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Students Learning Outcomes

On completion of this unit students will be able to:

Explain the role of light in photosynthesis. :
Identify the two general types of photosynthetic pigments (carotenoids and
Chlorophylls). .
The role of photosynthetic pigments in the absorption and conversion of light
energy into chemical energy.

Differentiate between the absorption spectra of chlorophylla andb.

Describe the arrangement of photosynthetic pigments in the form of photosystem
and I1.

State the role of CO, as one of the raw materials of photosynthesis.

Explain the role of water in photosynthesis.

Describe the events of non-cyclic photophosphorylation and outline the cyclic
photophosphorylation.

Explain the Calvin cycle.

Explain the process of anaerobic respiration in terms of glycolysis and conversion
of pyruvate into lactic acid or ethanol.

Outline the events of glycolysis.

Describe the conversion of pyruvate to acetyl-CoA.

Outline the steps of Krebs cycle.

Explain the passage of electrons through electron transport chain.

Describe chemiosmosis and relate it with electron transport chain.

Explain the substrate-level Phosphorylation during which exergonic reactions are
coupled with the synthesis of ATP.

Comprehend the importance of PGAL in photosynthesis and respiration.

Outline the cellular respiration of proteins and fats and correlate these with that of
glucose.

Define photorespiration and outline the events occurring through it.

Rationalize how the disadvantageous process of photorespiration evolved.

Explain the effect of temperature on the oxidative activity of RuBP carboxylase.
Qutline the process of C4 photosynthesis as an adaptation evolved in some plants to

deal with the problem of photorespiration.

Bioenergetics

Bioenergetics is the field of biochemistry and cell biology which deals with the

study of the processes by which cells use, store and release energy. The quantitative study
of energy relationships in biological system is called bioenergetics.

A central component of bioenergetics is energy transformation, the conversion of

energy from one form to another. The biological energy transformations obey the laws of
thermodynamics. Energy is necessary for growth and reproduction. We cannot exhibit
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‘:ﬂ,\' of characteristios of life without a ready supply o)
:.mriz_\. In this chapter we will discuss the M7 An exergont
undame stabolic hich are |72= = .

damental metabolic processes which @ \.I;unlunf-"

photosynthesis and respiration, reaction

4.1 Photosynthesis It is cald
Photosynthesis is the bi ict 3¢ . i i
captures light (—solal'?’S ;chyth;ndbéz:&iﬁ: :l ipnrl(:)&:hcmicnl “"“".‘"";,,f;ﬁfi-"z;‘;[ ’f"""wn
energy (i.e. organic molecules, e.g., glucose). 1t takes place W—’E—\‘
in plants, algae, cyanobacteria and many bacteria. iving world to the liviy
Photosynthesis is a “redox™ process whic : d the oxidation of Waus.
world. It involves the reduction of carbon dioxide in ; 4n be summarized g
into molecular oxygen. The overall reactions of phot

¢ reaction iy 4
us chemicq|
that releases energy
holic reaction. Ay

¢ reaction iy
gs thal endergonic re o

 links non-I
to sugars al
osynthesis ©

follows:
| Reduction =
6CO, + 12H:0 salight_ CHy206 * 6H,0 + 60;
.l Chlorophyll ]
Oxidatnon
4.1.1 Roleof Lightin Photosynthesis - tic energy or radiation. Sol

~Light is a form of energy called Electromagnetit = 1 dise
radiation is consist of photons. Photons (Gk. “Phos™=Light) ar separate and distinet

packets of energy which come from solar radiation. Photons travel in waves, these waveg

contain energy. Short waves contain more energy than long wave. _ _
The full range of electromagnetic radiation In the universe is called

electromagnetic spectrum while visible light (380-750 nm) is only a small part of the
spectrum.

Visible light:
Visible light is the part of the spectrum that the human eye can see which is white

light. Photons of visible light have just the right amount of energy to promote electrons o
higher electron shell in atoms. Leaves absorb only | % of total light, which falls on them,
rest is reflected or transmitted. The synthesis of ATP from ADP or AMP is called

phosphorylation which is endergonic process.
AD?P + Pi+energy === ATP

In photosynthetic organisms the energy comes from

light thus the process of formation of ATP during
photosynthesis is referred to as photophosphorylation.
Light falls on green tissues thereby water molecules are
broken down (photolysis) into H' ions, OH™ radicals and
electrons. The OH- radicals are collected and reassembled
as water and molecular oxygen, both are released into

Excessive light energy.




shere. The H '
'.'l']?;i:gl;;n:cn. H' aﬁﬁﬁz" 's(:::ls (protons) are pumped across the thylakoid membrane
il used toconvert NADPto NADPH, in photosystem L.

1.2 Role of Photosynthetic Pigments
A pl,\(?tOlS))’mhe.llC pigment is a pigment that is present
1howsynlhfllc acteria and captures the light energy ncfessary
pifferent pigments absorb light of different wavelengths. The li ht appe
colours when passed through a prism. ' :

carotenoids:
These are a group of yellow, orange, red or brown

pigments that absorb blue, violet and green light. They are Carotenoids in flowers @l
sssociated Wl.th Phc chlorophyll inside the chloroplast or fruits attract insects, birds
pecur alone inside the chloroplast. Carotenoids absorb and other animzls for
ferent wavelengths than pollination anc see

: ctrum of light tghat o dchlorophy Il, so broaden tl.w dispersal mvpct.'tively. They
spec provides energy for photosynthesis. |alsa profect chlorophyll from
The chlorophyll b and carotenoids together are called oxidation by pxygen
accessory pigments because they absorb light and transfer producedin pholosymhesi;s'._d

the energy 1O chlorophyll a which then starts the light

reaction.

-

in chloroplasts or

for photosymhesis. |
ar in different

Carotenoids —— Chlorophyll & — Chlorophyll @

Chlorophylls:
Chlorophy
blue, orange and red wave
reflected (therefore, leaves look preen). There are
and f) out of these only two types oceurin chloroplasts of higher pl

aand b, Chlorophyll ¢ and d are found only in algae while chlorophy

only in bacteria.

