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Bioenergetics-Basic principles

* The quantitative study of energy transductions in living cells.

* And also study of the nature and function of the chemical
processes during the reaction.

* Two fundamental laws of thermodynamics.

First law is the principle of the conservation of energy: T‘ S
N .

“For any physical or chemical change, the total amount of

energy in the universe remains constant; energy may change
form or it may be transported from one region to another, but its;
cannot be created or destroyed”. i

The second law of thermodynamics:
“In all natural processes, the entropy of the universe increases -

*Now g the sseongd law of thermpdyiinemes



The Three thermodynamic quantities

Universe = reacting systein = surrounding environmernt

Free energy, G

It 1s the amount of energy capable of doing work during a reaction at
constant temperature and pressure.

The free energy change 1s denoted by AG

In exergonic reaction =2 release of free energy =2 AG is negative.

In endergonic reaction =2 gain of free enerev =2 AG is positive




The Three thermodynamic quantities

Enthalpy (H):
The heat content of the reacting system.

It reflects the number and kinds of chemical bonds (covalent and non-covalent) in
the reactants and products.

* Releases heat — exothermic. The change n enthalpy, AH - a negative value.
 Take-up the energv — endothermic. The change m enthalpy. AH - a positive value



The Three thermodynamic quantities

Entropy (S)
* Quantitative expression for the randomness or disorder m a systeni.

* When the products of a reacting system are less complex and more
disordered than the reactants. the reaction 1s said to proceed with a
gain 1 entropy.

* The units of AG and AH are joules/mole or calories/mole

* The unit of AS is joules/mole * Kelvin (J/mol * K)

*]lcal=4.1841] Lnits of absolute temperature, T, are Kelvin, K

Gasconstant, B = 8.315 J/mol e K 26: 15 = AR
| AL2STC, B — 2478 kJ/mol
(= 1.987 cal/mol e K) (= 0.592 kcal /mol)



Relation between AG, AH and AS

The changes m free energy, enthalpy, and entropy are related to each
other quanfitatively by the equation:

AG =AH - TAS
Equilibrium constant

The concentrations of reactants and products at equulibrium define the equilibnum constant. Keg
aA+bB+=cC+dD

wherea. b. ¢. and d are the number of melecules of AL B. €. and D participating. the equilibrium constant
15 given by

where [A] eq. [B] eq. [C] eq, and [D] eq are the molar concentrations [Ci Eq [D] :{q

of the reaction components at the point ot equilibrium. Keq —

[A]%[Bl e



Free energy change in a reaction 1s expressed as...

AG, = AG'" + RT In—220

|Reactants]



Equilibrium constant & std concept of free energy

Transformed constants as standard free-energy changes and standard
equilibrium constants.

AG"®=-RT InK’

TABLE 13-3 Relationships among K, AG'", and the
Direction of Chemical Reactions

When _E“;q I% A s Starting with all components at 1 m, the
reaction ...
>1.0 negative proceeds forward
1.0 180 1% at eguillibrium

<1.0 positive procesds in reverse



Equilibrium constant & std concept of free energy

* When AG is large and negative, the reaction tends to go in the
forward direction;

* when AG is large and positive, the reaction tends to go in the reverse
direction; and when AG =0, the system is at equilibrium.

* The free-energy change for a reaction is independent of the pathway
by which the reaction occurs.



METABOLIC PATHWAYS
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Bioenergetics

* Glucose occupies a central position
in the metabolism of plants, animals,
and many microorganisms.

* rich in potential energy, oxidation of
glucose results in standard free-
energy change of -2,840 kJ/mol.

* Remarkably versatile precursor,
capable of supplying a huge array of
metabolic intermediates for
biosynthetic reactions
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Bioenergetics > Glycolysis Pathway

* Metabolites like lg]lurnaf are ofen activated with a high energy group
before their catabolism.

* Glycolysis — 10steps
* In glvcolysis: 2 molecules of the three-carbon (3C) compound pyruvate
+ first metabolic pathway to be elucidated by Eduard Buchner’s in 1897

* The glycolytic breakdown of glucose 1s the sole source of metabolic energy
in some mammalian tissues and cell types (erythrocytes. renal medulla.
bram. and sperm).

* Glycolysis — 2 phases:
I) preparatory phase (1 to 57 step) investment of energy;
II) pavoff phase of glycolysis (6% — 10™ step) gain of energy.



(a) Preparatory phase

Phissphorylation o glucose
ard its canversian to

gtyceralcdabyde 3-phosphate

secand priming reaction

cleavage of 6-carbon sugar
phosphisie to 1wo 3-carbon
sugar phasphates
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{b) Payoff phasa

Dxidative conversion of

glyceraldehyde S-phasphats

to pyruvals and the coupled
formation ol ATP and NADH

oxicdation and
phospharylatian

first A1 P-forming reaction
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Balance sheet.....?

Glucose -+ 2ATP + 2NAD™' + 4ADP + 2P, —
2 pyruvate + 2ADP + 2NADH + 2H" - 4ATP + 2H,0

Canceling out common terms on both sides of the equation gives

the overall equation for glycolysis:

Glucose + 2NAD" + 2ADP + 2P; —
2 pyruvate 4+ 2NADH + 2H" + 2ATP + 2H:0



Regulation of Glycolysis

* There are three major enzymatic control points within the glycolytic
pathiway.

