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Carbohydrate metabolism comprises the CH,OH CH,OH
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production with biosynthetic demands. H OH H OH
a-D-glucose B-D-glucose
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Glucose = central metabolic substrate



Introduction

Both processes occur simultaneously but are tightly regulated

Feature Catabolism Anabolism
Function Breakdown Synthesis
Energy Produces ATP Consumes ATP
Example Glycolysis Glycogenesis

Redox NAD* — NADH NADPH used




Introduction

Biological Significance

1. Energy Production

» Glucose to ATP via:

v Glycolysis (cytosol)

Carbohydrates are both fuel and building blocks

2. Carbon Skeleton Supply

+» Provides intermediates for:

v Amino acids

v Cellular respiration (mitochondria) v Lipids

< Can function:
v Anaerobically (fast, low yield)
v" Aerobically (slow, high yield)

v Nucleotides

Carbohydrates = carbon backbone donors
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Respiration

Glycolysis in the Cytoplasm
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Photosynthesis

When you get hungry, you might
decide to raid the cookie jar

Plants use light enargy
from the sun to

© INGREDIENTS

KIDS

DISCOVER

or ask your mom to make you produce the food they Light energy Carbon dloxide

a sandwich. You do this need to survive. Rays from the sun From the air —

bacause humans and This process Water Chlorophyll

animals get energy from is called Gethered by plants Present in cels

the foods they eat. photosynthesis. roots in the soil | ofgeenplants

I SUNLIGHT [’} END RESULT
The sugar created by

Light shining down from the

sun is absorbed by the plant’s
cells. These tiny cels are what
make up the plant and is leaves.

Sunlight

Typical

Carbon
Dioxide

{1 CHLOROPHYLL
Inside some of these cells
is a special ingredient
called chlorophyll. This is
the compeund that traps the

photosynthess is sent
to the rest of the plant
for food.

—
Sun’s light 1o Start the —
process of photosynthesis.
Carbon dioxide
molecules
EIWATER
Water and carbon dioxide atom
are two of the main
ingradients needed for
photosynthesis. These
1wo substances are made
of many smaller pa
called molecutes.
Water molecules +
Oxygen
atom Photosynthesis causes the water molacules Hydrogen
10 split, separating the hydrogen and oxygen atoms
atoms, The oxygen is released into the
atmosphers. Then, the hydr
Hydrogen atoms combine with
atoms carbon dioxide to
make a sugar the plant
‘ can use as its 10od.
OXYGEN!

Sowons: BBC, Soivce s, Unversty of Aoy
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Respiration

Respiration refers to the process in which organic molecules within

Concept living cells are gradually oxidized, under the catalysis of enzymes,

resulting in the release of energy.

¥ rvate ———————> |
Yﬁ Q (3-carbon)

glucose
(6-carbon) pyruvate
(3-carbon) ‘ ‘

’c
Glycolysis 4 q'C/@ co,



Glycolysis/#EEZ %

Glycolysis is a cytosolic pathway in which glucose is converted to
pyruvate, yielding ATP and NADH.

Glycolysis
Cytosol spa s

............

2 Pyruvate

hd

Cellular respiration

I Bl S

G — 2Pyruvate + 2NADH + 2H"+ 2ATP



Glycolysis/#EEZ %

It also known as the Embden-Meyerhof Pathway (EMP).

Eduard Buchner

: In the 1920s Otto

Flrst_anl?lyllze? gluco:et‘by the Meyerhof linked together some 19d3(ls,'|G(ljstaj1cv ErEbdfn progpsedf
non-cellular fermentation of the many individual pieces of a detailed, step-by-step outline o

experiments during the 1890s. glycolysis

glycolysis discovered by others



Glycolysis/#EEZ %

l. Chemical Reactions of the Glycolysis
Il. Physiological Significance of the Glycolysis

lll. Regulation of the Glycolysis



Chemical Reactions of the Glycolysis

Overview

<+ Glycolysis consists of 10 enzymatic steps
<+ Occurs in the cytosol

< Can be divided into three phases:

1. Energy Investment (2 ATP consumed)
| h
2. Cleavage (C6 breaks into 2 C3) } nvestment phase
3. Energy Payoff (4 ATP + 2 NADH produced) Payoff phase

CREIBERM (B2 FATP) | BERCHERIRMR. 3-BisHMERSE RAAERER



Chemical Reactions of the Glycolysis

Phase 1: Energy Investment

ATP  ADP Ziz5ks-6-iHs RyE-6-iEg ATP ADP 1 6-—ptEaRiE
Glucose G-6-P - > F-6-P F-1,6-P
Hexokinase Phosphoglucose Phosphofructokinase
Mg*+* isomerase
CHEisES i g i BBR SRR

Glucose Glucose 6-phosphate Fructose 6-biphosphate Fructose 1,6-biphosphate



Chemical Reactions of the Glycolysis
Phase 2: Cleavage (C6 breaks into 2 C3)

1,6-_BERRFE F-1,6-P
BXHE

PR _ BRI H Rk
2EE T E 3-RE
DHAP G-3-P
(96%) (4%)




Chemical Reactions of the Glycolysis

Phase 3: Energy Payoff

— — Py __J
G-3-P =—1,3-DPGA ~—= 3-PGA —— 2-PGA ~<— PEP == Pyr
Glyceraldehyde Phosphoglycerate Phosphoglycerate Enolase Pyruvate
-3-phosphate kinase mutase Mg+ k|na+s+e
dehydrogenase Mg+ Mg
3-BAEAHMESAR SRS BEESHMER R ES i = B e VHEEE(LES POEREL RIS

Glyceraldehyde 3-phosphate  1,3-biphosphoglycerate 3-phosphoglycerate 2-phosphoglycerate Phosphoenolpyruvate Pyruvate

3-t B HHEE 1,3- B HIimES 3-t B HmES 2-EsHHEE  ERISEENAIE AR



Overview of Glycolysis

Hexokinase

BN W Mg+
Pyruvate kinase AN ) S D)
Mg+t S
’ . Glucose #

B Phosphoglucose

isomerase
i

N ADP - Glucose 6-phosphate
Enolase ™
Mg++
Fructose 6-phosphate Phosphofructokinase
x2 Mg++
H,0 Tl
H T~ -
_ Phosphoglycerate ~ ~ _ ADP
2-phosphoglycerate hosP -
T~ Fructose 1,6-biphosphate
Legend g Y
HE Phosphoglycerate Fructose bisphosphate aldolase
3-phosphoglycerate i '
® Hydrogen Adenosine phosphogly ) klnast-;‘vI o G|ycera|dehy(|']e 3-phosphate
@© Carbon triphosphate |
o Oxygen Glyceraldehyde phosphate
Adenosi dehydrogenase |
€nosine
Phosphat ADP . Mg*t !
@ osphate group diphosphate 9 I & Triosephosphate isomerase
H, PO4 Inorganic phosphate meli- Irreversible reaction ADP :
4+ L (highly exergonic)
Mg Magnesium ion (cofactor) . ) + + !
NAD" Nicotinamide adenine =3 Reversible reaction . NADH, H HNI?-’% :
dinucleotide 1,3-biphosphoglycerate e :
Hexokinase Enzyme @ | Dihydroxyacetone phosphate




Overview of Glycolysis

£G+2Pi+2NAD++2ADP ]

 CH3

zc::=o + 2 H,0+2 ATP+2 NADH +2 H*
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Key Features of Glycolysis

1. Phosphoryl Transfer Reactions (Kinases) | #&EBiBRE
Hexokinase
G + ATP 1G-6-P + ADP
S
F-6-P ATP Phosphofructokinase-1 F-1 P ADP
Tt R F-1,6-P +

Phosphoglycerate kinase

21,3-DPGA + 2 ADP |

e HHEL R ES

Pyruvate kinase

12 3-PGA + 2 ATP

2 PEP + 2 ADP

PR ER RIS

12 Pyr + 2 ATP




Key Features of Glycolysis

2. Isomerization Reactions (Isomerases) SRR

(1) Phosphoglucose isomerase
Glucose-6-phosphate (G-6-P) < Fructose-6-phosphate (F-6-P)
(2) Triose phosphate isomerase
Dihydroxyacetone phosphate (DHAP) < Glyceraldehyde-3-phosphate (G-3-P)
(3) Phosphoglycerate mutase

2 3-phosphoglycerate < 2 2-phosphoglycerate



Key Features of Glycolysis

3. Cleavage and Dehydration Reactions

HERM




Key Features of Glycolysis

4. Oxidation—-Reduction Reaction TR R

2 G-3-P + 2pi 3ZBHMERIAN 2 1 3-DPGA
/\/

2NAD+ 2NADH+2H*




Physiological Roles of Glycolysis

1. Source of Cellular Energy 2. Source of Metabolic Intermediates
% One glucose yields 2 ATP < Glycolytic intermediates serve as precursors for:
% Under anaerobic conditions: v Pyruvate — Acetyl-CoA — Lipid synthesis
v" Glycolysis is the primary source of v' 3-carbon intermediates = Amino acids
Ie-\)'(I'ePrC(i(:.eg)., muscle during intense FF'ﬁlF%EEéEEEE%ﬁHgﬁﬂ
< Under aerobic conditions:
v NADH is oxidized via the electron 3. Link to Gluconeogenesis
transport chain can produce ~3-5 % Glycolysis contains three irreversible steps
additional ATP < Other reactions are reversible

EVREERIRIRZ— rarEFREETER



Physiological Roles of Glycolysis

Three Irreversible Steps (Key Control Points)/=ANAw]¥ R K

Glycolysis is regulated by cellular energy status (ATP/AMP ratio)

Enzyme Activators Inhibitors
_ AMP, ADP, Fructose-2,6-
PFK-1 . ATP, Citrate, H*
Rate-limiting step b|sphosphate
Hexokinase — Glucose-6-phosphate

Pyruvate kinase Fructose-1,6-bisphosphate ATP Alanine, Acetyl-CoA




Physiological Roles of Glycolysis

High ATP decreases the affinity of PFK for fructose-6-phosphate,

reducing the rate of glycolysis

Fructose-0-
Phosphate Citrate
ATP
) Q e o
ADP AMP
v Fructose-2,0-bisphosphate

Fructose-1,0-
bisphosphate



Fate of Pyruvate / BEREE XM

Pyruvate produced from glycolysis has two major metabolic fates:

1. Anaerobic Conditions 2. Aerobic Conditions
< Lactate fermentation < Pyruvate enters the mitochondrial matrix
< Alcohol fermentation <+ Converted to acetyl-CoA

<+ Enters the TCA cycle



Fate of Pyruvate / SR

COOH u NADH+H+ NAD+
:O——A
RTEA LS Z,@;ﬂm@a C H,O

C H 3 Pyruvate fﬁ_c;gboxylase C H . Alcohol dehydrogenase C H

TPP: EBERIRIEER

/Vitamin B1 Glucose
2 Pyruvate
o,
Alcohol fermentation l\’
i oy 2 Acetaldehyde

2 Ethanol «




Fate of Pyruvate / SR

Lactate fermentation

FL.ES A

COOH NAD+ COOH
—"~ [cHoH
FERBL S

CHS Lactate dehydrogenase CH3




Fate of Pyruvate / SR

Pyruvate Oxidation /B F[&H#

Cytosol ZHgEEE Mitochondrion
LRIPK
Transport + +

o protein NAD NADH + H
CoA

= 2 g
cC=0

C=0 Pyruvate |

dehydrogenase
L (1] ydrog (3) CH,
8 Acetyl CoA
Pyruvate Coenzyme A
CO: (CoA)
0 Carboxyl group gets 9 NAD™ gets reduced @ Coenzyme A gets attached

removed, forming CO, to NADH to acetate, forming acetyl CoA



Fate of Pyruvate / BEREE XM

Pyruvate Oxidation /G & EE7F

Pyruvate + CoA + NAD+

Pyruvate dehydrogenase complex (PDN

REREERSEER

TCA

CERAHESA

Acetyl-CoA + CO, + NADH

-~

PDH Complex Components

» E1: Pyruvate dehydrogenase
> E2: Dihydrolipoyl transacetylase
» E3: Dihydrolipoyl dehydrogenase

"

i

~

> TPP (Vitamin B1)

> Lipoic acid / 3¥E8 Cofactors
> CoA (Vitamin B5) /i#fi§A

> FAD (Vitamin B2) / &EEIRIENR —#ZEHT8

> NAD* (Vitamin B3)/ {AEtIZIRIZNS — % H B

J




TCA cycle / =HEESTEIR

The tricarboxylic acid cycle (TCA cycle), also known as the citric acid cycle/{F{ZESTEIR,
Krebs cycle, Szent-Gyorgyi-Krebs cycle, is a series of biochemical reactions that release

the energy stored in nutrients through acetyl-CoA oxidation.

Photo from the Nobel Foundation Photo from the Nobel Foundation

archive. archive.
Hans Adolf Krebs Fritz Albert Lipmann



TCA cycle / =ESTEIR

Legend

%,
’4
/_ Pyruvate |~ ©: &

Acetyl a
SH + NAD* Hydrogen Adenosine
Q @ - © Carbon ATR triphosphate
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@ Sulfur
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TCA cycle / =HEESTEIR

Acetyl-CoA + 3 NAD* + FAD + GDP + Pi

!