IIs are green and main photosynthetic pigments which absorb violet,
Jengths, while green and yellow are least absorbed and are
six types of chlorophylls (a. b. ¢, d, e,
ants. i.e. chlorophyll

Il e and fare found

Do you know?

Thete are twao types of carotenoids, i.e. Carotenes and Xanthophylls.

Carotenes (Red to Orange):
Carotenes are hydrocarbons With & general formula of CyH,,. Red colour of tomato and chilli

are due to carotenes. The most common carotene is beta-carotene which is converted to vitamin

"‘hby animals and human beings.

' “x‘:;l)&hylls (Yellow to Orange): n

L anthophylls are yellow atare oxygen containing derivati

Ulein and zeaxanthin (Cf ., 0.) are the two primary xathpngy"s l'oun‘:f s‘:'? g::erz‘fnc: )
ik Yellow colourofleayes in autumn is due to lutein. g

V°3T“‘hﬂehlesandotberfoods ceggs.
xanthophvlls of brown algae is called fucoxanthin (C,, H, O,). Both carotenes and

Xan L : :
K‘hﬂphylls are lipid compounds, soluble in organic solvents like other lipids.
~95m -




Chlorophyll a:

g thus termed

~ ® - ~ - 3 - . cri '
It occurs in all photosynthetic organisms except plgmenud bact N pngmcnl

as universal photosynthetic pigment. It is also known as primary photos
because it involves in primary reaction during photosynthesis,
into chemical energy. Molecular formula of chlorophyll @ i5(C Hn -

Chlorophyll b:

Chlorophyll b occurs in all pholosynlhctic
organisms except brown, red and blue green algac.

Molecular formula of chlorophyll bis (C. H,,O, N, Mg).

Structure of Chlorophyll:

Each chlorophyll molecule has two main parts,
one flat square part which absorbs light and hydrophilic
head. The other part is long anchoring hydrophobic
carbon tail.

The head of chlorophyll is composed of four
pyrrole rings (pyrrole is five sided unsaturated nitrogen
containing compound) having Mg ™ in the center, thus it1s
Mg porphyrin with two side chains.

Chiorophyll molecules
embedded in 2
pralein complex

i the thylakoid
membrane

""""""

Porphyrin head

Thylakowd
m(‘ﬂ\hram_-

...........

synt

i e. convert light energy
0N, Mg).

R

¥

ferivative o/

Porphyrin is ¢ ve ¢
g, CONSISIS of Jout

Imr[wlnl ke FINGS 1jnf\m'd by

pyrrole
four CH groups inan

i m ’l M 1] u”(/.\”l\’[t
L l’ C
1’ ‘

honds. If Mg++ o Fe+
adkled 1o parphin then
known as Mg+~ porphyrin
in chiorophyll o Fet+*
porphyrin in Heme anc

L‘)'ln('hnmlf.

iy

Ohliseophyll @ G
CHO

e
Chlovophy inaco

HO=CH H
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Fig. 4.1 Structure of chloroplast and ¢ T

96




a. Acid chain: Itis amethyl (CH,) ester (H,C-0-C=0).
b. Hydrocarbon chain: It is a long hydrocarbon tail which is attac

pyrrole rings and is an alcohol phytol (C,, Hy,) (it is an ester linkage wit

anchor the molecule in
H;=C-CH,-CH=CH,)

(CH,-CH,-COOH).

Phytol consists of four isoprene units. Itis insoluble and serves to
the membrane of the granum (molecular formula of isoprene is (C

(CH,).

Differences Between Chlorophyll @ And b:
There is only one difference between chlorophyl

group bonded to the porphyrin. In chlorophyll a methyl gro

chlorophyll & aldehyde group (-C HO) is present.

Role of Pigments in Photosynthesis
The clusters of photosynthetic pigments are called photosyste
Il @ and b molecules with accessory

complex is composed of chlorophy

these pigments absorb light they are sai
electrons to a higher energy level which is transferred into chemical energy.

and molecules will tend to return to its unexcited state.
can be passed from one

t which is uscd to
bsorb different wavelength of light is

state is unstable

The energy which is released during this process
chlorophy!l molecule to another chlorophyll mole
measure relative abilities of different pigments to a

called Spectrophotometer.

4.1.3 Absorption Spectrum

It is a measure which exhibits
the absorbed amount of the light of
different wavelengths (different
colours) from the visible spectrum of
light. The main photoreceptors are
chlorophyll a and chlorophyll &
which absorb violet blue (430 nm)
and red light (670 nm). The green
light (550 nm) is least absorbed. The
carotenoids absorb light between
430-470 nm of light spectrum and
transfer it to chlorophyll & then to
chlorophyll a. The chlorophyll a and
b show different absorption spectra as
shown figure 4.2 (a). Chlorophyl! a
shows absorption peaks at about 680
and 700 nm while chlorophyll &
absorption peaks range between 450-
475 nm.

d to be excited. The light energy is u

cule. The instrumen

Chiarophyll b

Absorption

Violet Blue ¥ Green ™ Yello J
<00 o0 e

Wavelength (nm)
Fig. 4.2 (a) Absorption Spectra

<>

hed to one of the
h propionic acid)

Chlorophyll a

| aand b that is one of ﬁmgtiongl
up (CH,) while in

m. Each pigment
pigments. When
sed to boost
The excited




passed from one pigment to the Fig. 4.2 (b) Absorption and Action spectrn

4.1.4 Action Spectrum

y A graph showing the measure of effectiveness of
light of various wavelengths in driving photosynthesis is
called action spectrum. Some of absorbed light is released | TR
as heat and rest of light is stored in organic compound as I,l“nm,\',rmlwm.!ugm;n,u / u:;

f o oot M€ ran wann. 1
chemical energy. Action spectrum of a particular pigment :'I"i:,h‘f ',',',,,',',,,;5:\-/; “a” the :
can be calculated by measuring the rate of photosynthesis primary pigment which
at each type of wavelength of light. A plant is illuminated [;,;/jares the reaction o

with light of different wavelengths. During photosynthesis |phorosyuthesis. decessony
plgmants are carolenoids, ‘

plant gives off oxygen. As photosynthesis produces e comeé Drofein
oxygen and consumes CO,, the rate of production of i"’."".”"“' ";J ‘\,',',,t ‘,',,‘;‘1 I
oxygen or consumption of CO, can be used as a measure of niono :
the rate of photosynthesis.