» These include hexokinase. phosphofructokinase. and pvruvate kinase
reactions.

* The three steps catalvzed by these enzvmes are Iirevesible.

« Key drivers for regulating the pathway are energy demand within the
cell as determined by local mdicators such as ATP and AMP, as well as

energy demand within the organism as a whole. which can be
mfluenced by hormone signaling pathways



REGULATION OF GLYCOLYSIS

* Glveolysis 1s controlled or regulated by Allosteric mhibition mechanism
of 3 enzymes as mentioned earlier.

» Hexokinase: It 1s allosterically inhibited by the product Glucose-6-
Phosphate (G6P) n the process of negative feedback inhibition.
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Figure 15.4.2: Callular Fates of Glucose 6-Phosphate



Regulation of Glycolysis: PFK 1

» PFK1 is one of the most important conirol poinis in the glvcolviic patinvay.

* PFKI is an allosteric enzyime and has a structure similar to that of
hemoglobin. PFK 1 undergoes complex allosteric regulation.

* One half of each duner contains the ATP bmnding site, whereas the other half
the substrate (fructose-6-phosphate or (F6P)) binding site. as well as a
separate allosteric binding site, that can bind with ADP or AMP.

* PFK 1 activity 1s mcreased whenever the cell’s ATP supply 1s depleted.
* PFK 1 activity 1s decreased whenever the cell’s ADP + P1 18 accuunulated,

*» ATP and citrate (4rm CCA) acts as an mnhibitor



Regulation of Glycolysis: Pyruvate Kinase

* Key regulatory component within the pathway.

 There are three major 1s0zymes of pyruvate kinase:

* the L form that 1s predominantly found i the liver,

+ the R form that 1s predomiantly found m erythrocytes. and

* the M1 form m muscle and brain, and the M2 form that 1s expressed
fetal tissue and at sonie level m most adult tissues.



General regulatory mechanisms common to most of the
1isozymes of pyruvate kinase

» FBP 1s an earlier product within the same metabolic cascade.

» the activation of pyruvate kinase enzymes by FBP is known as feed forward stimnlation.

»All of the pyruvate kinase 1sozymes are mhibited by the product of the reaction. ATP (or
lugh energy load). and lugh levels of alanine.

»If lugh levels of alanme are present. this mdicates that there 1s a hugh energy load within
the cell (e that the cell 1s full of building blocks to make new macromolecules and 1s not
i the need of more energy).

»Thus. high levels of alanine serve as a negative regulator of the pyruvate kmase family of
ENZVINES.

»Protein Kinase A phosphorylates Pyruvate Kinase inhibiting its activity and preventing the
conversion of phosphoenolpyruvate to pyruvate



REGULATION OF GLYCOLYSIS -SUMMARY

(Famme [ Astatec _______[Iskibiier |

Hexokinase = —— Glucose-6-phosphate ((increasad
Etml‘:i'ﬂlmﬁﬂn}
PFE-1 Fructose 2.6 bisphosphate = Gitrate. ATP (increased
Fructose 6 bisphosphare. AMP.  concentranon)

Pyruvate Fructose 1.6 bisphosphate, Acetyl —CoA ATP (increasad



' Regulation of Glycolysis: Pyruvate Kinase
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Regulation of Glycolysis (in other steps)

« Step 6:

Glyceraldheyde 3 P dehydrogenase : for activity. Reaction of the
essential Cvs residue 1s necessary. Bur presence of heavy metal such as
Hg="irreversibly inhibits the enzyme.

Glycolysis would soon come to a halt 1if the NADH concenfrafion 1s
imcreased m step 6 of glycolsis



Substrate-level phosphorylation

* The formation of ATP by phosphoryl group transfer from a substrate such as 1,3-
bisphosphoglycerate is referred to as a substrate-level phosphorylation.

* Substrate-level phosphorylations involve soluble enzymes and chemical
intermediates.
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Time to find a solution......... 9

Calculate the standard iree-energy change of the reaction catalyzed by
the enzyme phosphoglucomutase.

Glucose 1-phosphate = glucose 6-phosphate

For the above reaction. starting with 65 mM glucese 1-phosphate and no
glucose 6-phosphate. the final equilibrium mixture at 25 °C and pH 7.0
contains 2.0 mM glucose 1-phosphate and 63 mM glucose 6 phosphate.
Does the reaction m the direction of glucose 6- phosphate formation
proceed with a loss or a gain of free energy?



Time to find a solution......... ?

Calculate the standard iree-energy change of the reaction catalyzed by
the enzyme phosphoglucomutase.

Glucose 1-phosphate = glucose 6-phosphate

For the above reaction. starting with 90 mM glucese 1-phosphate and no
glucose 6-phosphate. the final equilibrium mixture at 25 °C and pH 7.0
contains 1.0 mM glucose 1-phosphate and 89 mM glucose 6 phosphate.
Does the reaction m the direction of glucose 6- phosphate formation

proceed with a loss or a gamn of free energy?
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TRICARBOXYLIC ACID CYCLE (TCA)/CITRIC
ACID CYCLE -INTRODUCTION

Pyruvate: A node in the metabolism of carbohydrates, proteins, and fats.