2CO, +CoASH + 3 NADH + 3H* + FADH, + GTP

<+ Complete Oxidation of Carbon (Two carbons from acetyl-CoA generate 2 CO,)
<+ Generation of Reducing Equivalents (3 NADH + 1 FADH,)
< 1 GTP (= ATP equivalent) per cycle
<+ Four Oxidation Steps
v" 3 NAD*-dependent reactions
v 1 FAD-dependent reaction




TCA cycle

| =RESEA

Four Oxidation Steps

n

q. Isocitrate/®#Fi5ES — a-Ketoglutarate/ o-ffi
— B8
O Enzyme: Isocitrate dehydrogenase /Si715

EePn S UEE

K O Produces: CO, ,NADH, H*

/
4 R

C. Succinate — Fumarate

O Enzyme: Succinate dehydrogenase
O Produces: FADH,

5.

a-Ketoglutarate — Succinyl-CoA / ii;'ﬁ‘.,iElﬁﬂ';CoA\
O Enzyme: a-Ketoglutarate dehydrogenase
complex / o-FX "B S EER
O Requires: CoA-SH, NAD*

&

&

K O Produces: CO,, NADH, H*

J

a )
D. Malate — Oxaloacetate
O Enzyme: Malate dehydrogenase
O Produces: NADH + H*
\_ J




TCA cycle / = &ESTEIH

Energy Yield of the TCA Cycle

1. Substrate-Level Phosphorylation

Succinyl-CoA + GDP+P;— Succinate+GTP+CoA-SH

O Enzyme: Succinyl-CoA synthetase
OGTP = ATP equivalent

2. Total Energy Yield (per Acetyl-CoA)
0 3 NADH — 3 x 2.5 ATP = 7.5 ATP
a1 FADH, — 1 x 1.5 ATP = 1.5 ATP
a1GTP— 1ATP

10 ATP per cycle




TCA cycle / =S8N

Physiological Roles of the TCA Cycle

1. Central Pathway of Energy Metabolism 3. Source of Carbon Skeletons

O Major pathway for oxidation of carbohydrates = QO Pyruvate — glucose (gluconeogenesis)

O Final common pathway for: O Acetyl-CoA — fatty acids
o Lipids (via acetyl-CoA) O a-Ketoglutarate — amino acids
o Proteins (via amino acid catabolism) O Oxaloacetate — amino acids / glucose

2. Amphibolic Pathway/$¥IBR{i5HEA
O TCA cycle is both:

o Catabolic (energy production)

o Anabolic (biosynthesis)



TCA cycle / =S8N

Allosteric Regulation

Enzyme Activators Inhibitors
Citrate synthase : :
e A s — ATP, NADH, citrate, |-CoA
SR & SRS citrate, succinyl-Co
Isocitrate dehydrogenase

e e ADP ATP, NADH
TSRS
o-Ketoglutarate — NADH, succinyl-CoA, ATP
dehydrogenase

Isocitrate dehydrogenase plays as the rate-limiting step enzyme



Summary of TCA

What is the TCA Cycle?
% Central pathway in the mitochondrial matrix
% Oxidizes acetyl-CoA — CO,

Key Features
% Occurs in mitochondria
< Requires oxygen indirectly

% Generates reducing equivalents (NADH, FADH,)

Regulation by Key Enzymes:
< Citrate synthase
< Isocitrate dehydrogenase (rate-limiting)

X/

<+ a-Ketoglutarate dehydrogenase

Core Functions
1. Energy Production (Indirect)
o 3 NADH + 1 FADH, + 1 GTP per cycle
2. Complete Oxidation of Carbon
3. Metabolic Hub (Amphibolic)
o Integrates metabolism of Carbohydrates,
Lipids, Proteins
4. Source of Biosynthetic Precursors
o Amino acids (a-KG, OAA)
o Fatty acids (acetyl-CoA)

o Gluconeogenesis (OAA)



Anaplerotic Reactions of the TCA Cycle

Anaplerotic Reactions

Purpose: Replenish oxaloacetate (OAA) in the TCA cycle

Pyruvate carboxylase

Pyruvate+CO,+ATP = Oxaloacetate (OAA)+ADP+Pi

PAERES LS f i K éﬁ
,— <
T ee@ o
ysiological Significance N l___ %
< Maintains TCA cycle function noos + Sl —
< Required when intermediates are used <Aopp ] Synihas
;4 Oxaloacetate ter
for biosynthesis (amino acids, glucose) Q & + J




Pentose Phosphate Pathway /BiESIXERER

s Another pathways?

ADP
Fructose-1,6-bis-P

Dihydroxyacetone-P <— Glyceraldehyde-3-P

NAD* +Pi NAD* +Pi
NADH + H*| [>NADH + H*

1,3-bis-P-glycerate

ADP ADP H20
AT;j ATP Fumarate. FADH2
- FAD
3-P-glycerate . Malate Ryo  FADH2
1[« €O, NAD\>/ NAD* FAD Succinate
GDP
2-P-glycerate GTP Oxaloacetate NADH NADH GTP
o j&m o Oxaloacetate GTZDP SO
2 2 o
Phosphoenolpyruvate cte &, ADP 5 Acetyl-CoA Succinyl-CoA
N ADP : (A:P TCACycle o
NADT NADH ATP €Oy
Lactate Pyruvate T~ Acetyl-CoA CoASH e
NAD+ NADH oy LLADl Citrate o-Ketoglutarate
CoasH ° NADH
/ H20 o)
\ 2GTP / H0  NAD+
NADH is- i i
\ JATP 26FADH H20” Cis Acon'%) Isocitrate
4NADH 2 T
H20
OXPHOS

38ATP (from 1Glucose)

Bernard Leonard Horecker

The pentose phosphate
pathway (PPP, also called

the phosphogluconate pathway)



Pentose Phosphate Pathway /BiESXERER

PPP is a metabolic pathway parallel to glycolysis. It
generates NADPH and pentoses (five-carbon sugars) as well as ribose 5-

phosphate, a precursor for the synthesis of nucleotides.

< Occurs in the cytosol

< Starts from glucose-6-phosphate (G6P)



Pentose Phosphate Pathway

Glucose 6-phosphate (Oxidative phase)
NADP* A ER
\ (BHB%T=8E)
Glucose 6-phosphate dehydrogenase CH2°® G-6-PIRALE CHZO@
| -wmmmmnEm N[ s 0
NADPH
\ o OH NADP* NADP OH =0
6-Phosphogluconolactone 6 -5 B ) HE TS - - Nfig
ho OH o (o) + OH
’ H
\ OH H,0
Gluconolactonase W BSE
+ / AIBEES CH,OH COOH
" \ ¢=0 H+OH
6-Phosphogluconate G-Eﬁﬁﬁﬁﬁﬁﬁfi I 6-BHRR T & ME IR I E ocC
NADP+ H(EOH / l\ H+OH
\ H(I:OH NADPH + NADP HCOH
6-Phosphogluconate dehydrogenase CH20® co, éH O@
+ —_ 2
NADPH / 5'@5%@%%@5&5@5
CO,
Y

Ribulose 5-phosphate #ZFi{E-5-4E



Pentose Phosphate Pathway

(Non-oxidative phase)

JEF LRI ER

Ribulose 5-phosphate 3-epimerase

Ribulose 5-phosphate
Ribose 5-phosphate

isomerase
Ribose 5-phosphate Xylulose 5-phosphate
¥%hE-5-AER RERHE-5-BEER
Transketolase oo
o
Glyceraldehyde 3-phosphate + Sedoheptulose 7-phosphate H.C—OPOs*
HHHEE-3-E SR RS- 7- B8 |
Transaldolase
SFHE-6-B4ES TREEhE-4- W NERAE-5-4ES
Fructose 6-phosphate + Erythrose 4-phosphate  Xylulose 5-phosphate

Glycolysis HimEs- 3-iEs B 6-XES

Glyceraldehyde 3-phosphate + Fructose 6-phosphate

' ¢

Glycolysis Glycolysis

H,C—OH
1
C=0
H_ .0 I
~c” HO—CH H,C—OH
| H__ O |
H(%—OH HC—OH (I: (|3=O
H(‘:—OH HC—OH H(IZ—OH HO—CH
HC‘—OH HC—OH HCI)—OH H?—OH
H,C—OPO,2 H,C—OPO42 H,C—OPO42 H,C—OPO,2
Lo ] o]
Ribose-5-phosphat Sedoheptulose- Erythrose-4-phosphat Xylulose-5-phosphat
7-phosphat
\ >—< >——< H,C—OH H 0
H,C—OH ¢=0 I
| -
¢=0 W o HO—CH HG—OH ,
HO—CH \(I:// HC—OH H,C—OPO;
— HC—OH HC—OH
H(IZ OH C—O! C—Ol
H,C—OPO;2 H,C—OPO;2 H,C—O0PO,?
Glycerinaldehyd-
Xylulose-5-phosphat Glycerinaldehyd- Fructose-6-phosphat
3-phosphat



Pentose Phosphate Pathway

6 G-6-P + 12 NADP* + 6 H,0

‘ SILINER

6 CO, +(6 Ru-5-P}+ 12NADPH-H*

+
\- H,O J
l ISR
5 G-6-P + Pi




Oxidative pentose phosphate pathway
Glucose
l NADP+ NADPH

A
Glucose-6-phosphate A-&»6-phosphog|ucono|actone —— 6-phosphogluconate
Fructose-6-phosphate e s e
D alk Xylulose-5-phosphate / RPI
ADP
TKL
Fructose-1,6-phosphate

DHAP Q
N\

Ribose-5-phosphate

\

TKL

PPP vs Glycolysis—TCA Pathway

Erythrose-4-phosphate Nucleotide
synthesis
Glyceraldehyde-
3-phosphate Shikimate
X pathway
@ 2NAD* + 2P
(» 2 NADH + 2H*
Sedoheptulose-7-phosphate
1,3-Bisphosphoglycerate i I e A '
2 ADP INORN-( pentose pnospnate patnway
l&z ATP Enzymes of the PPP
3-Phosph?glycerate 2bl])  Glucose-6-phosphate dehydrogenase

Phosphoenolpyruvate

v 6-phosphogluconolactonase

Gilehls)  6-phosphogluconate dehydrogenase
2 ADP

Q ﬁ RPI Ribose-5-phosphate isomerase
2 ATP

Pyruvate RPE Ribulose-5-phosphate 3-epimerase

TKL Transketolase

TAL Transaldolase

Feature PPP Glycolysis

Location Cytosol Cytosol

Starting Glucose-6- Glucose

substrate phosphate

Oxidation Direct oxidative S : .
: tepwise oxidation

mode decarboxylation

Coenzyme NADP?* NAD*

ATP . None Yes

production

Main NADPH, Ribose-

products 5-P ATFE NADH, Pry




Physiological Roles of PPP

ﬁ. Production of NADPH (Reducing Pow@
O Provides NADPH for Fatty acid, Cholesterol,
Nucleotide synthesis
O Maintains redox balance (GSSG — 2 GSH)

O Supports detoxification and antioxidant

\ defense
e

3. Metabolic Integration
O Intermediates (e.g., G3P, F6P) connect with
Glycolysis (EMP)

/
-

6 Biosynthetic Functions \

O Ribose-5-phosphate can be used in nucleotide
and coenzyme synthesis (NAD*, FAD)
O Erythrose-4-phosphate (E4P) is important for

aromatic amino acids (Tyr, Phe, Trp)

\_

\_ /

, )
4. Special Roles
O Provides reducing power for Nitrate/nitrite
reduction (plants, bacteria)
O Linked to photosynthesis
NG PROToNY j




Regulation of the PPP

@dative Phase (Rate-Limiting @ /Non-oxidative Phase \

0 Enzyme: Glucose-6-phosphate 1 Reversible reactions
dehydrogenase (G6PD) d Driven by substrate availability
Q Regulation: O Excess ribose-5-phosphate (R5P)

v Activated by NADP* can be converted to:
v Inhibited by NADPH v Fructose-6-phosphate (F6P)
v Glyceraldehyde-3-phosphate

N e >




Summary of PPP

What is PPP?
< Cytosolic pathway of glucose-6-
phosphate metabolism

< Alternative to glycolysis

Key Features
<* No ATP production

< Oxidative phase (irreversible)

< Non-oxidative phase (reversible)

Core Functions
+ NADPH Production

< Ribose-5-Phosphate Production

< Carbon Rearrangement

Regulation
<+ Rate-limiting enzyme: G6PD
<» NADPH inhibits / NADP* activates
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Fate of NADH Produced in Glycolysis

Glycerol-3-Phosphate Shuttle Malate-Aspartate Shuttle
VN - e £a, ==y
i S R FERESFFIR
) 3 TR
NAD* - NAD*
H,C—0PO.2- NADH/H* g : NADH/H*
A Hit-3-Bi 2 X"“Z o AN
Him-3-8% ¥h-3-7% ¢=0
[t it (2 2
NADH/H* - Q
O0=C
H,C—0POs2
Bl Y5 ‘
S/ LoRiApaR ﬁ?

FRIAIRR NIE SRR

NADH —— FADH, NADH — NADH
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Biological Oxidation

Biological oxidation refers to the process in which organic molecules are
oxidized within living cells through enzyme-catalyzed reactions, with the

released energy conserved in the form of ATP.

Key Features

*Occurs in living cells

‘Involves enzyme-catalyzed redox reactions
‘Energy from NADH/FADH; is used for ATP synthesis




Biological Oxidation

Characteristics of Biological Oxidation

Occurs under mild conditions

v physiological temperature

v near-neutral pH

Proceeds via stepwise enzyme-catalyzed reactions
Energy is released gradually

Energy is conserved in high-energy molecules (ATP, NADH)



Biological Oxidation

Characteristics of Biological Oxidation

Feature Biological Oxidation Combustion / R)E
Conditions Mild (physiological) High temperature
Process Stepwise, enzyme-controlled One-step reaction

Energy release
Energy form

CO, formation

Gradual, conserved Rapid, lost as heat
ATP, NADH Heat

Decarboxylation reactions Direct oxidation




Biological Oxidation

Types of Oxidation in Biological Systems

% Loss of Electrons / ScEH
Fe2*—Fed*+e

< Loss of Hydrogen / Bii& (Most Important)

Substrate—Oxidized product+2H™ +2e™
Catalyzed by dehydrogenases (NAD*, FAD)

< Gain of Oxygen / &
1



Biological Oxidation

Formation of Water in Biological Oxidation

Step 1: Oxidation (Loss of Electrons)
AH, > A+2H"+2e"

Step 2: Electron Transfer

Electron Transport Chain (ETC), and Energy is released stepwise

Step 3: Reduction (Gain of Electrons)
Y2 O0,+2 H*+2e~— H,0



Biological Oxidation

O, is the final electron acceptor

Biological Oxidation Combustion
» Oxidation and reduction are s Oxidation and reduction occur
separated simultaneously

% Electrons transferred via carriers % Direct electron transfer to O,

<+ Energy released gradually — <+ Energy released instantly —

conserved as ATP heat




Biological Oxidation

High-Energy Compounds

High-energy compounds are molecules that, upon hydrolysis or group

transfer, release a large amount of free energy (large negative AG®’)

Energy is released due to:
“High-energy bond” does

NOT mean unstable bond!