4.1.5 Arrangement of Photosynthetic Pigments in the
Photosystem I and I1
Light reaction takes place in 00 ‘
the grana of chloroplast. It is | —
initiated when photosynthetic = %
pigments capture light energy. The _ CHLOROPHYLL &
clusters of photosynthetic pigment £ * TNE 1 S, cARGT
complex are composed of - s
chlorophyll @ and b molecules and ’ .
accessory pigments (carotenoid w0’ _‘o
pigments). There are two ¥ : =
photosystems, namely photosystem >
I (PSI) and photosystem II (PSII)  yo8,
named so in order of their discovery.
Each photosystem contains several & 80
hundred pigment molecules. !
There are two parts of each
photosystem i.c. antenna complex
and reaction center. The antenna

complex possesses many molecules
of chlorophyll a, b and carotenoids. § 20— " etiom Speetrog
All these pigment molecules in the \ |
photosystem serve as an antenna for e —

gathering solar energy, which is Wavelength (nm)

form of

” - -

other and finally transferred to the of different pigments
»98 =
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reaction center. Reaction center contains one more
molecule of chlorophyll @ alongwith primary
electron acceptor and electron carriers of electron
transport system. Electron transport system plays a
role in the generation of ATP by chemiosmosis. The
PSI absorbs light of 700 nm and is called P700 while
the PSII absorbs light of P680 nm and is called P680.
The primary electron acceptor traps the electrons
from the reaction center and then passes them on to
the series of electron carriers. Electrons have two
pathways in the light reaction of photosynthesis; The
non-cyclic electron pathway (flow) and cyclic
clectron pathway. The cyclic is less common and
generates only ATP while non-cyclic is predominant

and generates both ATP and NADPH, .

Reaction
genier

Photon chlorophyll

Electron
n donor

. ’
molecules

Fig. 4.3 Structure of Photosystem

4.1.6 Role of CO,in Photosynthesis

The action spectrum is :
different from absorption spectrum
of chiorophyll. It is mare some
wavelengths, such as in 500-600
nm is more than the absorption

chlarophyll. This is

green light by
because the carotenolds absorb

light in this region and pass on
some of this absorbed light to
chlorapliyll, which converis light
energy into chemical energy.
Similarly when equal intensities o
light are given, there is more
photosynthesis in red than in blue

(part of the spectrum. ‘

The stomata cover only I to
2% of the leaf surface but
they allow proportionally
much more gas to diffuse,

why?

il

Antena complex

Air contains about 0.03 to 0.04 % of CO, . This CO, is used by terrestrial plants for
photosynthesis while aquatic plants use dissolved CO, and carbonates present in water as
source of carbon. The chloroplasts of guard cells of stomata absorb CO,, some of which

react with water to form carbonic acid.

CO, + H,0 —— H,CO,
In the presence of solar energy carbonic acid in the guard cells is décomposed

again into water and CO,.
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H,CO, » H,0 +CO, . :
Water and carbondioxide are rapidly used in photosynthesis to s;;_mhes.ze organic
substances. The entry of CO, into the leaves depends upon the opening of stomata.

4.1.7 RoleofWaterin Photosynthesg’s .
Water is one of the raw materials used In

photosynthesis. A film of water present around mesophyll

Eaie : . lecule is |Photolysis is the splitting of
cells of leaf helps to absorb CO,. The water mo chemical compound by

means of light energy je,
photons e.g., photolysis o
water in photosynthesfy

produces H and O,

broken down into hydrogen and oxygen by the Py, during
photolysis. The hydrogen combines with CO, to fprm
organic food and molecular oxygen is relcascq into
atmosphere during photolysis of H,O. Earlier it was

thought that the oxygen released in the process of —
. e ho observed that water splitg

photosynthesis comes from CO,. Van Neil 1903, was ﬁrst W : .
during photosynthesis, hydrogen released from water is used to synthesize glucose while

0. is removed as byproduct. The idea of Van Neil was also supported by another scientigy

named Hill. In first experiment water was made of O and algae were grown in it. The |

oxvgen evolved during photosynthesis was found to be radioactive (O ).
Light » CH,,0, + M);ﬁ_f 6H,0

6C0,+12H,0"

In second experiment CO, was made by 0" the oxygen evolved was without
isotope.

6CO."+12H.0 &, CH 0!+ 6H.0" + 60,

Thus above experiments proved that source of oxygen evolved during

photosynthesis was water.

4.1.8 Light Reaction

It occurs in the presence of light in the thyllakoids of granum of chloroplast. The
light reaction involves absorption of light by photosystems, flow of electron through
¢lectron transport chain i.e. chemiosmosis and reduction of NADP.
Photophesphorylation: In light reaction addition of phosphate to ADP in the
presence of light is called photophosphorylation. There are two pathways:
(1) Cyclic photophosphorylation (i) Non Cyclic photophosphorylation

Cyclic Photophosphorylation: The cyclic photophosphorylation is less common and
generates only ATP while non-cyclic photophosphorylation is predominant and

gencrates both ATPand NADPH,,
Non-Cyclic Photophosphorylation: Duri ng non-cyclic photophosphorylation
electrons move from water through PS-I1to PS-I then to NADP.