Anaerobic conditions: lactate in the cytosol, regenerating NAD+ for continnued ATP
production by ghvcolysis.

Pyruvate has a diffusion capabilities: cyvtoplasm to mitochondrial matrix.

In 2 steps: a) diffusion through outer membrane pores. then via mner membrane
carrier symporter.

By the carrier called : H™- coupled pyruvate-specific symporter : the
mitochondrial pyvruvate carrier (MPC).

Pyruvate ; amino acid synthesis.
Or Citric acid cyele for ATP/NADH (enerey)
Synthesis of fatty acids and sterols (afier getting converted to acetyl co A).



TRICARBOXYLIC ACID CYCLE (TCA)/CITRIC ACID CYCLE -
INTRODUCTION

» Pyruvate ----- > Acetvl-CoA + CO,

« By the enzyme pviuvate dehvdrogenase (PDH) complex
« PDH : 3 enzvmes. 5 coenzvmes; 4 cofactors derived from

vitamins.
Enzyme Enzvmes
complex
PDH El: Pyruvate dehvdrogenasze
complex E? Dihvdrolipovl transacetvlase

E3: dibydrolipoyl dehydrogenase

Co-Enzvimes’
Prosthenc groups

TR

Lipoate,
cocnzvme A (CoA-5H)

FAD, NAD

Co-factors

Thiamin:s

Pantothenate

Niacin &
Ribofiavm



Conversion of Pyruvate to acetyl-CoA

+ oxidative decarboxylation :
an irreversible oxidation
process in which the
carboxyl group is removed
from pyruvate as a
molecule of CO2 and the
two remaining carbons
become the acetyl group of
acetyl|-CoA.

» A starting material for TCA
* NADH is produced : ETC

PGURE 155 Structure of the pyruvats dehydrogenase camplas. | e
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Conversion of Pyruvate to acetyl-CoA
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Pyruvate Acetyl-CoA

AG'"® = —33.4 kl/mol

FIGURE 16-3 Overall reaction catalyzed by the pyruvate dehydrogenase
complex. The five coenzymes participating in this reaction, and the thres

enzymes that make up the enzyme complex, are discussed in the text,
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Conversion of Pyruvate to acetyl-CoA
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FIGURE 16-6 Oxidative decarboxylation of pyruvate to acetyl-CoA by the
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TCA cycle/Kreb’s cycle/Citric acid cycle
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TCA cycle/Kreb’s cycle/Citric acid cycle
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TCA cycle/Kreb’s cycle/Citric acid cycle
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TCA cycle/Kreb’s cycle/Citric acid cycle
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Regulation of TCA

« stringent regulation : to balance the supply of key
intermediates with the demands of energy
production and biosvnthetic processes.

« Regulation at several steps

1. Oxadation of pyvruvate to acetyl-CoA (catalyzed

by the PDH complex)

+ Is miubited allosterically by ATP and by acervi-
CoA and NADH via phosphorviation of PDH.

« When [ATP]/JADP]. [NADH]/[INAD+], and
[acetvl-CoAl/[CoA] ratios are high, all of which
indicate an energy sufiicient metabolic state.

« When [ATP/[ADP]. [NADH]/[NAD+]. and
lacetyl-CoA]/[CoA] ratios decrease, allosreric
activarion of pnruvate oxidarion vesults and

activation of TCA.
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Regulation of TCA

2. Citrate synthase, isocitrate dehydrogenase, and ¢-
ketoglutarate dehydrogenase : exergonic steps.

High [NADH] [NAD~] inhibits the dehydrogenase
reactions (1socitrate dehydrogenase. and o- ketoglutarate
dehydrogenase) ( through mass action).

Mulate aehvdrogenase reaction 1s essentially at equilibrium
in the c2ll when [NADH] [NAD+] 15 in high the
concentration. oxaloacetate is low, slowing the first step in
the cycle.

Product accumulation inhibits all 3 steps.

Succmyl-CoA mhibits a-ketoglutarate deliydrogenase and
citrate synthass.

Crirate blocks citrate synthase

ATP. inhibits both citrate symthase and 1socitrate
dehydrogenase.
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Regulation of TCA

+ Ca*the signal for contraction and for a
concomitant increase in demand for ATP.
activates both 1socitrate dehydrogenase and u-
ketoglutarate delivdrogenase. as well as the
PDH complex.