< Relief of electrostatic repulsion

< Formation of more stable products

+*» Resonance stabilization

Example: ATP



Biological Oxidation

Electron Transport Chain (ETC)

The ETC is a series of electron carriers located in the inner mitochondrial

membrane that transfer electrons from NADH and FADH, to O,

Electrons flow: NADH/FADH, — ETC — O, — H,0

NADH — Complex |
FADH, — Complex I




Biological Oxidation

Electron Transport Chain (ETC)
Intermembrane space

H H*

Cth

l“l)’"l)‘; [ 4“‘“‘\ L ‘t)‘)‘)‘)‘)‘)’)’)
NN W \\ OO

UL
N2

o—

FADH,

NADH FAD

2H" + 1/20, S22

NAD  + H"

Mitochondrial matrix Inner mitochondrial membrane



ETC Complexes

.
* 5 -
---------

...............

. . -
......

» * )
.....

+ Located in the inner mitochondrial membrane

Intermembrane space
Low pH

% Organized as four functional complexes (I-1V)  Fian# concenuation
<+ Four Complexes

o Complex |- NADH dehydrogenase

o Complex Il - Succinate dehydrogenase

o Complex Il - Cytochrome bc, complex

H* 2
S 2 +
H+
. Matrix "
o Complex IV - Cytochrome c oxidase High pH @ “
Low H* concentration 2
| FADH, | “NADH




Complex I: NADH Dehydrogenase NADH-CoQif &

Complex | aH*

Components

Matal-tq

Q

' %/
[
QH2
‘ “v vJ

2H*

< FMN (flavin mononucleotide)

< lron—-sulfur (Fe-S) clusters

4H"

NADH NAD*+ H*



Complex I: NADH Dehydrogenase NADH-CoQif[&ff
®B®

® Intermembrane space
Complex
e! X < Transfers electrons:

NADH—FMN—Fe-S—CoQ
“ Pumps protons:
4 H* from matrix — intermembrane

space

Mitochondrial
matrix



Complex I: NADH Dehydrogenase NADH-CoQif[&ff

Iron-Sulfur Clusters (Fe-S Centers)

(a) (b) $ Fc\
Cys S\ : / S-Cys
Fe—4+—$S
Protein | F'e---|,--s
S' ; Fe
~N
Cys-S S, S-Cys | S-Cys
\ o ol / 'S
/Fe\ /Fe\ Cys
Cys-S S S-Cys
Protein
2Fe-2S 4Fe-4S



Complex I: NADH Dehydrogenase NADH-CoQif[&ff

Coenzyme Q (Ubiquinone, CoQ) / &

iBQ (XFRiZER)

< Lipid-soluble quinone O
/ EBBENDF CH,0 | — CH
< Located in the inner CH,O |—R
mitochondrial
membrane °
< Mobile electron carrier Coenzyme Q

3

2H +2e  CH,0—

OH

N

CH,0—

—CH

7~
Y
OH

ubiquinol (QH,)
& R TEER



Complex Il: Succinate-coenzyme Q reductase (SQR) #z1E-CoQif EES

Complex I

Inter-membrane Space

Ty oo+ Inner mitochondrial

Inner Mitochondrial . .
Membrane Y -~ X" "2t membrane and active site

AR

faces the matrix
s Contains; FAD, Fe-S
% Transfers electrons to CoQ

“* No H* pumping

Succinate Fumarate



Complex lll: coenzyme Q : cyt ¢ — oxidoreductase @& =citEEs

_— 2Cytc,,

—> 2Cytc

red

Complex III/

2 H*

» Inner mitochondrial membrane

< Components
o Cytochromeb

o Cytochrome c,

o lron-sulfur (Fe-S) protein

QH,—Fe-S—c4—Cytochrome c

Splits 2 electrons from QH,:
% 1 electron — cytochrome c (one at a time)

< 1 electron — recycled via cytochrome b



Complex IV: cytochrome c oxidase (COX) mme=cawms

Complex IV

4x CytC
(red)

2H20

y 4H+

s Inner mitochondrial membrane

< Components

o Cytochromes a and a,

o Copper centers (CuA, CuB)

<+ Pumps 4 H* across the membrane
(per 4 electrons)

0, +4H"+4e - 2H,0



Features of ETC Complexes

Complex Name Electron Source Electron Transfer Erotor]
umping

NADH

| dehydrogenase NADH CoQ Yes

I succinate FADH — CoQ No
dehydrogenase 2

11 Cytochrome bc;  CoQH, — Cytochrome ¢ Yes

IV Cytochrome c Cytochrome c — 0O, — H,0 Yes

oxidase

Not all complexes pump protons—this is why NADH and FADH, yield different ATP.



Electron Transport Chain

The electron transport
chain occurs in the
inner membrane of the
~| mitochondrion
(membranes of cristae)

PROCESS: ELECTRON TRANSPORT CHAIN

Intermembrane

'n‘
\ \\}\“h Al ,....mm ',//fvuuuuuu(zyé'l?
L) S/ (\

Mitochondrial
matrix

NADH 4+ FADHZ 2¢” + 2H" + 1/ 02

NAD* FAD
Complex | Complex I Complex Il Complex IV

H,0




Electron Transport Chain
NADH vs FADH; Entry into ETC
Similarities
< Electrons ultimately transferred to O, — H,0

< Occur in the same electron transport chain

< Converge at Coenzyme Q (CoQ)

Differences

Feature NADH FADH,
Entry point Complex | Complex I
Proton pumping Yes (I, I, 1V) Only III, IV

ATP yield ~2.5 ATP ~1.5 ATP




Electron Transport Chain
How Was ETC Studied?

< Redox potential (E°') measurement / S {ti&EHBANE
< Reconstitution of complexes / E§¥EH
< Spectroscopy (oxidation state changes) / FIBSNEHS RS

<% Use of inhibitors / #PFI1



Electron Transport Chain

Redox Potential & Electron Flow

(-0.32)  (-0.30) (-0.02) (0.10) (0.00) (0.04) (0.22)
NADH+H*=FMN— Fe—S—CoQ—Cytb—Fe-S—Cytc,

|

(0.25) Cytc

l

(0.29) Cytaa,

(0.82) ¢



Percent of reduction of electron carrier

100

Electron Transport Chain

Electron Transport Chain Inhibitors

Point of inhibition

o

Antimycin A block

Compounds that block electron

transfer at specific sites in the ETC

<+ Block electron flow
< Upstream — reduced

»» Downstream — oxidized




Electron Transport Chain

Rotenone, &

Amytal, RER
Electron Piericidin A Fss=A Sk, co
Transport Antimycin A Cyanide, CO
Inhibitors I

I

MB=RA

I

NADH +H**| FMN—Fe-S = CoQ—=

Cytb -»Fe-WCytcl

|

ADP+E ATp [EeD

|

FAD

f

Succinate

o T

ADP+P; ATP ADP+P; ATP

Sequence of the
Electron Transport Chain



Oxidative Phosphorylation

Oxidative phosphorylation is the process in which ATP is synthesized by

coupling electron transport to proton gradient formation (chemiosmosis).

/Electron transport\

Where Does It Occur? l
O Inner mitochondrial membrane
Proton gradient

Main source of ATP in aerobic cells

\ ATP synthesis /




Peter Mitchell

Chemiosmotic

Chemiosmotic mechanism of ATP synthesis

@ Low ion concentration

Membrane

High ion concentration

1978 Nobel Prize for Chemistry

Photo from the Nobel Foundation Photo from the Nobel Foundation
archive. archive.

Paul D. Boyer John E. Walker

Prize share: 1/4 Prize share: 1/4

The Nobel Prize in Chemistry 1997 was divided, one
half jointly to Paul D. Boyer and John E. Walker "for
their elucidation of the enzymatic mechanism

underlying the synthesis of adenosine triphosphate
(ATP)"



P Inner

& Membrane of

Mitochondria/
Gram negative

R Bacteria

Chemiosmotic

ATP Synthase Structure

Intermembrane
space

" eirane ﬁﬁﬁg
sl

Matrix

ADP + Pi

ATP




Chemiosmotic
ATP Synthase Structure

Fo (Membrane Portion)
Located in Inner mitochondrial

membrane

Function as Proton channel (H* flow)

F. (Matrix Portion)
Extends into Mitochondrial matrix

Function as Catalytic site for ATP

synthesis



Chemiosmotic

Rotational Catalysis Mechanism

Proposed by Boyer (1964), Confirmed by Walker; shared half of Nobel Prize, 1997

ATP

v T (Tight) — synthesizes ATP X

4
(A



Coupling of Electron Transport and Chemiosmotic
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Coupling of Electron Transport and Chemiosmotic

P/O Ratio: Number of ATP molecules produced per pair of electrons

transferred to O,. ATP yield depends on where electrons enter the ETC

O 3 O = o o
o H @ O le]@) HO o OH o
0 o o o°® © 4 o©

'(\l“.\t\’®
Q\ ' ‘ ‘

| ([ UCH
£ w‘ﬂw Y S\J‘lls'

‘Matrix

ATP synthase

FAD Inner mitochondrial : \
NADH + H+ NAD* : N membrane ADP +Pi o o AP
§ o)
0



T
—> | 2 ATP 2 ATP
2 IR
% 2 NADH |=—=>>| 5 ATP 6 ATP
2 ZFt-CoA
6 NADH |=—=>>| 15 ATP 18 ATP
2 FADH, |=—=>| 3 ATP 4 ATP
2 GDP | =——>| 2 ATP 2 ATP
ATPE% 32 38

G+ TONAD+* + 2FAD + 4ADP + 4Pi

1

6CO, +10NADH + 10H* + 2FADH, + 4ATP



Uncoupling and Inhibition of Oxidative Phosphorylation

s+ Do NOT block electron

transport

INTERMEMBRANE SPACE
L)

P
i

<+ Disrupt the proton
gradient

< Energy released as

v
heat NADH  NAD* %

3ADP + 3Pi i
S
3 ATP

MATRIX



Uncoupling of Oxidative Phosphorylation

Newborn mammals (brown adipose tissue) Hibernating animals (e.g., bears)

ETC ON, ATP OFF — Heat produced



Inhibition of Oxidative Phosphorylation

Proton transport by uncouplers

%(B I NO i NO
scrien

DNP™

intermembrane space

NO,

Uncoupler: DNP (2,4-Dinitrophenol)
2,4- R8I

Mechanism
<» DNP acts as a protonophore
< Carries H* across the inner

mitochondrial membrane



Inhibition of Oxidative Phosphorylation

Target: ATP Synthase

Example: Oligomycin / E8%

Mechanism
+Binds to F, subunit

“*Blocks proton channel , and H*

cannot flow back into matrix




Respiration from Carbohydrate Catabolism perspective

Cellular Respiration
<+ Occurs in:
« Cytosol (glycolysis)
« Mitochondria (TCA + ETC)

“*Functions:
« ATP production
- NADH/FADH; generation

« Metabolic integration

Glycolysis in the Cytoplasm

) glucose 6-phosphate Cg

P

N

AT
ADP

-P
fructose 6-phosphate Cg-P

~  ATP
- 3 G ..

glyceraldehyde 3-phosphate P-C ;3

! -
o ~— 2 NAD+
‘ i—o 2 NADH

1,3-biphosphoglycerate P-C ;-P

Energy
Harvesting 4

Stage

Net Gain:
2 ATP

— —  2ADP
‘ C 2ATP
3-phosphoglycerate P-C3
V0 ¢ .
2

phosphoenolpyruvate P-C 3

2 ADP
8

pyruvate P-C;
S Y,

Citric Acid Cycle
in the

Mitochondria

/ NADH
NAD+

Citrate Cg

Electron Transport Chai
He+ H+

2H+ +12
CO2
Ketoglutarate C 5

NAD+

NADH

ATP €Oz

OxaloacetateC,
FAD

FADH ,

SuccinateC,




Respiration in Plant Physiology

Respiration is the process by which organic molecules are oxidized to

generate ATP, producing CO, and H,O under aerobic conditions.

INTERMEMBRANE SPACE

00 o00@gAa00
0000 000 00
0, | H,0

Plant-Specific Feature: Alternative

oxidase (AOX) pathway
KENRZ (N SUIFENR)

Electrons bypass Complex Ill & IV and
transferres directly to O, via AOX



Respiration in Plant Physiology

Plant Respiratory

Electron Pathways
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Respiration in Plant Physiology
Measurement of Respiration in Plant Physiology

Respiration Rate: Amount of CO, released or O, consumed per unit time

and mass

Respiratory Quotient (RQ)/ IFIKFrS:

_ €Oy produced

RQ

- O, consumed

Indicates Respiratory substrate and Oxygen availability



Respiration in Plant Physiology

Measurement of Respiration in Plant Physiology

RQ is influenced by both substrate and oxygen availability

Substrate RQ Explanation
Carbohydrates =~ 1.0 Balanced oxidation
Lipids <1 More O, required
Proteins <1 Similar to lipids
Organic acids > 1 Less O, needed




Respiration in Plant Physiology

Internal Factors Affecting Respiration Rate

1. Plant species

mmm R,, ambient
— R,; , (ambient plants, not acclimated)
== R,, , (warmed plants, acclimated)

Leaf respiration (umol m= s77)

Abies Betula Picea Pinus Populus Acer Acer Pinus  Quercus Quercus
balsamea papyrifera glauca banksiana tremuloides rubrum saccharum strobus macrocarpa rubra



Respiration in Plant Physiology

Internal Factors Affecting Respiration Rate
2. Different Among Organs

<+ Young, actively growing tissues — high respiration rate
<+ Reproductive organs > vegetative organs

v Highest in: pollen, developing flowers

Example (Apple)
*Young shoots > stems > roots

(Reflects metabolic activity)



Respiration in Plant Physiology

Internal Factors Affecting Respiration Rate

G Effect of Developmental Stage \ /4. Physical Factors \

) ) o * Water content
<+ Young tissues — high respiration o
. * Substrate availability
< Mature tissues @ moderate .
) ) » Enzyme activity
<+ Senescent tissues — decline

\ / \v Mitochondrial function /




Respiration in Plant Physiology

Environment Factors Affecting Respiration Rate

1. Temperature Both extremes reduce respiration efficiency

% Low Temperature Respiration
slows; but may continue even

below 0°C (cold-adapted plants)

< High Temperature increase
respiration at short-term; but
may cause enzyme denaturation

and membrane damage, then

declines respiration



Respiration in Plant Physiology

Environment Factors Affecting Respiration Rate

1. Temperature

-

\/
0‘0

\/
0‘0

"

Optimum Temperature

Temperature at which respiration rate

is maximal under steady conditions

Typically 25-35°C (temperate plants)

~

/

Leaf dark respiration

Leaf temperature




Respiration in Plant Physiology

Environment Factors Affecting Respiration Rate

1. Temperature Q10:  BERE

ﬂemperature Coefficient (Q,,): \

Respiration roughly doubles per

10°C increase (within limits).