Photosystem II:

When light strikes the chlorophyll molecules in PSII (p680) its energy causes the:
#1004
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chlorophyll molecule to be activated. The activated chlorophyll loses its two electrons
and the positively charged chlorophyll molecule is left in the photosystem with a gap of
two clectrons. ’!‘he high energy electrons instead of falling back into the photosystem are
captured by primary electrons acceptor of first electron transport chain. The primary
electron acceptor is pheophytin which then passes the electrons to a plastoguinone
(PQ). Now from primary electrons acceptor, the electrons pass along a series of electron
acceptor molecules from one to another in oxidation process. These electron acceptors
are two cytochromes (cytochrome b and /) and plastocyanin (PC) (a copper containing

protein).

Production of ATP:

When electrons are passed through electron transport chain, they lose energy.
Some of the energy lost by electrons between cytochrome b and cytochrome fis used to
make ATP from ADP and Pi. This ATP, which is generated by PS-IT will provide energy

for Calvin cycle where CO, is fixed to synthesize sugar.

/i
3
i

Photolysis
28 + HiO-+2H + 1/2 O3

Fig. 4.4 Non- cyclic photophosphorylation (Z-scheme)

! Whydowe consider the leaves inplants as food factories?
2. Trace out the environmental factors that affect the rate of photosynthesis?

»101e
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Photosystem |I:

Fhe electrons from PS 1l pass to PS | The electrons from plastocyanin are
received by another photosystem called photosystem I (Py,), where these electrons ape
boosted 1o high energy state by absorbing a photon of light.

he photoexcited electron of PS 1 enters in the second electron transport chaip,
Here clectrons are accepted by ferredoxin (FD), which is also an iron containing protein.
he enzyme NADP reductase (flavo protein enzyme) by a redox reaction transfers the
electrons from ferredoxin to NADP. The NADP combines with electrons and hydrogen
to form NADPH,,

ATPand NADPH are used in Calvin cycle to produce sugar.

NADP + 2¢" +2H' > NADPH + H'

When photosystem 11 absorbs light water molecule splits into OH and H'. The
OH ions react to form some water and release oxygen and electrons.

H.O —— 4H +4(OH) + 4¢”

4OH) — 2H,0 + O,

The electrons from water molecule are accepted by positively charged
chlorophyll molecule of photosystem 11, thus the emptied hole is filled by the two
energized electrons while PS I receives electrons from PSI1.

Z-Scheme:

The light reaction of the PS 1l and PS | follows zigzag path, therefore, non-cyclic
electron transport is also called Z-scheme of light reaction.

Cyclic Wﬂﬂnu (Cyclic Electron Transport)

It consists of only PS I and occurs in rare condition i.e. when PS 11 is blocked. The
electrons released by P, of PS I in the presence of light are taken up by primary electron
acceptor of PS I. The electron acceptors consist of ferredoxin (FD), cytochrome b,
Cytochrome /, plstocyanin (PC) and finally back to P, i.e. electrons come back to the

same place after cyclic movement.
The cyclic photophosphorylation also result in the formation of ATP molecules

Jjust like in non-cyclic photophosphorylation. As the electrons move downhill in the
electron transport chain, they lose potential energy and ATP molecules are formed (jusi
like in mitochondrion during respiration). Electrons of PS I do not pass to NADP instead

_come back to P, It is important to note that oxygen and NADPH, are not formed during
cyclic photophosphorylation.

Which conditions lead to cyclic electron pathway?

L When production of ATP is low thus Calvin cycle does not begin.

2. Duetoslow rate of Calvin cycle, NADPH, do not oxidize into NADP.

#1024



3 There are many other enzymatic
reactions which use ATP in stroma, thus

Calvin cycle becomes slow,
4. Limited supply of CO, also affects
carbohydrate synthesis .
summary of Light Reactions:
Ru‘ulrcments
1. Light

5. Enzymes needed for different reactions
in the chloroplast
NADP
ADPand Pi (inorganic phosphate)

3

4

3
Produclts:
] Oxygen
2 ATP

3

NADPH,

Fig 4.5 Cyclic pbowphos""
POl | = T=T AT ST = 11 = el S
b = _ el _ acdviey W g __Eﬁlél_.-_ JL.-!_.LA_— —
|1 Draw the Z-scheme for explaining the events of light dependent reactions.
|2 Draw the labelled structure of chloraplast.

Table 4.1 Comparison between cyclic and non-cyclic photophosphorylation

Non-cyclic photophosphorylation Cyclic photophosphorylation
Elections do not come back to the same | Electrons come back to the same
molecule. molecule.

First electron donor is waler. First electron donor is Py, (PS 1).
Involves both PS [ and PS 11 Involves PS I only.

Last electron acceptor 18 NADP. Last electron acceptor 18 (Py,)-

e net products are ATP, NADPH, and O,.| The Product is ATP only.

4.1.9 Light Independent Reaction or Dark Reaction
The light independent reaction was discovered by Melvin Calvin and coworkers

(1950) at the University of California. He was awarded Noble prize in 1961 for his work.
Therefore, this cycle is also called Calvin cycle. They used radioactive isotope of c"in
CO,.Light independent reactions do not need direct energy of sunlight. It may

103
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as 1o differentiate it frop, the ‘ight

aetion, SO

alled dark reachiorf
Occur during day tune but 1tis called dat

reaction, Fchloroplast by a .
shlorop Do vou kn )
. ~ . stroma of ¢h ey . WIOW.
Calvin L'_\'L'IC(,CC"“'\ m the 3":: | - C;lrl“~,hyd““L
0, 18 fixec

Ruchisco is the mosy op
profein on earth,

series of reuctions in which €
(CH,O)n inthe absence of light.
The Calvin cycle is complete

d in three S1ages:

1) Carbon fixation
i)  Reduction ‘ Oxidation is the Jogy
i)  Regenerationofribulose bi-phosphate: electron from an qqop,
e L molecule while %
arbon Fixation: e ir |the gain of el g ok
R, Ty from air |#Ae ga eclrons
It is first step of dark reaction 10 W hich CO, \atom or molecules. b

combines with pre-existing five carbon phosph(fr')’i‘zts'::ﬁ

sugar known as ribulose biphosphate (RuBP). f.\h a =

an unstable 6-carbon intermediate comPO}‘“d 'segolr:xBI;