« The concentration of citrate. the product of the
tirst step of the cifric acid cycle. and an
mmportant allosteric mhibitor of
phosphefiuctokinase-1 of the glycolyiic
patlway

« Dichloroacetate (DCA): mhibits PDH kinase m
the laboratory and so relieves the inhibition of
thie PDH complex ---> TCA ---> apopiosis
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TCA cycle’s Anaplerotic reaction

TABLE 16-2 Anaplerotic Reactions

Reaction

Torite + HEXY » AT st iillidieite + ALY R

Pl rilse | (1 ¢ IR o0 e T sctdcawtie o QTR
w17 - absthicl—=

I hmphosmlzvmuvane « OOy o= ndounwiuie = [

Prruviwde 4| TG « NADCNN = odude 4 NALICET)

Tlysueie) jorganizmisl

Liver, kioney
HearT, skeletal musche

Hip et pilasty, veasd,
harisdia

Witlely disinouted in

eyl yatesan Pyruvate carboxylase is a regulatory enzyme and is virtually
pacrels inactive in the absenceof aceizl-Cod, its positive allosteric
ioditator, Whenever acetyl-CoA, the fuel for the citric acid eycle,
is present in excess, it stimulates the pyruvate earbogylase
reaction to produce more oxaloacetare, enabling the cyvele 1o uss
more acetyl-Cod in the cifrate synthase reaction.



TCA cycle’s Anaplerotic reaction

Role of the citric aoyd cvcle in anabolism Interniediats of the citric
acid cycle are dravn off a5 precursors in many biosyathetic pathways
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The Citric Acid Cycle Serves in Both Catabolic and Anabolic
Processes & some interesting info....

Four- and frve-carbon intermediates of the cvcle serve a3 precursors for a wide vanety of products:
To replace intermediates removed for this purpose, cells employ amaplerotic (replenishing) reactions

All the envvmes are i the mainx of mitochondna except succnare dehvdrogenase which 15 i inner muochondrnal
membrane,

Succinyl CoA svothetase or succimic thiokinase: tndicais the participation of & nucleoside tniphesphate 1 the
reachon

In asrobic organisme, the citric acid cvele 15 an amphibolic pathway, one that serves in both catabolic and anabolic
processes.

oxaloacetate and o~ keroglutarate: precursors of aspartate ‘and glotamate by simple transamination, & purine -and
pyrimudine nucleotides svnthess,

Suceinyl-CoA central intermediate in the synthesis of the porphvnn nine of heme sroups. which sérve as oxyzen
camiers (in hemoglobin and myoglobin) and electron camiers (in cytochromes)

oxaloacetate can be converted to glucose via gluconsogenesis
Conversion of acefate oracetyl-CoA to'giucose occurs 1n bacteria_plants, funm_and protists: the glvoxylate cyele

Metabolon: A supramolecular assemblyv of sequential metabolic enzyvmes. sxampls: malate dehvdrogenass, citrate
svathase and acomitase — metabolon



Citric Acid Cycle Activity Changes in Tumors...

* Down regulation of mitochondrial pyruvate carrier
(MPC) & PDH

* I eads 1o pyruvate accumulation in cytosol.

* Accumulation of Lactate and succinate:
oncometabolites

* Leading to tumor growih. acting through specific
G protem—coupled receptors GPCRs.

« Mutations in ciiric acid cycle enzymes: succmate
dehydrogenase lead to tumors of the adrenal gland:

* Mutations in the fumarase gene lead to tumors of
smooth muscle (lelomyomas) and Kidney




Questions to workout......

1. Net Equation for Glycolysis and the Citric Acid Cyvcle. Write the net
biochemical eguation for the metabolism of a molecule of glucose by glyeolysis
and the citric acid eyele, including all cofactors.

2. Thiamine Deficiency Individuals with a thiammne-deficient diet have relatively

high levels of pyruvate intheir blood. Explain this 1n biochemical terms.

3. Formation of Oxaloacetate in a Mitochondrion In the last reaction of the citric
acid cycle. malate 15 dehydrogenated to regenerate the oxaloacetate necessary for
the entry of acetyl-CoA into the cycle:

L-Malate + NAD+ — oxaloacetate + NADH + H+ AG™ = 30.0 kl/mol
3.a. Calculate the equilibrium constant for this reaction at 25 °C.

Role of the Vitamin Thiamine People with beriber:, a disease caused by thiamine

efictency. have elevated levels of blood pyruvate and a-ketoglutarate, especially
after consuming a mical rich m glucose. How are these effects related to 2
deficiency of thiamine?



Electron Transport Chain and Oxidative phosphoryvlation

Oxidative phosphorylation - 13 the culmination of enerpy-wiclding metabolism
(catabolizm) in aerobic organizms.

Mitochondria. with the help of protein complexes embedded in the inmer
mitochondral membrans.

Electrons flow from electron donors (oxidizable substrates) through a chain of
membrane-bound ecarriers to a final electron acceptor with a large reduction
potential. The final acceptor is molecular oxygen. Os.

The free enerey made available by “downhill™ (exergonic) clectron flow is coupled
to the “uphill™ transport of protons across a proton-impermeable membrane.

The transmembrane flow of protons back down their electrochemical gradient

through specific protein channels provides the free energy for synthesis of
ATP. This process 15 catalyzed by a membrane protein complex (ATP synthase)
that couples proton flow to phosphorylation of ADP,

chemiosmotic theory: Peter Mitchell in 1961,

it 15 The movement of 1ons across a sclectively permeable membrane. down theiwr
electrochemical gradient. leading to the formation of ATP.



Electron Transport Chain and Oxidative
phosphorylation and

0 Baduced subistate © Eiectron earriar pump M1
*The praduction of ATP using the process of chemlosmosis Clikl) donates e ot 28 elistrans How'to O
in mitochondria is called oxidative phesphorylation.