_ Rate at T+10
107" RateatT

Respiration

\Typical Values: 2-2.5 (0-35°C) /




Respiration in Plant Physiology

Environment Factors Affecting Respiration Rate

2.

Oxygen

Oxygen availability determines both rate and pathway

\/
0’0

\/
0’0

"

O, is the final electron
acceptor
When O, becomes limiting,

the respiration rate decreas

/1.0xygen and Respiration Rate\

es

/

chygen and Respiration Type \

\/
0’0

\/
0’0

"

At high O,, Aerobic respiration
dominates

At Low O,, Anaerobic respiration

/

increases




Respiration in Plant Physiology

Environment Factors Affecting Respiration Rate

2. Oxygen Oxygen-Respiration Relationship

Critical Oxygen Concentration Oxygen Saturation Point/F{@#0

/ ZRFRAYHRR: the

minimum O, level at which

=: O, level beyond which
respiration rate no longer

anaerobic respiration disappears Increases




Respiration in Plant Physiology

Environment Factors Affecting Respiration Rate

3. CO,

Increasing CO; Inhibits respiration
< Slows decarboxylation reactions
< Alters cellular pH

< Limits gas diffusion

Very high — toxic effects

Control

02:21% + CO2: 0.03%

Active MAP1

02: 10% + CO2: 20%

Active MAP2

02:20% + CO2: 10%

: 2 O S
%ﬁ- i

Active MAP3

02: 5% + CO»: 80%

Active MAP4

0,: 80% + CO,: 5%

fth

Active MAPS

0,:40% + CO;,: 20%

High CO, used in fruit storage




Respiration in Plant Physiology

Environment Factors Affecting Respiration Rate

3. Water

General Trend: Respiration rate increase with water content

-~

Dry vs Hydrated Tissue

"

N

<+ Dry seeds — very low respiration

< After hydration — rapid increase

J

~

Drought Response
<+ Early drought increase respiration

<+ Severe/prolonged drought decline

respiration

= /




Respiration in Plant Physiology

Environment Factors Affecting Respiration Rate
4. Mechanical Injury

Observation: Mechanical injury increases respiration rate

< Loss of cellular compartmentalization, and substrates contact enzymes
» Activation of oxidative enzymes
*» Induction of Wound respiration

» Increased demand for repair and biosynthesis



Respiration in Agriculture

Respiration in Seed Maturation and Storage

/During Maturation \ / During Storage \

< High respiration: Respiration must be Control Measures
v’ supports biosynthesis minimized to minimalize < Low temperature
v’ supports dry matter < nutrient loss <+ Low moisture
accumulation < viability decline < Low O, / controlled atmosphere

+ heat accumulation

" AN /




Respiration in Agriculture

Respiration in Fruit Development and Storage

/

Development

~

Respiration supports:

\

< growth

s metabolism

)

Ripening (Climacteric fruits)

< Respiration increases

sharply/Climacteric rise

/ Storage

< Goal: reduce respiration
Methods:

% Low temperature

10,)

"

~

< Controlled atmosphere (1CO,,

/




Respiration in Agriculture

Respiration and Crop Productivity

Positive Role Agronomic Implication

& Provides ATP <+ Optimize conditions to reduce
% Provides biosynthetic intermediates unnecessary respiration and
improve carbon use efficiency

Negative Role
<+ Consumes photosynthates (carbon

loss)

Balance between photosynthesis and respiration



Outline

> Photosynthesis

——————————————————————————————————————————

f Photosynthesis%
in chloroplasts

Organic
ER 20 molecules * ©2

: [&Cellular respiration :

ATP powers
most cellular work




What is photosynthesis?

 Photosynthesis, was from the Greek wwc, phads, "light”,

and ocuvBeoic, synthesis, "putting together” .

. . . ©
Conversion of light energy into Y o e
chemical energy stored in Cafb"”_/'"h [ 4

dioxide

organic molecules.

107


https://en.wiktionary.org/wiki/%CF%86%E1%BF%B6%CF%82
https://en.wiktionary.org/wiki/%CF%86%E1%BF%B6%CF%82
https://en.wiktionary.org/wiki/%CF%86%E1%BF%B6%CF%82
https://en.wiktionary.org/wiki/%CF%83%CF%8D%CE%BD%CE%B8%CE%B5%CF%83%CE%B9%CF%82

What is photosynthesis?

The most famous and falsest chemical equation

Light
6CO, + 6H,0 » C4H,,04 + 60,

Enzymes

» Glucose is NOT the primary photosynthetic product
> The O of O, is from water

108



Discovery of Photosynthesis

1771-1772 — Joseph Priestley (UK)
Demonstrated that plants can restore “injured air” (now understood as replenishing oxygen, O,) that had been
depleted by combustion or respiration.
» 1779 — Jan Ingenhousz (Netherlands)
Showed that only the green parts of plants produce oxygen, and only in the presence of light. Established the light
dependency of photosynthesis.
» 1782 — Jean Senebier (Switzerland)
Demonstrated that carbon dioxide (CO,) is required for photosynthesis and is consumed during the process. Linked
CO, uptake with oxygen production.
» 1864 — Julius von Sachs (Germany)
Observed that starch accumulates in chloroplasts under light conditions. Provided evidence that photosynthesis
produces carbohydrates (stored as starch).

* 1941 — Samuel Ruben et al. (USA)
Used isotopic labeling (H,'80) to show that the oxygen (O,) released in photosynthesis originates from water, not
CO.. Established water as the source of evolved oxygen via photolysis.



Discovery of Photosynthesis

Light
6CO, + 6H,0 » C4H,,0¢ + 60,
Enzymes
HYPOTHESIS The oxygen released by photosynthesis
comes from water rather than CO,.
s Experiment 1 Experiment 2 12H20 _> 24H+ _|_ 246_ _|_ 602
H,'80, CO, H,0, C*®0,

/),,7 /},,7 6CO, + 24H" + 24e~ — C,H,,0g + 6H,0

AT A&
Results l \

K Light
° ° 6CO, + 12H,0 » C4H,,04 + 60, + 6H,0

CONCLUSION Water is the source of the oxygen Enzymes

atoms in the O, produced by photosynthesis.

Ruben and Kamen 1941



Concept of Photosynthesis

< Carbon Assimilation (BX[R{t{EH)
The process by which autotrophic organisms incorporate inorganic

carbon (CO,) into organic molecules. In plants, this occurs primarily via

the Calvin cycle.

< Photosynthesis (35 1ER)
Photosynthesis is the process by which photoautotrophic organisms

(plants, algae, and cyanobacteria) use light energy to convert carbon
dioxide (CO;) and water (H,0) into energy-rich organic compounds,

releasing oxygen (O,) as a byproduct.



Importance of Photosynthesis
»Food

Form the base of nearly all food chains.

Can you think of a food that is NOT somehow tracked back to photosynthetic process?

Weather

Modified

Unmodified

-15%
;“('rlil&' ;"‘
pllut_nsyntllcnc
efficiency

~15%
more
plnnt growll\

less energy fof
p‘mtonyndwsw

Canopy architecture

properties (sunit and shaded leaf area)
Canopy nittogon distribution
Canopy ph ynth and

Leaf photosynthesis Canopy photosynthesis development and yield



Importance of Photosynthesis

> Fresh air

Removes carbon dioxide from, and adds oxygen to, the atmosphere

113



Importance of Photosynthesis

4

TS )
Richard Willstatter Melvin Calvin Johann Deisenhofer Robert Huber Hartmut Michel
1915 (1961) 1988

> B EEFENFFZRNENREIEED, ESR

BAMNENR “HER" REFENRZRN. B
REIRENSIERBEXHR.

: ( & Barbara1l\9ﬂg?§:|intock > 3%, Norman BorlaugBE&@&ETE3R1970F1323E,

E: HEEREXANE /R 141I0; Govindjee et al., 2004, Photosyn Res



Where Does Photosynthesis Occur?

Photosynthesis occurs in specialized cellular structures, with clear spatial organization:
< In eukaryotic photoautotrophs (plants and algae), photosynthesis occurs in the
chloroplast / MH4Z{K.

< In prokaryotic photoautotrophs (cyanobacteria), photosynthesis occurs on internal
membrane systems (no chloroplast).

chloroplast envelope ~ Vacuole
‘» '.:i-_,'
thylakoid

cell wall




Where Does Photosynthesis Occur?

Structure and Function of the Chloroplast

% Chloroplasts are typically:

* 5-10 pm in diameter, ~2-3 pm thick

« Present in dozens to hundreds per cell
% Chloroplasts contain:

Their own DNA and ribosomes
« Partial capacity for protein synthesis

< Supports the endosymbiotic theory/RIL41EIE,

which claims chloroplasts originated from
ancestral cyanobacteria.

ribosomal protein tRNA

v | O gy
\ | ~__ /
tRNA WP RNAT

A\ nadhd

" RNA |
@h\/f“h’\qflﬂ}')@ // \
- - 130,599 /-
\ )® ribosol roteins ribosomal protein - (RN A %
&Y nadhdet
S RN {RNA %
tRNA Z 4 ribosormal proteins
4 @, nadhdehydrogenase
,if tRNA
-
HE) somal

ol proteins Nicotiana tabacum

aseChIoropIast DNA

. tRNA
tp-dependent protease 155,939basepa|rs )
bosomal proteins ribosomal protein fpge

bosormal prot tRNA tRNAS/

& A

z atp >‘y"'¥lhd<,e. tRNASs

toch % N
rocirome ribosomal protein \‘
atp synthase
rub\sco‘

RNA polymerasg,
’ tRNAs
nadhdehydrogenase
/' S tRN}inbojsorT%\protems
éé%?/l tRNAs \
Nl 1 \
el / i nl
|

tRNA tRNAs

== _tRN.
tRNA ir\boso

. tRNAT

A
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Where Does Photosynthesis Occur?

Structure and Function of the Chloroplast

Chloroplast
inner membrane outer membrane

By

stroma lamellae

intermembrane
space

granum

stroma

© Encyclopaedia Britannica, Inc.

Envelope Membranes

< Outer membrane / JMEIR:
v' Relatively permeable (non-selective to
small molecules and ions)
< Inner membrane / RS
v Highly selective

v Regulates transport via specific carriers



Where Does Photosynthesis Occur?

Structure and Function of the Chloroplast

Stroma (E[&K)

< Protein-rich matrix containing:

« Calvin cycle enzymes
stromal .
amella_ « DNA, RNA, ribosomes

« Starch granules, metabolites

inner
membrane

< Site of carbon fixation and biosynthesis

AY
thylakoid thylakoid

(b) me%‘ég e membrane lumen



Where Does Photosynthesis Occur?

Structure and Function of the Chloroplast

granum

Thylakoid
Membrane

STROMA
(Low H* Concentration)

thylakoid

lamella

thylakoid lumen
thylakoid membrane

Thylakoid System (HKEBEFR)

% Flattened membrane sacs and can be organized into
v' Grana/E#i(stacked thylakoids)
v Stroma lamellae /|8 (unstacked connections)
% Thylakoid membrane = Photosynthetic membrane
v Photosystems (PSII, PSI)
v' Electron transport chain
v ATP synthase



Light absorption

Types of Waves
Radio Microwave Infrared Visible Ultraviole  X-ray =~ Gamma Ray

A ZAVAVAVATIT

Wavelength (in metres)

I Visible Light Shorter —>

102 12 1 10" 102 10®* 10* 105 10¢ 107 10® 10° 10 10" 1072 10"
Frequency (waves per second)
<—— Lower Higher =
106 107 108 10° 10™ 10™ 10 10" 10™ 10 10 10 10'® 10" 10%° 107
These Waves Are About the Size of:

Mountains Football Humans  Honey Bee Pinpoint Bacteria Molecules Atoms Atomic Nuclei

Pitch &
& q [}
it & P o R &%

Wave-particle duality is the concept in quantum mechanics that every
particle or quantum entity may be described as either a particle or a wave.