The enzyme that speeds up this reaction 15 call light reaction are ygey
-alsok ubisco. : vin ¢ Odluce -

Carbox}'ll']ha:c;i:::sgaerl];;:ni::fel:mediale molecule exists for gg AL ‘:g:h’zal’?"% bew

such a brief time that it cannot be isolated and thus named (omglucose.ﬁuaaéeg&

as an intermediate compound. — |
Formation of PGA: " R
The unstable intermediate compound splits into two molecules of three carpy,

9 ATP and 6 NADPH,..} .

containing phoshoglyceric acid (PGA). It is first identifiable product in dark ‘W
Therefore, Calvin cycleis also called C, Cycle.
CO, + RuBP(C,) — C, (intermediate compound) —— 2 PGA(C,)
The carbon that was part of CO, molecule is now a part of organic molec\ng;'mfg
is called CO, fixation.

Reduction (Formation of PGAL or G3P):
In this step the product of light reaction that is ATP and NADPH, are used.

molecule of phosphoglyceric acid (PGA) receives energy from ATP and H' fron :
NADPH, forming 3 carbon phosphoglyceraldehyde (PGAL). In this step water is also
formed. In reduction process fixed carbon is reduced into a 3-carbon sugar molecul cof
PGAL.
PGA + ATP + NADPH, —— PGAL + ADP + Pi + NADP+ H.0
ADP and Piand NADP return back to light reaction where ADP is cl:z erted inld
ATPand NADPis reduced into NADPH,, o

o,

#1042




stroma of Chloroplast

3 molecules of 6 molecules of

r;ibulosc 1,5-bisphosphate (RuBP) (5C)

§ molecules of B
Glyceraldehyde 3-phosphate (3C) |

1 molecule of
Glyceraldehyde 3-phosphate (3C) (G3P)

Glucose and
other sugars

Fig. 4.6 Calvincycle

Regeneration of RuBP (Formation of glucose and other organic compounds):
e five molecules of PGAL are used to reform three

For every turn of Calvin cycl
molecules of RuBP, so that eycle can continue. Italso uses ATP of light reaction.

5 PGAL +ATP — ADP + Pi + 3 RuBP
Thus out of every six molecules of PGAL formed in the reduction stage, only one
molecule leaves the cycle, which is to be used by plant for making glucose and other

organic compounds.

Use of PGAL
" From PGAL 3C, 4C, 5C, 6C and 7C compounds are produced, all are




i

as

be

i“‘mon\'cniblc. Two PGAL molecules from Calvin cycle are con;’:;“cd g glu% 1
Phosphate within chloroplast. Glucose phosphate i then com;:m hatto Sll)&tcll. Fixey
carbons leave the chloroplast in the form of dihydroxyacetone p :;ISP iz:t; HAP) ltiﬁ
formed from PGAL. In the cytoplasm DHAP can be Used_w~ sy‘; o fi e
Sugars, glucose and fructose, which are then JRY re;:il o:om Sucroge

Glucose is also used to synthesize cellulose. Glucosc"ﬁk 3 nv. Qing
amino acids (with the addition of nitrogen). Other compounds like °'3°“u'l° acids tharj
fatty acids and glycerols appear quite rapidly in the cell during photosyn :;'s' G
accumulates more than other compounds, so it Was observed more readily iy
investigators in chemical analysis. Other compounds can be seen by more sens

methods.

4.2 Cellular Respiration : jonsin livi

Respiration is f series of complex oxidation reduction r.eactlons m.lnvm8 1) '=s_;
In this process cells get energy through the break down of various organic subs inces,
There are two types of respiration aerobic and anaerobic. -
Aero : % = " '

Aerobic respiration takes place in the presence 0 -
high energy molecule and its breakdown product is CO, and H,O, which are low energy
molecules thus the stored energy is released. The electrons are remﬁwed ff.om Substrate
(e.g., glucose) and eventually received by oxygen atom which combines with H'to for
water. The overall equation of aerobic respiration for breakdown of glucose can e
written as follows:

C.H,.0, + 60, + 36ADP+36Pi 2= 6CO,+6H,0 + 36ATP

Anaerobic Respiration: .
Anaerobic respiration takes place in the absence of molecular oxygen, it is also.

known as fermentation. It is incomplete oxidation reduction reaction. The en
released from the substrate (glucose) is a result of its molecular rearrangement ané some.
of this energy is available to the cell. The NADH is oxidized to NAD, it is called
fermentation because glycolysis is foliowed by the reduction of pyruvate by NADH to

eitheralcohol and CO, or lactate.

Alcoholic Fermentation: N
Inprimitive cells and cells of some eukaryotic organisms such as yeast and plants
pyruvate is further broken down by alcoholic fermentation into alcohol and CO,.
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2ADP42 (B) ?1\?\’{'5‘*
1
lycolys =0

Y Ethanol

(a) Alcohol Fermentation . (b) Lactic Acid Fermentation
Fig. 4.7 Fermentation

Lactic Acid Fermentation:
It takes place in many bacteria, animals and muscles of human. Each pyruvate
molecule is converted into lactic acid in the absence of molecular oxygen.

Process of cellular respiration:
It takes place in four steps.
1. Glycolysis 2. Oxidation of pyruvic acid
3. Krebscycle 4. Electron transport chain

Elcctrons
carmed
vin NADH

Flectron
'l L.!‘\‘)Iil |
Chain and
Oxidative
Phosphorviation

y . . ==
o - = A W’L
Substrate-level Subatrate-level Oxidutive
phosphorylation phosphorylation phosphorylation

Fig. 4.8 Process of cellular respiration
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Fig. 4.9 - Glycolysis
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biphosphate fructose.
The 1, 6 biphosphate

isomers and readily interconvertible.