Electron carriens (cespiratory chain). -] H

i I
mt-mhrwh: '
[ e %)
FIGURE 19-1 The chamissmotic mechanism for ATP synthesiz in
mitechondria: Ulestrons move spontansontty througl achan of g - : ﬁm
metilraie—tound carrisrs, (e reapiratony chaip, diven by the high oI © | Envrgy ol g How i3 stored =1,
resd it | onn oot il o oy peo anid (e rebativiely low peddbic Hos potentials o 2 electrochu|ce] patelel
the yarious rodyced substrates (Mects) that underme ccadation in the YN ATP smihass g
b Bt bdo e Electron Those creiles ah 2lectrochiemileal potentisl by e = R - | — H
frankisinbirans thovenmieil of protons 2l postilvedlisme. This MY = = v
erietrodhemical potstial deives AR synthasis Sy aemsmibrane Bocn P M ¥ ' - I
srrceine (ATP synithase) that s hdamentally siollar in mitohordria amd H* =

chlmoplasts, and i bactorda wmil archaca swrll, L synfse cses dlecuuchmics

patential to synthesize ATP. =5
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Electron Transport Chain and
Oxadative phosphorylation

. E?%gt& Kennedy and Albert Lehnmeer mitochindria as a site
o ]

* mitochondra have about 1 100 protains

* The functions of up to 23% of these remam partly orentirely
eAIgMAtic.

* Under stressful conditions: trigger mutochondrial fissionand
sometmes Mitophagy.

* Omadative phosphorylation begins with the entry of electrons
wto the seties of electron carmers called the Respiratory chain

* ‘electrons arise from the actien of dehvdtoganases that collect
electrons from catabolic pathwavs and funnel them into
umiversal electron acceptors — Nicotinamids nucleotides

(NAD+ or NADP+) or flavin nucleotides (FMN or FAD),

FIGURE 12-2 Biochemical anatamy of a mitochondrion, 4] The auter membinane His pares thist make i
perrrial b to Small iwvoletlbes wid oy BUL ot (o gloteine. THe criste Brovdea soiy lomo s boe soea.
The innes slectron transhor

framThdant of 4 dngls lver mitachondsms may have more than 1m0 oot of

Sreams Hetpumtory Ottt ATF surthase mdlE i, iirrit s caonr the memorans iltace: (21 &



Electron Transport Chain and Oxidative

phosphorylation

Thres types of electron transfers occor i oxidative phosphoryiation:

(1) direct transfer of electrons, a5 in the reduction of Fe to e~

(2) transfer as 3 hydrogen alom (3 =¢27)

(3 ) transfer as a Ivdride fon (H), which baars twe clectrons.

Thrée other tvpes of electron camying molecules function i the réspuatory chiain Thev ars
A) vbiquinone® A type hyvdrophobic guinone (small},

B & ¢) ortochromess and fron-sulfor proteins

Ubiquinone (also called coenzyme Q, or simiply Q) 15 3 Lipid-soloble benzoquinone with 3 leng
soprenoid side cham

(*QH or ubisemiquinone, or ubiguanol (QH2).
junction between a two electron donor and a one-electron-accepter.
freely diffus:ble, not hound to protem, shuttles between inner membrane and matnix

The cytochromes ars proteins with charactenistic strong absorption of visible Light. due to theiwr won-
comtaining Beme prosthebic groups.

Three types - a, 5, and ¢,



Electron Transport Chain & OP

Parkrix On side

NADH =H* NaDb*

Schensatic representation of ETC_Broken lines indicate the diffusion of ) 1n the plane of the mner membrane, and of
cytochrome ¢ through the inter membrane space (P).



Compiex IT Succinate dehydropenase
Corplex Il Dbiquinote cfochrome ¢

Cochrome =

45 poly pegla,#{l 4, M{ﬁmywmh
(min )

4-zabunitg [-{:-5: DAL B maemnx); FAD JFe-
23 heme b (BS 10 ©Q)

Ditrer & cuntaims spiochromw &, cricoiromm 2,
e the Riecks bon-2afer rovainll

I;Héme

Disielc anzytes — 13 sublinits sash. Hemes, CUA,

wmmmm

NADH =S

5= Q —=NAD— QH. ~aF

oxidatson of soccinate and reduction of nhguinene a8
another 31te

wmmﬁm@muw: Thirtza

{ﬂ. Iﬁjh:{mﬁmaﬂ] I —= Q= Loste(rmducad) =
4,

Soluble protem: aszociated at B axde of Mt M cviochrome ¢
maves i the intermembrans 3pace to Complex IV 1z donate
the electron 10 o branclear copper center

Dhmeric enzyme Blectron transfer thronsh Complex TV is
from cvinchronis ¢ to the CuA contes.

to heme & to the heie a3-OuB caater, and finally to O,

4 vt c(reduzed) = 8H 5.~ 0:— 4 o7t ¢ (exidizad) =
455 - 250

"Complex IV- E'vtﬂcl:u:ume oxidase every four electrons passing throush this complex. the enryme consumes
four “substrare” H- from the matrix (vside) in cons erting Ozto two 0.