120



Light absorption

Plant pigment vs photosynthetic pigment




Light absorption

Photosynthetic pigments

< Photosynthetic Pigments (6§ &)
Pigments that absorb light energy and
participate in photosynthesis
<+ Major classes include:
< Chlorophylls (H&#&)
< Carotenoids (3888% p&E) — including
carotenes and xanthophylls (ItEZR2%)
< Phycobilins (5282 ) in cyanobacteria and

red algae

T CAROTIN T

PHAEOPHYTIN

CHLOROPHYLL A

CHLOROPHYLL B

LUTEIN

VIDAXANTHIN

NEOXANTHIN



Light absorption

Photosynthetic pigments

1. Chlorophylls

< Main types: Chlorophyll a, Chlorophyll b

% Structure:
v' Porphyrin ring(Ap#3R) with central Mg?*
v Hydrophobic phytol tail (f&E2) (anchors in

membrane)

< Function:

v Primary pigments in reaction centers

v’ Absorb mainly blue and red light

H-C=0

¢/ (EAbFR 2 AT AV /S

oij % it 4R 3b)

Mt4R%E a

Chl a: C55H7205N4Mg
Chl b: C55H7006N4Mg



Light absorption

Photosynthetic pigments

Chlorophyll biosynthesis is a
tetrapyrrole (FUItLIE) pathway, sharing
early steps with heme (IM41%% )
synthesis, then diverging toward Mg-
containing chlorophyll.

fﬂ: .
. g CHs
FER P aFR-R
Y HC 1F. h ; = CH,
N.
_#cfzn N Mg H HE% a
N—
('?OOH H;C r Uh CHs
?H: fOOH v
H: H — 0
‘%:“‘ o . 1;:‘; 2 5;—‘;5—;; E, ¢ —o—cu
€ Oo——=—= : ZEEEM
) - ’_-C\— o H3» Coa =~ 0~ 0 O
NNH—- T CH: — NH. ) 1
'Lk HO€— R X S R—— M (HRE) )|
OO0OH H
CH:
H; ICOOH H 4 CH
CH. CH:> R
H,C i CHz = CH;
BEXE
C AN

4 A HE £ 4 F) \.\ 4N,

H ™M CH
A\ o pasor e |
H;C 11 CH; g
v i

H: H — 0
FH: (li—()——CH:

COOH O
HOOC— CH CH; - CH; — COOH kH SR
B E R M—CH:
H. FR RSk R 1T Mg—F7 ko
<? ? il B3
HOOC- CH,— CH, H; — CH: ~COOH TR IX
Al
. thE m
4CO: d A
REFH BEEH
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Light absorption

Photosynthetic pigments

Factors Affecting Chlorophyll Biosynthesis

< Light is required for conversion of
protochlorophyllide/RH&EHES to
chlorophyllide/H & & B ER
< In darkness:
v Seedlings become etiolated (&1t
yellow, elongated)
v' Chlorophyll synthesis is blocked at
protochlorophyllide



Light absorption

Photosynthetic pigments Factors Affecting Chlorophyll Biosynthesis

< Chlorophyll biosynthesis is regulated by

HRERH R FIREEERE
Hl, wWMAKFE. ERBIBHEUE
LT PRI R RES B R 3.
AL mathEEs| M.

nuclear and plastid genes
< Examples:
v Albino/B{£ mutants cannot
synthesize chlorophyll
v’ Variegated leaves/BIi defective

chloroplast development



Light absorption

Photosynthetic pigments

/Temperature
< Minimum: ~2-4 °C
s Maximum: ~40 °C

% Optimum: 20-30 °C

/Mineral Nutrition
< N, Mg — structural components
% Fe, Cu, Mn, Zn — enzyme

cofactors

.

J
\

Factors Affecting Chlorophyll Biosynthesis

Water deficit
< Inhibits enzyme activity

% Reduces precursor availability

N % Can accelerate chlorophyll degradation

/
/Oxygen and Redox Conditions \
< Certain oxidative steps in tetrapyrrole
synthesis

< Excess light and O, cause photooxidation

\ < Leads to chlorophyll damage via ROS /




Light absorption
Photosynthetic pigments

2. Carotenoids

< Two subgroups:
- Carotenes / %= M= (e.g., B-carotene)
- Xanthophylls / I+&2%25 (e.g., lutein, violaxanthin,
neoxanthin)
< Chemical feature:
« Long chains of conjugated double bonds
% Functions:
« Accessory light absorption (blue-green region)
« Photoprotection (Qquenching excess energy,

preventing ROS damage)

H CH, H CH H H H H H
CH, | | I | I | | I |
£

C C C C L C C G
N Nl NN AN ATNGTTN SN
c C C C C C C c C
| | | | | | | | I
H H H H H CH; H CH; H

S H,C._ CH,

CH, H,C

B- 8B MEE (CuoHse)

H CH, H CH, H H H H H
HC CH I | | [ | | | | |
C C C C C C C ; b

NN NTNL NN NN TON

G C C 6 C C B B ¢

| I I | I I | I [
H H H H H CH, H CH, H

CH,

H,C_ CH,

HO H,C OH

it 8 ] (C4oH5602)



Light absorption

2. Carotenoids Under normal conditions Chlorophyll : Carotenoids = 3 : 1

Violaxanthin (a carotenold) Lycopene (a carotenold)

% Yellow Leaves (Carotenoid Dominance) occurs % Red Leaves (anthocyanin accumulation), occurs

during autumn, stress conditions, leaf senescence during autumn (cold nights and light exposure),

< Mechanism: sometimes in young leaves or stress conditions
« Chlorophyll degrades rapidly < Synthesis of anthocyanins/fE&Z& (NOT

« Carotenoids remain relatively stable photosynthetic pigments)



Light absorption

Photosynthetic pigments

3. Phycobilins / E#BsE

< Found in cyanobacteria, red
algae
<+ Water-soluble pigments

< Organized in phycobilisomes




Light absorption

Absorption spectrum

Arbitrary Absorbance

= Chl a
Chl b
1.01 —— Chld
- Bchl a
0.8 1 = Bchl b
Beta-carotene
0.6 1 | Lutein
0.4
0.2
0.0 A s
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Percentage of transmitted light

Photosynthetically
active radiation
=\

100 === 0
o
80 120 A
Reflected light 3
Q
60 - ~40 ®
o]
Absorbed light -y
]
40 -60 @
60 2
Transmitted light a
20~ 180 &
-
0 LR . 100
400 500 600 700 800 FIGURE 9.3

Wavelength (nm)

<«—— Visible spectrum ——

About 85 to 90% of PAR is
absorbed by leaf

Transparent to visible light and
convex (focus light) at epidermal

cells 131



Light absorption

Action spectrum

relative photosynthesis rate
Absorbance / Photosynthetic Rate

\

1} 1 |
400 500 600 700 400 500 600 700
il Sl ) [
oo . il

Wavelength of light (hnm)

» Absorption spectrum is the range of wavelengths that can be absorbed by a
pigment

» Action spectrum means the wavelengths of light trigger photosynthesis 132



Light absorption

Photochemistry beyond the red limit in chlorophyll f-

containing photosystems

Dennis J. Niirnberg'~", Jennifer Morton?, Stefano Santabarbara®, Alison Telfer’, Pierre Joliot*, Laura A. Antonaru’, Alexand...

+ See all authors and affiliations

Science 15 Jun 2018:
Vol. 360, Issue 6394, pp. 1210-1213
DOI: 10.1126/science.aar8313
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Light absorption

Light capture

Increasing energy

N

O —— Excited state

Absorption of a photon

bumps an electron to a

Photon higher-energy orbital
I

Photon
O Ground state @

Pigment molecule
134



A two(=multi)part photosynthetic process:

1) Light-dependent reactions
PHOTOCHEMISTRY.

Light energy captured by chlorophyll 1s (PARTLY)
used for ATP and NADPH synthesis from ADP
and NADP".

Light
H0 ELECTRON FLOW o
| Light
5=~ Chlorophyll reactions
| Dark
reactions

2) Light-independent reactions
. BIOCHEMISTRY.
ATP and NADPH are used to reduce and fix CO,

generating sugars in the C-B-B cycle.



Photosynthetic Reactions

o= B g Ty

/7 N /7 ~

nght

reactions

'§~




Where Is Light Absorbed in Photosynthesis?

<+ Chlorophyll does not function freely, but non-covalently bound to proteins
forming pigment-protein complexes (IHZFEEFERHE &)
» These complexes are embedded in the thylakoid membrane
<+ Two major categories:
> Chlorophyll a protein complexes (CP) / HRZ=RaERE SR
> Chlorophyll a/b protein complexes (light-harvesting complexes, LHC) / MH4x&
a/bERE G



+ Associated with reaction centers

< Directly involved in photochemistry

+ Surround reaction centers

Where Is Light Absorbed in Photosynthesis?

Pigment-Protein Complexes
ChIorophyII a protein complexes (CP) How a Photosystem Harvests Light

v" CPl — Photosystem | (PSI) core
v' CPa — Photosystem Il (PSIl) core

% Contain mainly chlorophyll a ,',:,:,:,:, '

o Ravi

Chlorophyll a/b protein complexes (LHC)

. . Transfer of Ener O ° Pigment Molecules
% Contain chlorophyll a, chlorophyll b and carotenoids = S —
pecial Fair o

% Absorb light across a broad spectrum Chlorophyll a Molecules Thylakoid Space

(Interior of Thylakoid)

< Transfer excitation energy to the reaction center



Where Is Light Absorbed in Photosynthesis?

Pigment-Protein Complexes

Component Function Pigment Composition

Antenna complex (LHC) Light capture Chl a, Chl b, carotenoids

Reaction center (CP) Charge separation Chl a (special pair)




Photosynthetic Unit

A photosynthetic unit is the smallest functional unit in the thylakoid membrane
capable of:

< Absorbing light

< Transferring excitation energy

< Performing primary photochemistry

Photosynthetic Unit = LHC (Antenna) + CP (Reaction Center)

A photosynthetic unit consists of an LHC antenna system functionally coupled to a CP

core complex, enabling one photochemical event per absorbed photon.



Photosynthetic Unit

Photosystem LHC Type CP Type Reaction Center

PSII LHCII CPa P680
PSI LHCI CPI P700

Z-Scheme of Electron Transport in Photosynthesis

Primary

Electron transfer

electron
Photon acceptor
Reaction

Reaction- center

center

chlorophyll 52
<2
Sz
Ts
> 2
(L)
£=
Zc
we
0 <
@ x
33
-z

Transfer R sina
of energy
pigment
molecules
Photosystem
Copynight © Pearson Education, Inc.. pubishing as Berjamin Cummings. ® Govindjee & Wilbert Veit (2010)

hitpfwww life. ilinois edu/govindjee’paged himi; hitpiwww. ife. ilinois edugovindjeetextzsch hm; and hep'www.molecularadventures.net/



Photosynthetic Unit

-~

Reaction Center (Core of Photochemistry)

~

<+ Special pair chlorophyll a <» Primary electron donor (P)
v PSII: P680 <+ Primary electron acceptor (A)
v PSI: P700 <+ Secondary electron donor (D)
Component Role Example
Primary donor (P) Excited chlorophyll P680(PSII), P700(PSI)
Primary acceptor (A) First electron acceptor PEIE e PolR s

(chlorophyll)

PSIl: H,O (via OEC); PSI:

Secondary donor (D) Replaces lost electron plastocyanin




Primary Reaction (JR{1zR)

The primary reaction is the initial photochemical event in photosynthesis in which excitation
energy, delivered from the antenna (LHC), is converted into stable chemical energy via charge

separation in the reaction center (CP).

< Characteristics:

« Extremely fast (~picoseconds)

- Temperature-independent (photophysical process)

« High quantum efficiency (~1 under optimal conditions)
% Process:

« Excitation of reaction center chlorophyll

« Charge separation

« Electron transferred to primary acceptor



Primary Reaction (JR{1zR)

hv

DePsA — DeP*:A —— D+P+<A- —— D*<P-A-

Level Donor Acceptor Meaning
. . . : First charge
Primary (immediate) P680 / P700 Primary acceptor (A) separation

Secondary (chain)

Ultimate (overall)

Electron carriers

H,O

Next carriers

NADP*

Electron transport
chain

Net photosynthetic
flow




Energy Transfer in Antenna Pigments

< Antenna pigments absorb photons and become excited.

< The excitation energy is transferred to neighboring pigments via:

v Exciton transfer / HF{&iE
v Resonance energy transfer (FRET-like mechanism) / HiR(&iE

An exciton is a quasi-particle representing an excited state consisting of an electron-hole

pair, capable of transferring energy without transferring net charge.



Photosynthetic electron pathway

potential for reduction of oxidized form (volts)

higher energy

lower energy

excited chlorophyll molecules

Péso
pheophytin

special quinones

[plastoquinone pool ]

P
CWocTrome cytochromey,
POTAPER iron-sulfur protein
antenna assembly cytochrome
of thylakoid
membrane

reaction
centre

iron-sulfur proteins

ferredoxin

NADPH

antenna assembly
of thylakoid
membrane

reaction
centre

Photosystem |

© Encyclopeedia Britannica, Inc.



Photosynthetic electron pathway

Photosystem Il (PSII) Complex

BBY complex

Stroma

Lumen

% Also known as the BBY complex (core PSlII reaction
center preparation)

% Located in the thylakoid membrane (mainly grana)

< Approximate size: ~17-20 nm

% Central function: Initiates electron flow by oxidizing
water and reducing plastoquinone

< Reaction center: P680 (bound by D1 and D2)

< Primary acceptor: Pheophytin (Pheo)/ZK$EM 45

% Secondary acceptors: Qa, Qg (plastoquinones)



Photosynthetic electron pathway

Photosystem Il (PSII) Complex

Primary Reaction in PSII
Quinone reduction cycle 1. ng ht excites P680 — P680*
' 2.Electron transferred to pheophytin (Pheo)

Photosystem II

g Qx w ‘\ A T8 oo 3.Then to Qa — Qg — plastoquinone (PQ —

o J ey |

§ ?« ‘ : EPQH, PQH,)
I QB PQ

umen } -

- : & Electron Replacement
IS ~: 1. P680* is highly oxidizing
13 3

TL «—$ SL—» TL 2. Re-reduced via:
emission |§ gl emission . .

& 3 1.YZ (or tyr,. tyrosine residue)
< <
1O )

2.Then Mn cluster extracts electrons from H,O

L

S-state cycle



Photosynthetic electron pathway

Photosystem Il (PSIl) Complex

Oxygen-evolving complex (OEC) / & H &1k Water Splitting (OEC)

Photosystem Il

L Loz fIRIES < Located on lumen side

| P < Contains: Mn,Ca cluster / {Zi2EEH

< Extract electrons from water to replace
electrons lost by P680*

2 0N 3
ooy ""<Oj

v 0, (released)

; o}/v v Protons (H*) into lumen
/4' 2H,0 )j 2

' H* + 0, !

