cells.

A comparative account of C, and C, plants is given in Table 123, However,
it should always be kept in mind that such findings are still in the early stage
and a large team of scientists is now engaged in resolving this intricacy.
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Table 12.3 Differences between C, and C, Plants

NN, Plans (Cavin ey N\ Planis (Hatch and Slac cyce)
1 2

1. Calvin cycle is found in all 1. C, cycle is found only in certain
photosynthetic plants, tropical plants.

2. The efficiency of CO, absorption at ~ 2. The efficiency of CO, absorption
low concentration is far less. So from low concentration i 1s quite high.
they are less efficient. So they are more efficient plants.

3. The CO, acceptor is Ribulose-1, 5- 3. The CO, acceptor s
diphosphate, phosphoenolpyruvate.

4. The first stable product is 4. Oxaloacetate is the first stable
phosphoglyceric acid. product.

5. All cells participating in 5., The chloroplast of parenchymatous
photosynthesis have one type of bundle sheath s different from that
chloroplast (monomorphic type). of mesophyll cells (dimorphic type).

The chloroplasts in bundle sheath
cell are centripetally arranged and
lack grana. Leaves show Kranz type
of anatomy. _~

6. In each chloroplast, two pigment 6. In the chloroplasts of bundle sheath
systems (Photosystems I and II) are cells, the photosystem 11 is absent.
present. Therefore, these are dependent on

mesophyll chloroplasts . for the
supply of NADPH + H*,

7. The Calvin cycle enzymes are 7. Calvin cycle enzymes are absent in
present in mesophyll chloroplast. mesophyll ch]broplasté The cycle
Thus, the Calvin cycle occurs. oceurs only in the chloroplasts of

\ bundle sheath cells.

8. The CO, compensation point is 50- 8. (0, compensation point is 0-10 ppm
150 ppm CO, i

9. Photorespiration is present and easily ~ 9. Photorespiration is present only to 3
detectable. slight degree or absent,

10. The CO, concentration inside leaf 10, The CO, concentration inside  the
remains high (about 200 ppm). leaf remams low (about 100 ppm)

Il The "C/C ratio in C-containing  11. The ratio is relatively high, ie. C,-
compounds remains relatively low (both plants are more enriched with l’C
#CO, and "CO, are present in air). than C, plants. l

12. Net rate of photosynthesis in full 12, It is 40 -80mg. of CO, per dm’ of
sunlight (10,000-12,000 ft. ¢.) is 15- leaf area per h. That i,
25 mg. of CO, per dm’ of leaf area photosynthetic rate is quiie high. The
per h. plants are efficient, :

13. The saturation intensity reaches in  13. It is difficult to reach saturation
the range of 1000-4000 ft, c. even in full sunlight.

14. Bundle  sheath cells are  14. The bundle sheath cells are highly **
unspecialised. developed with unusual construction

of organelles,

15. Ony C, cycle is found. 15. Both C, and C, cycles are found.

W