Q cycle- proposed by Mitchell

(b Slig=J

ol dirgnrme
GHz + 3 + gt rdomsdlped] — Qs =00 4 THY 4 ot ldidimd]  —
Q@ G OHE e (i) 0 b 2HE Ay + eyb e (edueed)

Mot aguanen: Gty = Toyj elmodipea) = Fly — G2 Toyleiimdioss 4 G

Q cycle As electrons move from QH:through Complex |ll, QH:z is oxidized with the release of protons on
one side of the membrane (at Q=), while at the other site (Qw), Q is reduced and protons are taken up.

i
=



* Electrons reach Q through Complexes | and ||
* Reduced Q (QH2) serves as a mobile carrier of electrons and protons.

* |t passes electrons to Complex lll, which passes them to another mobile
connecting link, cytochrome ¢

* Complex IV then transfers electrons from reduced cytochrome c to 02.

* Electron flow through Complexes |, lll, and IV is accompanied by proton
efflux from the matrix into the intermembrane space.

* Chemiosmotic coupling: Coupling of ATP synthesis to electron transfer by a
transmembrane difference in charge and pH.



Inhibitors of ETC and ATP synthesis

ComplexI- NADH Anrvial, potetions (an 24, Dinfroghssis] —

delndrogenass sssecrioids), 2nd prencidin A (20 antibronc)  unconpling azent

(NADH:ubiguinone sihabet electron flow from the Fe-S centers |

-oxidoreductase) of Complex I to ubiqunone. Narrie Furction Site of Actian

Cn:zl:qﬂﬂﬁ Secinse Carhoxin Fentachioeophenel Retenane tonsacel Camplen |
& 4 |

e Annmn e e Amytal wﬁw Complox
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Inhibitors of ETC and ATP synthesis

H+0, MO ApPep | AR




The free-energy change for the creanon of an electrochemical gradient by an

100 pump 1s.
AG=RT In{C2/C1) + ZF Ay side
(2 and C1 are the concentrations of an ton mn two regrons. C2 > €1: Zis the :H']; =y

absolute value of itz electrical charge (| for a proton); and Ay 13 the
transmembrane difference 1n ¢lecinical poterial,  measured in voits
For protons,
In (C2C1)=2.3 (log[H+]P - lo g[H+IN)

=2 3 (pHXN — pHP)

Furiher it reduces to AG =2 3RT ApH +FAy
In-actively respiring omtochondna, the measured Aw 150 .15 10 020V, and the- ide
pH of the matrix is about 0.73 units more alkaline than that of the T, = &

mtﬂfmmhfﬂﬂﬂ SpaceE:

Frgure: Proton-motive force The inner mitochondria!l meembrans separates two
compartmisnts of different [H.], resulting in differences in chemiical concentration (ApH)
and charge destnbution (A ) across the mambrane
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ATP SYNTHESIS BY ATP SYNTHASE

* chemiosmotic model; Peter Mutchell

* the proton-motive force — drives the i A
synthesis of ATP as protons flow S I
passively back into the matrix througha o b el o &
proton pore in ATP synthase. | A I’f“‘-’-"h ' U"““‘*
« Tt1isrepresented as Masiin o O Y
) (wmidal ! 1
* ADP+P, +nH > — ATP+H,0 +nH ™y | \
* F-type ATPase/complex V | e R gy pos
, . bas -
« Fl. a peripheral membrane protein. and | Frstar o fves
. Dol presedld syt pomrta 7 wpnitwna o
* Fo (o denoting oligomyein-sensitive). Sisf G -+ R » .‘*,.:’mm'm
which is integral to the membrans. ST R :

» Efraim Racker: F1l companentin 1960s

Firr chemsoambtic model In this simpls repr=edintion of the chemiommtitit thesry applied to motochoddon elaction from NADH and other otidizablle sebatonr=
pata throusH & chain of Givty aaneed sorpwnetnallv m e aee memiheans Electron flow & aocoevimnied by proion remier soross the miembans “prodicnis
both & chemmeal eradient | ApH) atd on elscmeal srasfient (Ay) which, confited, create fhe protre-motive Bve The rmee metochondnel membrane o stbertieahl
o pIOECeE pEDiORE €an feerie fie matnn oaly throosk proton-specific chansls (Fo) The proommotive force: thn dives puotons: Dk soio e oot proswdes Hie
naEy o AT nbes, cisivred by the T compiex =socistsd wih Pe



P SYNTHESIS - ATP SYNTHAS

* F1: three f & a subunits. One & umits.
central shaft - y subunit.

* o0 subunit - oligomycin sensitivity

* Fo — has a ¢ ring. made up of a number C
subunits. small. hvdrophobic proteins:
provides path for proton movement.