- W [N

EP23 ¥
ffffﬁfﬁff.‘;%fi_'_‘fﬁffif ffff

Biology 2402, Introduction to Botany, University of Arkansas at Little Rock (wwwy ualr edubaotanys)



Photosynthetic electron pathway

Photosystem Il (PSIl) Complex OEC: Kok Cycle (S-State Cycle)
By Kok (1970)

{1} v
Y

<+ The OEC cycles through five
oxidation states:
So—™S;—S,—S5;—8S,
<+ Each step is driven by one
photon absorbed by P680




Photosynthetic electron pathway

Photosystem Il (PSII) Complex

RESEARCH ARTICLE

An oxyl/oxo mechanism for oxygen-oxygen coupling in
PSlI revealed by an x-ray free-electron laser

Michihiro Suga"%"", Fusamichi Akita"->", Keitaro Yamashita®*. Yoshiki Nakaiima'. Go Ueno®. Honaiie Li'*. Takahiro Yaman...
+ See all authors and affiliations
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Photosynthetic electron pathway

Plastoquinone (PQ; [&{#ER): Mobile Electron and Proton Carrier

< Plastoquinone (PQ) is a lipid-soluble quinone
located in the thylakoid membrane.
< Functions as a mobile carrier of:
« Electrons (e”)
 Protons (H*)
< Links Photosystem Il (PSIl) to the cytochrome
bef complex / fHfEEZEDbgf
< Reduced form: PQH, (plastoquinol, iX[EZSER),
PQH- (plastosemiquinone; Ffg)

H3C

H3C




Photosynthetic electron pathway

Cytochrome bsf Complex

<»Located in the thylakoid

' 2. ,, membrane

Heme Aniitailin V0 R IV o 8l < Functions as:
AR F [\ \ L, - v;.\

[oFe-25] G v’ Electron transfer intermediate

cluster

v Proton translocation system

Heme bp

Chl-a

<+ Electron Flow Through Cyt bgf
v Input: PQH, (from PSII)
v Output: Plastocyanin (PC) — PSI

Heme b, ,
Heme ¢, —#-

é

G




Photosynthetic electron pathway

Cytochrome bsf Complex

E—1raHy BRI
L 9] 9L FEngrl & 4
: = po - I
ARAM PQi_...O
Heme oy C;'t b
PQH, @ 2
P 2\ > Cyt b S T
( psi {’ | ® C pr00 )
Bl e
2> F@Sy ==-e
@t zﬂﬁ — -
A G CY™
g ==
2 He
K bw ot
= APQH# L
'] oM fEEvrY S
2 H* & PQ= G
\ Cytb
[ ! /I/ o A
e PQH; P Cytb =g < PSI
( psn — P°:‘_2?' \_P700_/
~—— PQ A
[ [ °> FESR """ .‘cyt f _ "'1'
s 4 PC )
"""" ' N .""
2H © s
B

REHR

Q-Cycle Mechanism

First PQH, Oxidation (at Q, site)
% PQH, — PQ + 2e™ + 2H* (to lumen)
< Electron split:
v Path 1: Rieske — Cyt f = PC — PSI (P700)
v Path 2: Cyt b = Q — reduces PQ —PQH-

Second PQH, Oxidation
< Repeats same process:

 Another 2H"* released into lumen
s Second electron: reduces PQH- — PQH,

< Requires: 2H* uptake from stroma
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Cryo-EM structure of the spinach SELF- ‘ o (® h
cytochrome b¢ f complex at 3.6 A TAUGHT
resolution

\\|I< I{I( \l\

THE FUTURE OF
Lorna A. Malone, Pu Qian, Guy E. Mayneord, Andrew Hitchcock, David A. Farmer

: : , : , Andr : : : - \l l?
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BEE
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Key Photosynthesm Complex
Viewed in Spinach

Findings fuel hopes for improved food-crop efficiency

Dr. Matt Johnson, reader in Biochemistry at the University of
Sheffield and one of the supervisors of the study added:
"Cytochrome b6f is the beating heart of photosynthesis which
plays a crucial role in regulating photosynthetic efficiency.
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Photosynthetic electron pathway

Plastocyanin (PC): Mobile Electron Carrier to PSI i

<+ Plastocyanin (PC) is a small, soluble
copper-containing protein

<+ Located in the thylakoid lumen

<+ Functions as a mobile electron

carrier

 Redox states:

v' Cu® (reduced form)

v’ Cu®* (oxidized form)



P

Stroma

Lumen

hotosynthetic electron pathway

Photosystem | (PSI): Light Reaction and NADP* Reduction

< PSl is a large pigment—protein complex
embedded in the thylakoid membrane

% Enriched in stroma lamellae (non-
appressed regions)

< Convert light energy into reducing power

(NADPH)

+» Reaction center: P700

< Electron carriers:
v Ay (chlorophyll a), primary acceptor
v A, (phylloquinone/#E4 %K)
v' Fe-S clusters (Fy, F., Fp)




Photosynthetic electron pathway

Photosystem | (PSI): Light Reaction and NADP* Reduction

< P700* is reduced by Plastocyanin (PC)

% Electrons exit PSI via Ferredoxin (Fd)
% Then Ferredoxin-NADP* reductase (FNR)

catalyzes:

NADP* +2e~+ H" - NADPH




Photosynthetic electron pathway

chloroplast stroma

ferredoxin-NADP reductase ' l u:

@ light
cytochrome X @
@ ferredoxin

'.
.
*
. OQOOQO e S0 EE08E
3
.

@ m plastocyamn

light

oxygen-evolving complex

thylakoid lumen



Photosynthetic electron pathway

Photosynthetic electron transport operates in three modes:

1. Linear (noncyclic) electron flow / JEATIVEBFE1E
2. Cyclic electron flow / #3{H-F{&iE
3. Pseudocyclic electron flow (Mehler reaction / KER/RIRRI)

/ RIATNHBFEE




Photosynthetic electron pathway

Linear (noncyclic) electron flow

H,0—PSI—PQ—Cytb/f—PC—PS I ~Fd—FNR—NADP*

For 4 electrons transferred: Key Features
+2 H,0 split = 1 O, released < Involves both PSII and PSI
<2 NADP* — 2 NADPH <8 photons — 1 0,
<+ ~8 H* accumulated in lumen <*Produces: ATP + NADPH + O,

<+ ATP produced via chemiosmosis



Photosynthetic electron pathway

Cyclic Electron Flow (Around PSI)
PSI—Fd >(NADPH—>PQ)—>Cytb6/f—>PC—’PSI

<+ Produce ATP only

% No NADPH production and O, S e {prmary |

‘acceptor,

: | (7
evolution oo [ N NADP
e NADP*
° reduct
< Balances ATP/NADPH ratio | |cEiEE NADPH

complex

< Activated when: o O
v NADPH is abundant 0e%
N o hotosystem Il *
v ATP demand is high ————— “ R




Photosynthetic electron pathway

Pseudocyclic Electron Flow (Mehler Reaction)
H,O—PSIO—PQ—Cyth6/f—PC—PS I —Fd—02

<* No NADPH produced

Carbon H202
reduction ” ’ﬂ*= < O, is consumed (not produced overall)
NADPH O2- < Produces: Reactive oxygen species (ROS)
w N M’;T (e.g., superoxide 0O,7)
O2

< Can contribute indirectly to: Proton
gradient — ATP formation

cyﬁ)ef




Photosynthetic electron pathway

LEY
NADP* + H* _ NADPH pseudoCET
O,+4H* 2H,0
SOD APX
CET 05 Hy0,% H,0
e -/ Water-water cycle
&
ADP + PiA ATP
Fd /@
NDH PSI Bl I
I I ATP synthase
2 i 7
i o




Photophosphorylation /Y¢S T4ES(L

co,

stomate ) The process by which light-driven
) / <o\ electron transport generates a
x A
1 Cbo ° °
/ ! \ Oﬂzerch.otrop.astm:taﬁ?..sm% proton gradient across the thylakoid
\ e.g., nitrogen ana sulrur
otorespiration assimilation, protein synthesis) ° .
N =S A membrane, which is then used to
\\ \ _____.\.—--\‘\ . ° °
W TSol_\| Coingewonge J-zTTTTTS- \ BN synthesize ATP from ADP and Pi via
-------- o -§:\~____4’/ /I ,/, ATP h
NADP*+{H"; <NADPH= “ATP~  ADP+P, synthase.

Stroma Protons (H*) accumulate in the thylakoid

Thylakoid
membrane

lumen via:
1.Water splitting (PSII)

Thermal
dissipation

2.Plastoquinone (PQ cycle)

3.Cytochrome bf (Q-cycle)



Photophosphorylation /565 %E{E
Types of Photophosphorylation

(1) Noncyclic Photophosphorylation (2) Cyclic Photophosphorylation
< Pathway: PSII + PSI < Pathway: PSI only
< Produces: ATP, NADPH, O, < Produces: ATP only
< The Main pathway for photosynthesis < Adjusts ATP/NADPH balance

(3) Pseudocyclic photophosphorylation
< Pathway: PSII + PSI
% Produces: ATP only

< Photoprotection



Photophosphorylation /Y& Ea{E

Pathway Electron Acceptor  Products Function

Linear NADP* ATP, NADPH, O, Main pathway
Cyclic PSI loop ATP only Energy balance
Pseudocyclic O, ATP (indirect), ROS Photoprotection




Light Energy Distribution and Photoprotection

|Photon Intensityl

|Excess Photons |

Photons for Photosynthesis

First Line of Defense:

Inhibition Mechanism
(| ‘ Triplet Chl CChl*)
T]‘;fg-g;l J Superoxide Anion Radical (O,*)
Toxic Singlet Oxygen ('0,)
Second Line of Defense: Photoproducts Hydrogen Peroxide (H,0,)
Scavenging Mechanism — Hydroxyl Radical (*OH)
(e.g., Carotenoids, A 4

| Damaged PSIID1 protein |

j ) Repair, De novo Synthesis
Ox1dlzed D1 |

| Photomhlbltlon I

SOD, Vg, etc.)

Exx 1 H

, BFLBERNLT

BB
| |
=4£875Ch1 (3Chl¥)
BERETAmE
FRLEn || BASE
=S HEE
RS (4 } - T
# NE. SOD. Ve
3 I iﬁ&PSIIDEE
BE, MABH

wi
EZLE



Light reaction and crop improvement

Improving photosynthesis and crop productivity by accelerating recovery from photoprotection

2022 Science, 10.1126/science.adc9831

e _ to shad _ Leaf remains shaded . ina's party li ndemic: * Stahilizing high- ine-induc
High Light sunfosha®  » Low Light ————— Low Light e e - rc N P | Xfafg?;ﬁo;:c%z:dl‘sgls
' N )

L 4 <

NPQ remains activated NPQ begins to relax

-

PsbS|

i

zeaxanthin zeaxanthin

zeaxanthin

VDE| |ZEP

ZEP speeds up NPQ relaxation
VDE balances ZEP activity during NPQ induction

CATCHING THE

PsbS adjusts NPQ level to maintain WT amplitude lI GHT

Faster adaptation to

2016 Science, 10.1126/science.aai8878
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Sources of Reactive Oxygen Species (ROS) in Plants

© Fatty acid
SOD ) wion

PSI —>PSIl—>0,"—>H,0,

Mehler

K reaction

Mitochondria A€ YV "

4

TCA cycle SOD

Complex 1, 2

NADH = 0,” =>H,0, Oxidase and

peroxidase of

!
ectron transport chain cell wall
Q= 28 Plant cell




A two(=multi)part photosynthetic process:

Light 1) Light-dependent reactions

PHOTOCHEMISTRY.

Light energy captured by chlorophyll 1s (PARTLY)
used for ATP and NADPH synthesis from ADP
and NADP".

HO

| Light
reactions

[ [Dark 2) Light-independent reactions
AL . BIOCHEMISTRY.
ATP and NADPH are used to reduce and fix CO,

generating sugars in the C-B-B cycle.




Carbon Assimilation in Photosynthesis

< Carbon assimilation (CO, assimilation): The process by which plants
use ATP and NADPH (from light reactions) to convert CO, into
carbohydrates.

<+ Occurs in: Chloroplast stroma

4 )

Major Carbon Fixation Pathways

0 C; pathway (Calvin cycle) (most common)
aC, pathway
0 CAM pathway

" /




The C; Pathway (Calvin-Benson Cycle)

A photosynthetic carbon fixation
pathway in which ribulose-1,5-
bisphosphate (RuBP) acts as the CO,
acceptor, and the first stable product
formed is the three-carbon
compound 3-phosphoglycerate
(PGA).