1089

rgy investment phase):
In this phase breakdown ol g of glucose occurs
place by ATP which pro

-

is the break down of

d it
and evolved before

d es not require molecylay

d
ch step is catalyzed b an ‘*U
e % %x

r
e

reparatory phase and oxi

energywuhlthhg
el

by an enzyme to its isomer fi

Ly

(IHT

lecule transfers a second phosphate gmup ‘fi* !

fructose splits into two molecules of 3-carb
(Pbosphoglycemldbyde (PGAL) and dihydrooxyacetone phospha



. ¥

oxidative Phase (Energy yielding phase): \
L clpctrq? or two hydrogen atoms are removed from the molecule of PGAL
?Vh'Ch . 0: : l;zed and these electrons are transferred to a molecule of NAD which
5 e, bk i B e o D i
gr 2 PG). molecule forming 1,3 bi or dipho«.spbogl}'‘“‘mte (BPG
DPG is converted to 3 phosphoglycerate (3- : hate bond
 ansferred from DPG 1o ADggil‘gm ! ; 1(\?11’ PGA). Meanwhile 2 phosp

. pGA is converted to 2 phosphoglycerate (2PGA).

l;romcz.l PGA a molecule of water is removed and phosphoenol pyruvate (PEP) is
ormed.

pEP then gives up its high energy phosphate which converts ADP to ATP. The
product is pyruvate or pyruvic acid (C;H,0;). It is equivalent to half glucose
molecule that has been oxidized to the extent of losing two electrons as hydrogen
atoms.

423 The Oxidation of Pyruvic Acid

[t takes place into two stages.

Oxidation of pyruvic acid to form Acetyl Coenzyme A.

: Oxidation of Acetyl Coenzyme A.

Oxidation of PyruvicAcid:

[t is a transition reaction during which CO, is released. The oxidation of pyruvic
acid is called transition reaction because it connects glycolysis and krebs cycle. In _‘h‘s |
reaction pyruvate is converted to 2-carbon acetyl Co Aby attaching coenzyme A. Itgives
offcarbon dioxide. This isan oxidation reaction in which electrons are removed from
pyruvate by dehydrogenase that uses NAD as a coenzyme. This reaction occurs twice for

each original glucose molecule.

\_J

D v

2 NAD* pl|
Wi
C (lloA |
9 C=0 +2CA—* 2 ¢=0 +2C0;,
clzn3 c':u3 Batbot
Pyruvate Acetyl CoA  dioxide

2 Pyruvate + 2 CoA » 2Acctyl CoA <3 2 Carbon dioxide
Fig. 4.10 Oxidation of Pyruvic Acid

Oxidation of Acetyl Co enzymeA:
It takes place through krebs cycle. As a first step 4-C compound oxaloacetate

binds with 2-carbon acetyl CoA to become 6-carbon compound. This 6-carbon
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on reactions. Two carbe
compound which is frea

4 dioxide moa:es through a series of electron yiclding oxidati
to bind another ::"f given off. Finally regencrating ::i::fb""
cycle orkrebs cyclefy Co A. This cycle is called citric

4.2.4 Citric Acid Cycle or Krebs Cycle
ed in the

This is cyclic metabolic pathway locat
amed

itin 1930.

Do vou know?

Krebs cyele is also cajl,
Tricarboxylic acid cy
pecause each of s first thy i
revction has three moleculad
of carho.tylic acid. . = |

A:‘v.;

matrix of mitochondria. The krebs
’ cycle was n
Sir Hans krebs a British scientist who discovered

!Steps of the Krebscycle:

- Atthe start of this cycle the (2-C) acetyle group

‘ = Joins witha (4-C) oxaloacetate molecule, forming

' . Citrate is converted to an isomer called isocitrate.
Acetyl-CoA (from transition reaction)

(produced by transition reactic |
6-carbon citrate molecule, -

- -~

Fumarate

%D—’FADH,
@@ C
CoA GDP + (P)—> GTP— ATP

Fig. 4.11 Krebs cycle
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3. [socitrate is oxidized b <
NADH, and CO, is re| Yy NAD 10 5-C alpha-ketoglutarate, NAD is reduced into

4. :‘:; lgial-)k;toglutarate is converted into 4-carbon succinyl CoA and NAD is reduced

o ez another molecule of carbon dioxide i removed.

% : cinyl CoA is oxidized to 4-C molecule, Succinate, GTP is formed
which reacts with ADP o form ATP, :

6. Now Succinate j ' 3 .
FADH,. © 15 converted to 4-carbon Fumarate and FAD is reduced into

7 Fun Arate CO_m.bines with water 1o produce 4 -carbon Malate.

8. ga'*l“e 's oxidized by NAD to Oxaloacetate and NADH, is formed.

9. Dxaloacelate1s again ready to combine with Acetyl CoA to start a new citric acid

cycle.

4.2.5 Electron Transport Chain (ETC)

The ETC is located in cristae of mitochondria. It consists of series of carriers that
pass electrons from one to the other. The electrons that enter the ETC are carried by
NADH and FADH, formed during krebs cycle and glycolysis.

Whenever hydrogen is removed from a substrate
there are seven intermediate hydrogen acceptors to catch
the atom. They are NADH reductase complex (FMN and
Fe-S), FADH reductase or co-enzymie Q or Ubiquinone
(UQ) and four cytochromes that is b, ¢, a and a,
(cytochromes become pink in color when they are reduced.
They are protein plus pigment molecules containing iron.
They have ability to gain or lose electron. While
ubiquinone is not protein it is lipid soluble and water

Do vou know/?

In krebs cycle the extracted
electrons are temporavily
housed within NADH and,
FADH, molecules. These
enter in electron transport
system where H are
removed, ATP and H.O are
Jormed. = 4l

insoluble). Electrons are passed to ubiquinone, at this step
an clectron is split off the hydrogen atom. The proton
becomes free and electron is passed successively from

coenzyme Q to cytochrome b, ¢, aand a.