» Paul Boyer propoesed a rotational
catalysis mechanism ---—- ATP synthesis




BINDING-CHANGE MODEL OF ATP

SYNTHASE DURING

The Ficomplex has thres ponegusvalent adenine nucleotide—binding
‘sites, ona for each parr of o and § subunits At any given moment. one
of theéss sites is 1n the B-ATP conformation (which binds ATP nahtly), 2
second i mn the -ADP (loose-binding) conformation. and a thud isin
the f=mpty (veryv-loose-binding) conformation.

in this view fromthe N side; the proton-motive force causes rotation of
the central shaft— the vaubunst, shown as 3 green arrowhead — which
comes into contactwith each aff subumt pair in suCcession

This produces a cooperative conformational chanoe m which the B-ATP
site 15 converied to the f-empty conformation, and ATP dissociates: the
E-ADP site 13 converted to the B-ATP conformatron, which promotes
condenzation of bound ADP = P1 to form ATP; and the §- empry site
becomes 2 f-ADP site, which loosely binds ADP +P1 entenne from the
solvent

Note that the direction of rotation réverses when the ATP synthase 15
acting asan ATPase
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Regulation mechanism

* In hypoxic (oxygen-deprived) cells, a protein inhibitor blocks ATP
hydrolysis by the reverse activity of ATP synthase, preventing a drastic

drop in [ATP].
* The adaptive responses to hypoxia, mediated by HIF-1, slow electron

transfer into the respiratory chain and modify Complex IV to act more
efficiently under low-oxygen conditions.

* ATP and ADP concentrations set the rate of electron transfer through
the respiratory chain via a series of coordinated controls on
respiration, glycolysis, and the citric acid cycle.



Additional information.....

The cytochromes are protems with charactenstic

strong absorption of visible light. due to their wron-

contaimng heme prosthetic groups.

cytochromes. designated a, b, and ¢.

type a cytochromes : longest wavelength 600nm:

type b cytochromes: S60nm

type a cytochromes: $50nm The ratio of ATP synthesized per %40z reduced to HzO (the PO
rano ) 1s about 2.3 when alectrons enter the resparatory chain a1
Complex I and 1.5 when electrons =nter at ubiguinons. This
ratio vanes among species, dependine on the number of ¢
subuntts in the Fecomplex



Additional Intformation....

* iron-sulfur protein: One of a large family of electron-transter proteins in
which the eleciron carrier 1s one or more iron ions associared with twoe or
more sulfur atoms of Cys residues or of inoreanic suiphide.

* parficipate 1 one-electron transfers i which one iron atom of the Fe-S
cluster 1s oxidized or reduced.

» Eight Fe-S protems function in mitochondrial electron transter

* The reduction potential of Fe-S proteins varies from —0.65V to +0.45V,
depending on the microenvironment of the iron within the protem.

* Rieske iron-sulfur protein: A type of won-sulfur protein i1 which two of
the ligands to the central iron ion are His side chains: act In many electron-
transfer sequences. including oxidative phosphorylation and
photophosphorylation.



Nucleosides. nucleofides. nucleic acids - structure, diversity and
function
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Nucleosides, nucleotides, nucleic acids -
structure, diversity and function

* MNucleie acids
» Friedrich Meischer (1869)

* These ars biopolymers. or small biomolecules: held by 3 & 5" Phosphate bridees and has:
high molecular weght,

* Made up Nucleondes: enerzy currency - DNA. RNA's
Imipoitance:. ...

* Chemical links m the response of cells to hormonss

* Involvad m every facet of cellular life

* Structural components: some co-enzyme, cofactors, b-complex vitamins and metabolic
misrmediates

* Constituents of nucisic acuds: molecular repositonies & funcnonal expressions of biclogical
mformation. ' ' '

* Storage. transfer and decodine of genstic matenals - DNABRNA



|
fwo types - nucielc acid

o — LS — T

o DNA - deoxyribo nuclelc acid
o RNA — Eibo nucleic acids

Made up of - Nucleotides

Nitrogenous bgse linked to a 1C of rbose
[deoxyribose sugar by glycoside bond, aleng with
at least g Phospphate group

Nuclegside: Nittogenous base linked 1C of ribose
/deoxyribose sugar by glycoside bond

* The base of a nucleotide is joined covalently (at N-1 of pyrimidines and N-9 of purinss) in
an N-f-glycosyl bend to the 1’ carbon of the pentose, and the phosphate is esterified to the &
carbon.

* The N-f-glycosyl bond is formed by removal of the elements of water.



Nucleoside and Nucleotide

Purine ar
pyrirmidine
_ base
0
) Elemtm:gennus . 5
(mitrogen-contamine) base Phosphate _D—Iﬁ—D-—EHE 0 4
; U y " Pentose
Nucleotide . (2) A pentose sugar H H
OH OH
(a)
. (31 On= or more
phosphats-group
{1)A nitrog=nous

(nitrogen-—contamnmng) base
Nucleoside -

« (2)A pentose sugar



A nitrogenous (nitrogen-containing) base

Planar, aromatic. heterocyclic molecules (N).
Two types: Purine & Pyrimudine.
Purines: 1s a heterocyclic aromatic organic compound that consists of a

(77N pyrimidine ring fused to an imidazole ring.