LOGRT T

Glucose and Other

- Organic Compounds
- Output ‘



Discovery

Photo: Berkeley, CA. Nobel
Foundation archive

Melvin Calvin

Prize share: 1/1

The Nobel Prize in Chemistry 1961 was awarded to
Melvin Calvin "for his research on the carbon
dioxide assimilation in plants”

Melvin Calvin, (1911-1997)




Discovery

Air outlet 4mm Carbon-14 in hydrogen

carbonate ion solution

Calvin’s Experiment — the light
iIndependent reaction of |
photosynthesis umpedin”

H Alcohol

CO, labellec < Step 1: Expose algae to *4CO; under light

with
radioactive < Step 2: Stop reaction rapidly using hot methanol

14 (quenching)

Suspension
of Algae

< Step 3: Analyze labeled compounds via

chromatography



The C; Pathway (Calvin-Benson Cycle)
Step 1: CO, Fixation / CO, [BEIfE

(|3H20-P
= | OOH
| Rubisco
bl CH,0-P
CH,0O-P _
RuBP H v R - 3- 1 I
W liKE-1,5- 2
Ribulose 1,5-bisphosphate 3-Phosphoglycerate

PGA contains 3 Carbon atoms, and this defines the pathway as C3



The C; Pathway (Calvin-Benson Cycle)
Step 1: CO, Fixation / CO, [BEIfE

RuBisCO: Ribulose-1,5-bisphosphate carboxylase/oxygenase

CARBOXYLASE | OXYGENASE

LsSs complex (16 subunits)

% Large subunits (L, ~55-56 kDa),
which encoded by chloroplast
genome, and contain active sites

% Small subunits (S, ~14 kDa), which
encoded by nuclear genome, plays

as Regulatory/structural role

RuBisCO accounts for >40% of soluble leaf protein



The C; Pathway (Calvin-Benson Cycle)
Step 1: CO, Fixation / CO, [BEIfE

RuBisCO: Ribulose—1,5—bisphosphate carboxylase/oxygenase

ATP + RuBP RuBP

7 N “/ \
Carboxylase Activity
av
Vs
Co\ / \ / i Oxygenase Activity

GP + PG

ATP + ATP +
NADPH NADPH

Photorespiration Calvin Cycle



The C; Pathway (Calvin-Benson Cycle)
Step 2: Reduction / &R

OOH ATP ADP OO-P
HCOH \-/p » HCOH

| 3-PGA iy |
CHO-P CH.O-P
3-PGA 1,3-DPGA
H o MR -3- 12 IR H v -1, 3- W IR
3-Phosphoglycerate 1,3-Bisphosphoglycerate

OO-P nNADPH NADP* HO

| FI i P - 31k 1> qﬁgﬁg HCO

CHzo-P GAPDH CH20-P
1,3-DPGA 3-BERSH RS (3-
PGAId)

1,3-Bisphosphoglycerate Glyceraldehyde 3-phosphate



The C; Pathway (Calvin-Benson Cycle)

Step 2: Reduction / &R

3-PGA - 4 —_— G3P -+
3-PGA ﬁ - G3P

NADP

NADP"




The C; Pathway (Calvin-Benson Cycle)
Step 3: RuBP Regeneration / RuBP B4

‘—0—0—0+*—>‘—0—0—RUQBP—0—0—‘+*+

Five G3P molecules produce three RuBP molecules, using up three
molecules of ATP.




The C; Pathway (Calvin-Benson Cycle)

1x Ribulose 1,5-bisphosphate
- ATP T

1x Ribulose 5-phosphate y: : i i ég 3 9 RUBiSCO

e zemoymania g 6C sugars (C6H1206) are not

R Phase Phaso 1 . products of the Calvin cycle!
i?eRf:glf”a;l;: Carbon Fixation ¢

?232‘:&?%2.3?:?52.2‘: J < The carbohydrate products of the
‘ CaIVIn CyCIGJ 2x 3-phosphoglycerate

Calvin cycle are three-carbon sugar
Phase2 ° n M
4xewcerawehvdesphosphate Reductlon i phosphate molecules, or "triose

from 2 other Calvin cycles

g

phosphates”, namely, glyceraldehyde-
3-phosphate (G3P)

1x Glyceraldehyde 3- phospha e

1x Glyceraldehyde 3- phosFV/
To Central 3

Metabolic Pathways 2x Inorganic phosphate

I*%*



The sum of reactions in the Calvin cycle

3 CO, + 6 NADPH + 9 ATP + 6 H*

.

G3P + 6 NADP* + 9 ADP + 3 H,0 + 8 Pi

<+ For every 1 mol CO, assimilated, the Calvin cycle consumes: 3

mol ATP + 2 mol NADPH
< Reduction of 3 mol CO, produces: 1 mol triose phosphate as net

output.



Regulation of the C; Pathway (Calvin Cycle)

1. Autocatalytic Regulation (Self-Regulation)/ BRI

< The cycle maintains a steady-state pool of intermediates (especially RuBP)
v Regeneration of RuBP ensures continuous CO, fixation
v" Flux depends on: Availability of intermediates and enzyme activities

2. Light Regulation/ i (HERIEHH)

< Light reactions pump H* into lumen (pH increase)

< Counter-ion movement from lumen into stroma (Mg?* increase)

< Key Light-Activated Enzymes: RuBisCO (via RuBisCO activase), GAPDH, FBPase
(fructose-1,6-bisphosphatase), and SBPase

3. Regulation of Triose Phosphate Export / &= Z=A0ET
< Triose phosphate/phosphate translocator (TPT): Exports G3P/DHAP to cytosol
and Imports Pi into chloroplast



C, Pathway (Hatch-Slack pathway)

A photosynthetic carbon fixation pathway in which phosphoenolpyruvate (PEP) acts as
the initial CO; acceptor, forming a four-carbon compound (oxaloacetate, OAA), followed

by transport and decarboxylation to supply CO, to the Calvin cycle.

'El'ﬁ(sugarcéne)



Single cell C; photosynthesis

co _ \
/A ’ B Rice
R ". 29 fres i )

g(c

Rubisco

CH,0

[ R4 - @ e '
@ \
Mesophyll cell .
\ Mesophyll cells  Bundle sheath cells /
Two cell C, photosynthesis

ﬁ co, D Sorghum \
) K T3

co, CHO
Rubisco
2 d :' e . &
%2 4o i ) f 4 Rl 8
\.__Mesophyll cell_/ \ Bundle sheath cell/ Ve ePDriesy

50.0 ym

=00 M
k Mesophyll cells  Bundle sheath cells /

/ Caemmerer et al., 2012




Plant Metabolism

CO, assimilation rate (u mol m*s™) >

B
o

N
o

1

|

4) C, with C, Rubisco content
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Caemmerer et al., 2012



C, Pathway (Hatch-Slack pathway)

Step 1: CO, Fixation in Mesophyill

COOH

CH, CH,

| PEP 3R 1L il

CO® +HCO; —> CO +P1
| e

COOH COOH

EEP OAA



NADP-ME / NADP-3RE:fgEY

CO;

CO2

O,

C, Pathway (Hatch-Slack pathway)

Corn, Sugarcane, Sorghum

CO2

f OA ~£OANADP'MD'1M
A O\
Pi\ NADPH/H* NADP?
PEPC
_ / PP, P
HCO; AMP  ATP
CA“ PEP
» CO,

t PEP < }: Iﬁ Pyr Jlsme

Mesophyll Cell

L

ili —BARET)
= > M
NADP* \

NADP-ME

NADPH/H* ‘/

N\

Calvin
cycle

J
Bundle Sheath Cell /




C, Pathway (Hatch-Slack pathway)

NAD-ME / NAD -

FREQEER

-~

€02 Asp é Asp AspAT OA\
COy || o-KG a-KG  Glu
AspAT NADH/H*
0, Glu
OA NAD-MDH
P
Heo _j PEPC NAD —
’ U )
CA“ PEP A\ M
NAD*
CO, > CO, AMP + PP
PPDK NAD-ME \
0 AT+ 5 NADH/H* 7= CO:
Pyr j &
C02 + AlaAT ) AlaAT : Calvin-
Pyr Ala «— Ala Pyr Zyklus
Mesophy" Ce" K Glu ao-KG a-KG Glu \ /)J

N

Bundle Sheath Cell



PEPCK / PEPS&{LiSiHs?

CO;

C, Pathway (Hatch-Slack pathway)

E

-

CO;

CO,

CO;

||| AspAT PEPCK
Asp > Asp =P 5> OA PEP
a-KG a-KG Glu )
jAspAT ATP ADP
Glu
o ‘ o ;NADP-MDH 'VS | ( )
PP A ' ; [
! \ NADPH/H* NADP* NAD*
__JPEPC N CO,
HCO3 NAD-ME .
CAH PE\P I PEP NADH/H* A/ [~ CO-
A
> CO, AMP + PP, v
PPDK Pyr
ATP + B Calvin-
Pyr Zyklus
. + J || & T/
AlaAT AlaAT
Pyr Ala «——— Ala Pyr
Glu a-KG il a-KG Glu \—J/
\\__ Mesophyll Cell A__Bundle Sheath Cell 7

N\




C, Pathway (Hatch-Slack pathway)

Subtype BSC release CO,

n
NADP-ME Mal=>Mal a2 pyr+CO,
NADP+ NADPH

NAD-ME Asp->Mal—22% pyr+CO,
NAD+* NADH

PEPCK Asp->O0AA R < bEP+CO,

ATP ADP



C, Pathway (Hatch-Slack pathway)

NADP-ME
co,

NAD-ME
co,

Epidermis

Mesophyll

Bundle sheath

O Chloroplast @ca A PPDK
&  Stacked grana @ PerC M RUBISCO

=== Stromagrana O Calvin-Benson Cycle

(] Mitochondrion —sas-s— Plasmodesmata

Q NADP-malate dehydrogenase ‘ NAD-ME
© NAD-malate dehydrogenase ‘ NADP-ME

@ Aspartate aminotransferase ‘ PEP-CK

@ Alanine aminotransferase



CAM photosynthesis / SXEIELIIRE

CO, co,
CO,
4 ADP ATP

CO, CA PEPCK
+ =— HCO; +H*

oxaloacetate
A

H,O NADH NAD*
2 Pi AMP + PP, /-\ NADH
PEP . oxaloacetate "% malate \ co, - \CC /
PEPC MDH PPDK 2 \/ \MDH
ATP +P; / NAD*
pyruvate malate
sucrose ME
starch
vacuole DL oarh. NAD(P)H  NAD(P)*
ATP
sucrose
starch malate
fructan malic acid ===+ , .+ ADP malic acid ===malate+ 2 H*
P;




CAM photosynthesis / SXEIELIIRE

<+ During the night, CAM plants have their stomata open, which allows CO,
to enter and be fixed as organic acids by a PEP reaction similar to the C,4

pathway. The resulting Mal are stored in vacuoles for later use.

< During the day, the stomata close to conserve water, and the CO,-storing
organic acids are released from the vacuoles of the mesophyll cells. An
enzyme in the stroma of chloroplasts releases the CO,, which enters into

the Calvin cycle so that photosynthesis may take place.



CO,

&

mesophyllc?‘
kCBB cycle

sugars

mesophyll cell

C,

Cs Cs4

7 CO,
KCBB cycle

bundle sheath
cell

sugars

r(// Y
CAM ‘G

=

A
] sugars
(¢ 4




Comparison of photosynthetic pathways

Feature C; Plants C, Plants Icr13t_ ecr4m ediates CAM Plants

Bundle Sheath Moderately

Cells (BSC) Poorly developed Well developed developed Poorly developed

Chloroplasts in Generally absent;
P Absent (or very few) Present Present cells rich in

BSC

Leaf Anatomy

Special Structural
Feature

Mesophyll cells
loosely arranged,;
no Kranz anatomy

No spatial
separation of
processes

Mesophyll cells
tightly arranged
around BSC; Kranz
anatomy present

Clear spatial
separation
(mesophyll vs
bundle sheath)

BSC present but
thinner cell walls
than C, plants

Partial
characteristics of
both C; and C,

mitochondria

Large vacuoles in
mesophyll cells

Temporal separation

(night/day
metabolism)




1920, Otto Warburg discovered that in liquid cultures of unicellular green algae

(Chlorella sp.) molecular oxygen (O;) exerts an inhibitory effect on photosynthesis. It

is late known due to photorespiration / FGIFI.

Rate of photosynthesis (umol CO, - m?- s™)

25

20

15

10

550 80

Photon fluence (umol- m2-s7)

L 1Vol%0, ¥

Photorespiration*

21Vol % O,

Helianthus annuus

CO,-concentration:

o 400 pmol - mol air !
Post-illumination
CO,-burst =~
1 1 1
0 2 4 6 8
Time (min)

Chlorella sp.




Photorespiration

A light-dependent metabolic process in which RuBisCO oxygenates RuBP,

leading to O, consumption and CO, release, without production of sugars.

PHOTORESPIRATION PHOTOSYNTHESIS

0, CO,
o RuBP
NADPH

RUBISCO

GP e ‘ —{‘_;:l ‘ :
co,

GP + PG 2xGP

ATP + ATP +
NADPH NADPH

sugar



r Glycerate 3-P Ribulose 1,5-bisP
Cytosol Chloroplast CH,0-PO} ;
}
454 CH.O-PO} C=0 _Rubiscg CH.O-PO |
H-CIZ-OH H-C-OH COO" P-Glycolate
| _ = .
— NABH: g5 HGOH O, spea | BYERZESE:
OAA CH,0-PO*
.\ P
N
"""""""" *'""""""'"'"""'""""'IGlycolate G|ycerateI
‘ € : Y B i
CH.OH ‘Peromsome cH.OH i N‘I': Glu 23(3
H-C-OH SEAE rcon CH.OH
COO0 Glycerate COO COO' Glycolate
4 . NaoP HiER NAD' o, iR
HPr2{_ HPR1 CAT GOX
>~ NADPH NADH H,0 <7— H,0,
CH,OH %0, cH-o
--------------- coeenensecengury -~ C=0
: gggﬁwﬂﬁlé éoo‘ COO Glyoxy
ydroxypyruvate
OAA XNADH GG ?l—/
Malate Malat NAD’ ZOG /
24
rMitochondrion Y
Qﬁ*"ﬂs CHOH  SHMT CH -NH;
\ H-C-NH; " Glvei
AL - é oo.a ( \THF COO' Glycine
erine Hﬁﬁg
CH,-THF
“RER
NAD'
Malate NADH NH,CO,
1 @DAD Complex ) \ .
OAA Malate / ~ s
UQ-H, uQ

3

< Photorespiration involves
three organelles:
Chloroplast, Peroxisome,

Mitochondrion

< O, consumption occurs
in chloroplast and

peroxisome

% CO, release occurs mainly

in mitochondria

< Carbon Loss: For every 2
glycolate molecules 1
CO, released (25% )



Photorespiratory pathway redesign

Chloroplast
Rubisco
Oxygenase
PGLP
RuBP ﬁ P-Glycolate = Glycolate
2
H,0+0,

P-Glycerate CAT
S;LO
RuBP H,0,
Glyoxylate
ﬂalvin Cycle yory
RuBP ez

Carboxylate

GCL*TS

A NAD NADH

Glycolate%

Glycerate Glycine
'/- | /4 F: co,
1Glyoxylate —Glycine NH,
Hydroxypyruvate <«— Serine Serine

Peroxisome
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feegiern~ef
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'S 13 ""..’."..
ageraceeiee
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=%£=/,37
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Photorespiration

Physiological Functions of Photorespiration

<+ Removes 2-phosphoglycolate (toxic metabolite)

<+ Maintenance of C; Cycle Operation under stresses

<+ Photoprotection: Consumes excess ATP and NADPH
< Link to Nitrogen Metabolism: Produces Glycine (Gly),

Serine (Ser), and other amino acids



Photosynthesis in plant physiology

<» Photosynthetic Rate (5¢51%3): the amount of CO,

assimilated or O, evolved per unit time per unit leaf area.