Each NADH + H' gives 3
ATP in electron transport
chain, while each FADH,

gives 2ATP. Can you guess

Steps of Electron Transport Chain:

why?

. Thesubstances in the chain event are alternately oxidized and reduced.

2

N

b,c,aanda,.

Oxidation is accomplished by the loss of hydrogen in case of NAD, FAD and the
coenzyme while oxidation is accomplished by loss of electrons from cytochrome

Since two hydrogen atoms are released at a time and cytochrome b through a, can

accept only one electron at a time so there are two cytochrome systems to capture
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after the final transfer from

the electrons. cther
4. An electron and proton are brought 108

cytochrome a,, It produces hydrogen:
(FMN and Fe-S)
1

Substrate NADH. H" . potein
oxidation : ’D Fia} App+ P
NAD (
ATP |

co,
cweime : : Flavin H; : i o |
), v - o 1
- . CHHIOE |+ i
| |
cy(ochmmc c
140s Cotochrome oxidase ADP +Pi -
- ) (Cytochromes 8 and a5) ATP o
Fig. 4 12 Electron Transport Chan y
5. Molecularoxygen is the hydrogen acceptor and water is the final product.
0, +4H +4e —— 2H,0
6.  Energyis released at three Stps, flavoprotein t0 ubiquinone cyt.btoc,ato a‘f %
released energy IS captured by ADPto form ATP.
7. Electron transport chain is the main producer of ATP.
4.26 C hemiosmosis .
Chemiosmosis is the synthesis of ATP from ADP
and Pi in the electron transport chain through the joint
cvent of chemical and osmotic processes. The
chemiosmotic theory was proposed by peter Mitchell
who got Nobel prize in 1978 for his chemiosmotic theory
of ATP production in mitochondriaand chloroplasts.
The chemiosmosis can also be defined as the
thesis of ATP molecule

coupling reaction in which syn
occurs during the movement of H' across a proton
erates more ATP as

gradient. Chemiosmosis gen
compared to substrate level ATP phospho:ylation.

Mechanism of Chemiosmsis: : .
es have transmembrane channels. These char

I The mitochordrial membran
pump protons. The flow of electron induce a change in the shape of p
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proton move out of the inner compartment of mitochondria. As a result the
(H" conc.) in the outer of mitochondria. proton
that of inner comm‘::fnmm' of the mitochondrion becomes greater than

<
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|
' !

. e ‘ ‘( : | '

oL B

syt

Fig. 4.13  Chemiosmosis

7. Electrical-chemical proton gradient is established between outer and inner
membrane. This gradient drives the outer proton across the membrane. Thus the
proton move down this gradient between the inner and outer mitochondrial
compartments. Their movement induce the formation of ATP from ADP and
inorganic phosphate. This process is controlled by an enzyme ATP synthase.

3. The electrons are obtained from the chemical bonds of food molecules in all
organisms. This electron removing process needs free oxygen, so it is called

acrobic respiration.
L T e .Q ity ]I:_%‘l'—
1. Make a list of differences between pholosynthesis, respiration and photorespiration.
|2 Draw different steps of ETC. '
4.2.7 Substrate level phosphorylation j'

Substrate level phosphorylation occurs in the cytoplasm of the cell during .
glycolysis and in mitochondrion during the krebs cycle under both aerobic and anaerobic :

conditions.
ATP formation from ADP and Pi needs input of energy. The energy comes from

breakdown of organic molecules in the cells. This type of reaction which releases energy
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Fixed carbons leave the chloroplast in the form of dihydroxyacetone phosphate. It
is formed from PGAL. The DHAP can be used to make the six carbon sugars, glucose and
fructose which become a disaccharide, called sucrose. Now sucrose is transported to
other parts of the plants.

4.2.9 Cellular Respiration of Proteins and Fats

Animals and humans
besides glucose also consume fats
and proteins to harvest energy.

Fats are broken down into glycerol
and three fatty acids. First the
glycerol is phosphorylated then
enters the glycolytic pathway at
the level of glyceraldehyde 3-
Phosphate (PGAL) while fatty
acids (2-C), enter in the
mitochondrion where their
carbons are removed. They form
acetyl CoA (2-C) which is entry
point forkrebs cycle (an 18-carbon A
fatty acid results in nine acetyl
CoA molecules). One gram fat
provides about 2.5 times more
energy than carbohydrates or

proteins.
Animals digest proteins

into amino acids, if it is in
excessive quantity or body is
starved then amino acids can be
used as fuel. The size of R-group
determines whether the carbon
chain is oxidizing in glycolysis
(Pyruvate) or in the Krebs cycle or
cetyl CoA.

Anuno acids are degraded,
the amine group is removed to
yield ammonia this process is Fig. 4.15 Cellular Respiration of Proteins and Fats

called deamination reaction.

Exidativy
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4.3 Photorespiration

This process occurs only in photosynthesizing cells of the plants. It is opposite to

photosynthesis, because in it oxygen is used instead of CO, and instead of oxygen, carbon
dioxide is released (like respiration). It differs from ordinary respira

occurs in mitochondria at night and in non-green tissues of plant
and only in photosyntheti

takes place in the presence of light
absorbed but unlike respiration do not produce encrgy (ATP).

4.3.1 How RuBP reacts with oxygenin photorespiration?
Photorespiration is related to the functioning of the enzyme

(RuBP) carboxylase which also acts as oxygenase
The RuBP carboxylase is also known as Rubisco.

adds CO, to RuBP (an acceptor o 0, Ox ]
molecule) to produce two (RUBISCO)
molecules of PGA while during
RuBP Phosphoglycolate
oxygenase, it adds oxygen to RuBP E C ';yc;c + s
and produces one molecule of PGA E PGA PGA
~ and one phosphoglycolate. The O ADP
phosphoglycolate loses its ATP P,
phosphate to become glycolate. = Glycerate Glycolate
‘are some algae which can * !
e glycolate but higher plants fic Glycerate Glycolate |
exc u_mhaefore. plants NAD ?ﬁ%
te in the Calvin cycle. ; Hydroxy  Glyoxylate+
sion of glycolate into pyruvate 0,
akes Glutamate
s a- KGA
) L Serine Glycine
1 N
Serine Glycine |
(2 molecules)

tion of cell which
while photorespiration
¢ cell. The oxygen is

ribulose biphosphate

(combines with 0, instead of CO,).
When rubisco acts as carboxylase it
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This entire pathway is called photorespiration in which RuBP 1s converted into
serine and CO, which uses ATP and NADPH, produced during light reaction like Calvin
cycle.

4.3.2 Disadvantages of photorespiration

It is reverse (o Calvin eycle (here CO, is released instead of being fixed into

carbohydrates). Photorespiration reduces the amount of carbon fixation into
is not thoroughly

the assimilation of

carbohydrates by 25%. The role of photorespiration in plants
understood. It is presumed that photorespiration may be necessary for
nitrates from the soil.
4.3.3 Photosynthesisin C4 plants

In normal process of
photosynthesis a 3-C compound
called PGA is formed as a first
detectable product of photosynthesis.
Therefore, these plants are called C,
plants. However, there are some
plants growing in dry and hot
conditions which produce a four
carbon compound (C4) called
oxaloacetate as the first product of
photosynthesis in dark reaction.
These plants are called C4 plants and
this type of photosynthesis is called

(4 photosynthesis.
(3 plants use rubisco to react

€0, with RuBP, on the other hand C4
plants use a different enzyme called
phosphoenol pyruvate carboxylase
(PEPCO) to fix CO, toa compound
known as phosphoenol pyruvate
(PEP). The PEP is reduced into
another molecule called malate. The
malate carry CO, to a special type of
cells called bundle sheath cells
where Calvin cycle proceeds.

Fig. 4.17 C4 pathway
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In C, chloroplasts are located only In C, chloroplasts are present both in mesophy

mn mesophyll cells of leaf, cells as well as in bundle sheath cells.
In these plants all the mesophyll In these plants only mesophyll cells fix CO, |
cells carry out Calvin cycle. using PEPCO while the bundle sheath cells car

0 | out Calvincycle. | Lol
h'!“sh temperature photosynthesis In high temperature the rate of photosynthesis
1S 1Iow. hi

igh. : 2 A
Example: Most of the plants are C, Example: They are fogmd only in angiosperr
plants such as pea, wheat, rice and suchas sugar cane, maize and mostly grasses.
all woody trees.

e Photosynthesis is the only biological process that captures energy of sunlight .
converts it into organic compounds (carbohydrates).

e The internal membranes of chloroplasts are organized into sac-like thylakoids wk
are stacked on one another in columns called grana.

e Photosynthesis takes place in two steps: they are light reaction and dark reaction.
e Each photosystem consists of a light-harvesting complex and a core complex. E
core complex contains a reaction center with the pigment (either P700 or P680).
® To build organic molecules, cells use raw materials provided by the light reactis

ATP provided by cyclic and noncyclic photophosphorylation while NAD!
provided by photosystem .
ellular respiration is the process in which cells acquire energy by breaking dowr

respiration involves four phases: glycolysis, the preparatory reaction,
r \d the electron transport chain.
‘breakdown of (6-carbon) glucose into two (3-carbon) pyru

cle is a cyclic metabolic pathway located in the matri



Multiple Choice Questions

(I_-hmm the best correct answer from the following io. for cyclic

Which among the following conditions is fa
phosphorylation:

(a) Aerobic

() Aerobic and low light intensity

{(c) Acrobic “mm

(d) Anaerobic and low light intensity

2, During the dark reaction of photosynthesis:
(2) Water is split off
(b) €O, is reduced to organic compounds
() Chlorophyll is activated
() Glucose is broken down .
3. Tbemymetlmﬁxnamoaphaiccoziutcl’lplamsmz
(a) PEPcarboxylase (b) Rubisco
.1 RuBP carboxylase {d) Hydrogenase :
4, l‘l'l-:emnnbel'ofcntbmamminltnBPwhichaeoeptscozaremC3pimtﬁ
is:
(a) 2 by 3
c) 5 (d) & ‘
5. Wammcmmophyﬂbmuvmgn.
(a) ~CHO group (h) -COOH group
(¢) -CHygroup (d) -NH,group
6.  NADPis: |
(a) Anenzyme (b) AynnafoNA
" (¢) Acoenzyme (d) prtofm. .
() Citricacid (b) Oxaloacetate
(¢) Pyruvicacid (d) AcetylcoenzymeA
I e DR, of water molecule during PS 11 of light reaction is

called .
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2. ATP production during light reaction is called as

3. In peroxisomes glycolate is converted into :

4, The addition of inorganic phosphate to any organic molecule is known
as :

5. Citrate is converted into in Krebs cycle.

6. Anaerobic respiration is also known as

7. Calvin cycle isalso called pathway.

8. Plastocyaninis a copper containing in nature.

9. Hydrocarbon chain of chlorophyll is a long chain ofalcohol

Section II: Werite short answers.

Write few lines about absorption spectrum.

Briefly describerole of CO, in photosynthesis.

Write the names ofelectron acceptorsof PSIland PSI.
Draw the Z-scheme of light reaction.

Explain the reduction phase of Calvin cycle.

Define aerobic and anaerobic respiration.

Write first three steps of Krebs cycle.

What is the importance of PGAL?

-0 - Section III; Extensive Questions. . k]
Explain the mechanism of photosynthesis.

Briefly describe the four phases of cellular respiration.

Whatare the main events of glycolysis? HowATP is formed?

Whatis fermentation, and how does it differ from glycolysis?

What are the main events of the citric acid cycle?

Describe different steps of Electron Transport Chain.
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