“*Net vs Gross Photosynthesis
Poet = Pgross — Respiration
<» Photosynthetic Productivity (NAR): The amount of dry

matter produced per unit leaf area per unit time over longer

periods.



The photosynthetic equation: Based on this equation,

how could the rate of

photosynthesis be

Provides the carbon to measured?
produce organic The organic compound
compounds during the ultimately produced
Calvin Cycle during the Calvin Cycle

P

Split during the roduced as a

light reactions Excites byproduct of the
to replace electrons splitting of

electrons lost during the water during the
from PSII light

_ light reactions
reactions

204



MOLECULE
A group of joined atoms.
Example: DNA

v ATOM
«  The smallest chemical
B unit of a type of pure
substance (element).
o Example: Carbon atom

POPULATION
A group of the same species of organism
living in the same place and time.

Example: Multiple acacia trees ;

COMMUNITY
All populations that occupy
the same region.

Example: All populations

in a savanna

ORGANELLE

A membrane-bounded
structure that has a specific
function within a cell.
Example: Chloroplast

CELL

The fundamental

unit of life. Multicellular
organisms consist of many
cells; unicellular organisms
consist of one cell.
Example: Leaf cell

ORGANISM
A single living individual.
Example: One acacia tree

ECOSYSTEM

The living and nonliving
components of an area.
Example: The savanna

TISSUE

A collection of specialized cells
that function in a coordinated
fashion. (Multicellular life only.) |
Example: Epidermis of leaf \\ ‘\1
\-

ORGAN

A structure consisting
of tissues organized to
interact and carry

out specific functions.
(Multicellular life only.)
Example: Leaf

ORGAN SYSTEM
Organs connected
physically or chemically
that function together.
(Multicellular life only.)
Example: Aboveground
part of a plant

BIOSPHERE

The global ecosystem;
the parts of the planet
and its atmosphere
where life is possible.

Chemistry or biochemistry approaches

in tubes or in vitro
[ |
[ |
[ |

We focus on Leaf to canopy scales
in vivo

Modeling (next part) or Remote sensing
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How can we study these two parts of the photosynthesis process in
vivo?
Chlorophyll fluorescence

Ught)ﬁ 1) Light-dependent reactions
PHOTOCHEMISTRY.
0 ELECTRON FLOW @ | [Tight Light energy captured by chlorophyll 1s (PARTLY)
=G5 Chlorophyll reactions used for ATP and NADPH synthesis from ADP
and NADP".

 [Dark / 2) Light-independent reactions

D . BIOCHEMISTRY.

ATP and NADPH are used to reduce and fix CO,
generating sugars in the C-B-B cycle.

Gas exchange
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Light absorption index

Reflectance
v
Chlorophyll-

Fluorescence

Absorption Photosynthesis

0000-20000000000:-C00000000. “Q0n.. CTeRetees=C8A0M0e0CT0000Rs (000000

Photochemistry
Heat dissipation
Intensity of excitation

207



DUAL PAM 100

P700 and Chlorophyll Fluorescence Measurment




How much CO, consumed in
unit of time is the net
photosynthetic rate (typically
normalized by leaf area).



'S

Net CO, uptake (umol/C0,/m?/s)

Photosynthesis in plant physiology

Photosynthetic Light Response Curve Light Intensity

Light Intensity and Plant Activity

A

10+ | < Light is a primary factor controlling
Maximum rate of
e photosynthetic rate
: < Light Compensation Point (6%M=5=): The
light intensity at which Photosynthesis =

4
g Respiration
2 : ) ) . sl
[Lghp Fams 2 Light Saturation Point (J6#F1:5): The light
’ 500 1000 1500 2000 intensity at which photosynthetic rate reaches
5 | Light intensity (umol/m?/s) m aXi um

Light compensation point %*f{%nﬂ_‘i
-4
Rate of respiration



Photosynthesis rate

Photosynthesis in plant physiology

Light-limitation

Photo-saturation

Photo-inhibition

P

max

Is

Light irradiance

Light Intensity

< Photoinhibition: A decrease in
photosynthetic efficiency caused by excess
light energy exceeding the capacity of
photochemical utilization and protective
mechanisms.

< Primarily occurs in PSIl, and under special
conditions (e.g., low temperature + light

stress), PSI can also be affected



ARTICLES nature

https://doi.org/10.1038/541477-020-0629-2 p ant S

‘l) Check for updates

Nuclear-encoded synthesis of the D1 subunit
of photosystem Il increases photosynthetic
efficiency and crop yield

Juan-Hua Chen'?3, Si-Ting Chen'?, Ning-Yu He', Qing-Long Wang', Yao Zhao'?, Wei Gao'? and
Fang-Qing Guo®'X

Arabidopsis

D1 biosynthesis

lnhbuong l‘
ln chloroplnl = Ros

§ Psu npalv
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Light quality

The Emerson Enhancement Effect

100%

Photosynthesis Rate

S
X

Photosynthesis in plant physiology

Simultaneous
680 and 700 nm
exposures are
synergistic

Time (linear scale)

=

Emerson Enhancement Effect (EEREHR)

Observation (Emerson, 1957)

<+ Red light (~650 nm) —
moderate photosynthesis

< Far-red light (~700 nm) —
low photosynthesis

<+ Both together — much
higher than sum



Photosynthesis in plant physiology
Light quality

Red Drop Phenomenon (£If§IR)

When wavelength > 685 nm (far-red light), the photosynthetic efficiency
drops sharply

< Quantum Yield (EF=&i): The number of O, molecules evolved (or CO,
molecules fixed) per photon absorbed. Typical value is ~1/8 to 1/10 O, per
photon

< Quantum Requirement (&8 FFEE): The number of photons required to
produce 1 O,, or Fix 1 CO,. Typical value is 8-10 photons



Photosynthesis in plant physiology
CO,

1

S
v
3

2

¥4 & #/umol-m .

<+ Carboxylation Efficiency (CE): Initial
slope of CO, response curve
< CO, Compensation Point

% CO, Saturation Point

<»Maximum Photosynthetic Rate (P,,)

C n 350 S
\ y -6
41 ffa 1A) BR CO, 14 1 4 %k/10

Photosynthetic CO, response curves (A-Ci curves)



Photosynthetic rate

Photosynthesis in plant physiology

40

30 A

20 -

10 1

—C4
—C3

Operating

point

RuBP regeneration limited

‘Demand function”

*

‘_

—3 Operating point

‘Supply function’
Stomatal conductance

limited

PEP regeneration limited

200 400 600 800

Intercellular CO, concentration

CO, compensation point

1000

CO,

C, plants:
% Lower CO, compensation point
< Higher efficiency at low CO,

C; plants:
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CO,

Route of CO, Entry in C3
Atmosphere - Stomata — Intercellular space

— Cytosol —» Chloroplast stroma

Limiting Factors
<+ Concentration gradient
< Diffusion resistance:

v Stomatal resistance

v Mesophyll resistance

co,

co,

co,

Al InaDPH
& ATP 0,
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Temperature
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Temperature

Typical Range

Parameter (Cs plants) Definition Physiological Basis
Minimum 0 Lowest temperature at which Enz}/me activity extremely
. ~2-4 °C : low; metabolic processes
temperature (Tmin) photosynthesis can occur slow
Ooti , Balance of enzyme activity,
ptimum o Temperature at which S
~20-30 °C . : CO, fixation, and low
temperature (Topt) photosynthesis is maximal e
photorespiration
Maximum Highest temperature at Enzyme denaturation,
~40-45 °C which photosynthesis can membrane instability, high

temperature (Tmax)

proceed

respiration
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Mineral Nutrition

Element Group Elements Function in Photosynthesis

Structural components N, P, S, Mg Chlorophyll, proteins, membranes

Electron transport Fe. Cu Components of electron carriers
(cytochromes, plastocyanin)

Energy metabolism Pi ATP, NADPH, metabolic intermediates

Water splitting Mn, Cl Essential for oxygen-evolving complex (OEC)

Regulation

K, Ca Stomatal movement, metabolite transport
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Water stress

Only a very small fraction of water is used directly in photosynthesis ~1% (for
photolysis in PSIl). Therefore, water affects photosynthesis mainly indirectly.

» Stomatal Closure

» Reduced Assimilate Transport

» Damage to Photosynthetic Apparatus
» Reduced Leaf Area
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Diurnal Patterns
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mg'é 50% —
338 . < Stress Conditions — Double Peak Curve
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Light Use Efficiency (LUE)/ F68EFIF3ZE is the percentage of incident
solar energy that is converted into chemical energy stored in plant
biomass over a given time and land area.

Sun
1000 kJ
487
438
372
C3 C4
126 246 85
65 61 85
46 19 6

—

Biomass 46 kJ

Biomass 60 kJ

513

49
66

287

25

Energy loss

Outside photosynthetically
active spectrum

Reflected and transmitted

Photochemical inefficiency

Carbohydrate synthesis
Photorespiration
Respiration
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Why Is Light Use Efficiency Low?

Factor

Description

Impact on Photosynthesis

Light leakage (>50%)

Light saturation & waste

Environmental constraints

Respiration losses

Large fraction of solar radiation
not absorbed by canopy

Light exceeds photosynthetic
capacity (PAR up to 1800-2000
umol m~2 s71 vs saturation
~540-900)

Suboptimal temperature, water,
nutrients

Carbon lost via maintenance
and growth respiration

Reduced available energy

Excess energy dissipated (heat,
NPQ)
Limits biochemical processes

Reduces net biomass
accumulation
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Radiation Use Efficiency (RUE) / 53 FI R

RUE is the ratio of biomass accumulation (dry matter) to absorbed
photosynthetically active radiation (PAR) over a given period.

Plant Type RUE Range (g-MJ™1)

C; plants ~0.85-3.0

C, plants Up to ~4.8
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Biomass =Photosynthetic production—-Respiratory losses

Photosynthetic production = Photosynthetic capacity
X

Photosynthetic duration
X

Photosynthetic area
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Contents lists available at ScienceDirect

Crop and

Crop and Environment

LSEVIE journal homepage: www.journals.elsevier.com/crop-and-environment

Review

Perspectives of improving rice photosynthesis for higher grain yield

Check for
updates

Dongliang Xiong

National Key Laboratory of Crop Genetic Improvement, Hubei Hongshan Laboratory, MARA Key Laboratory of Crop Ecophysiology and Farming System in the Middle
Reaches of the Yangtze River, College of Plant Science and Technology, Huazhong Agricultural University, Wuhan, Hubei 430070, China

Evalution in realistic field

ARTICLE INFO

Agronomic performance

Transgenic approaches B mflate et
- e s oo Natural variation

Keywords: Core photosynthetic machinery Key traits for indexing photosynthesis
CO, assimilation Source-sink related traits Wild relatives
Grain yield Nutrient/carbon allocation Germplasm collections
Na variation Genetic populations
QTL
Rice photosynthesis Other organisms Rice genome
Sink-source relationships G species

Microorganisms

Technologies and tools

Synthetic biology

(4 rice project

(02 concentrating mechanism
Photorespiration bypasses
LHC and ETC modification
Rubisco engineering

Novel photosynthetic systems

Photosynthesis phenotyping systems
Whole-plant physiology models
Synthetic biology tools

Chloroplast transformation system




Cell

REVIEWS

Increasing Photosynthesis: Unlikely Solution

For World Food Problem

Thomas R. Sinclair,* Thomas W. Rufty,’ and Ramsey S. Lewis’

Increasing the photosynthesis rate of plants has been recently revitalized as an approach for
increasing grain crop yields and solving world food crises. The idea that photosynthesis is the
key to increasing grain crop yields is not new. Considerable research in the 1970s and 1980s
showed that carbon input was not limiting for crop growth and yield. Instead, the availability
and uptake of water and nutrients were found to be critical for increasing grain yield, and that
conclusion still applies today. In this Opinion article, nitrogen limitation is given particular atten-
tion because of its quantitative linkage with vegetative and reproductive growth and its essen-
tial role as a quantitative component of seeds.

Photosynthesis Rate and Grain Yield

Recent publications [1-3] and a steady stream of articles in the popular press [4-12] suggest that new
discoveries in photosynthesis research will lead to increased crop yields and provide the solution to
global food shortages. The logic for this conclusion has been enunciated for decades and often
stated as a ‘“truism”:

Thomas Sinclair

Adjunct Professor

Crop Physiology & Ecology
Adjunct Faculty
trsincla@ncsu.edu
919.513.1620

|
Carbon accumulation in the

absence of additional nitrogen
does not increase yield.

Yield increase requires greater ni-
troaen accumulation. olant nitro-



Homework Assignments

A plant physiologist grows two groups of artificial plant cells under different experimental conditions.
Both groups contain chloroplasts, mitochondria, enzymes, carbohydrates, lipids, proteins, and nucleic
acids, but their energy-processing systems function differently. In Model 1, the chloroplasts are
highly active and produce large amounts of glucose and oxygen, but the mitochondria are inefficient
and produce ATP slowly. In Model 2, the mitochondria produce ATP efficiently, but the chloroplasts
capture light energy poorly and synthesize glucose slowly.

v Task 1: Analyze the distinct roles of chloroplasts, mitochondria, glucose, oxygen, carbon
dioxide, water, and ATP in supporting energy transformation in the two models.

v Task 2: Discuss whether a cell with strong photosynthetic ability but weak cellular respiration
should be considered more successful than a cell with efficient ATP production but limited glucose
production.

v Task 3: Suggest how changing one or more factors, such as light availability, chlorophyll activity,
mitochondrial efficiency, enzyme activity, or glucose storage, could improve the performance of
each artificial cell, and explain what new limitations might appear.