N P _—

H fypes:
Adenine-6-amino purine
Guanine: 6-0xXy-2-amino purine

J_.-"E . M E N
N"I 56- r!", I'“|'1| 5': T

| | I_IGH s CH
Hﬁiﬂ Sl B c:,'c o
M o b4

Adenine (A) Guanine (G)



A nitrogenous (nitrogen-containing) base

Pynmidine: heterocyelic aromatic Simngle ring étructure

Pyrimidine

3 TYPES:

Cytosing (C): 2-oxydaminoPyrimidine: DNA'BNA

Uracil (U); 2.4—dioxy-Pynmidine; RNA

Thymune (T): 2.4—dioxy-SmethylPyrnmidine: DNA

o O

- G CH
gl ¥ . P ’
HT:l{ E'?H HNg © sC

. [

o o G{‘;&H o ﬂf b ;;f. H
H

Uracll (U)
(found in RNA)

Thymine (T)
(found in DNA)



SIGAR: 2TYPES
‘ o DeoxyRibose: DNA

o Ribose: RNA

o [3-D Ribose; B-D deoxvRibose

o 5 Carbon atom
o Stable structure
Bonding:

I u'u;r.f‘: Oy - 31
u-.-""‘-' ‘ﬁ
& 1
I H
IR "H
(3 8

i
LH. j

(- —Trihone

1. Phosphate group

Imparts negative charge.
Forms P-di-ester bond b/w two
ribose (@ C35 in DNA.

A & G: NY arom links o 1C_fi-1) nibose sugar by glveosidic bond
U.C & T: NI aroms links ro 1C ribose sugar by glvecosidic bond

3
HOHE C O aoH

| Structurs of NMucleotid=s| ,,
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Nucleotide and Nucleic acid Nomenclature

- :D\ ‘
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Nockeassdn Hodeotide Hhaebeic el I T TS| nutleoside dphtsphais——-— :
————— nuoleoside tiphosphate———
Deoxyadennding Decxyadanytate DNA
Guangsine Guamylite IiA
Druxyguanssine [esvyguanylice ONA
Eirﬂﬂq'l Cytidylate ANA
WH M}Frﬂdﬂn& | DA
Thymiimo or deaxythymidime.  Thymidylata or deoxythymidylate  DNA
Uridinn Uridylati ki




NITROGENOUS BASES AND THEIR DERIVATIVES
FOUND IN RNA AND DNA

Base

Adenine (A)

| Rihonucleosid | Ribonucleotide | Deoxyribonucleoside | Deoxyribonucleotide
L <
Adenosine Adenosine Dexoyadenosine | Deoxyadenasine
manaphosphate (AMP) monophesphate (dAMP)
| Guanesine Guanesine | Deoxyguanosine | Deoxyguanosine
monophosphate (GMFP) monophosphate (dGRMFP)
Cytidine  Cytidine monophesphate | Deoxycytidine Deoxyevtidine
(UMP) monophoesphate (dCNF)
. Uridine  Uridine monophosphate | Deoxyuridine | De
(UMP) monsphosphate (d UMP)
Thysiding Thynisdisie Desxyihymddine | Deoxythymidine
monophsophate (TMF) manophasphate (d THMP)




Phosphodiester Bonds Link Successive
Nucleotides in Nucleic Acids

Cri A R A
5" phosphate group of one mucleothide unit is joined to the o Ead o Eiid
3'- hydroxyl group of the next nucleotide: covalent bonds: » o 0
phosphodiester inkage 3' Oty O—fpuo

; : [.I | A Lh L
alternating phosphate and pentose residuss, ¥ i, O 1,0 m
Nitrogenous bases - side groups. N N
The backbones of both DNA and RNA are hydrophilic. e 7 7 ¢ &
N _ e - ST

The hydroxyl groups of the sugar residues form hydrogen o (1]
bonds wath water. - T PR N

H  H
The phosphate groups. with a pKa near 0. are completely 1 !
iottized and negatively charged at pH 7, and the negative 'Il" .

’ C . . " P - = L& '—

charges are generally neutralized by ionic interactions with |
posifive charges on proteins, metal 1ons. and polyvamines. vy 0 £

| H i
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Diversitv of RNA and their function....
mRNA

"RIBONUCLEIC AC |

a. MRNA (messenger RNA)

= large family of RN A miclecules

P e

o Convey the Genetic mformation for biosynthesis ol .~
O Transcermibed in Nucleus in native form by the enz IRNA
Polyvmerase, processed & tmnsported to evioplasm.
O Exons: coding seq mirons: noncoding;
( }nlv exons (triplet codon)- mature mIRINA

(UTR) capping & 3" (UUTR) Poly A mail
1: diEE‘GVE‘FGd
Jacob, Sycdney Brenner
MOaTThew Mesalson

Cotiforntia Iinsfitule ol Ted

< .

Prtma:v F:r'-.tn lrnﬂﬁmarn
Exol L

l REA pOCIrESIng

HACH OIOTY shliced RNA
-- Exon 1 Ekxon @ Exon 3 AAKARARS
oA FOYy -4 tail

5 parntreunslotesed 2 wrttrmrvsimtegd
rexiors fEr{gicini




Diversity of RNA and their function....

'RNA
RIBONUCLEIC E—— |

b. rRNA (ribosomal RNA)

o component of the nbosome
o predomimant
o 60% TRNA and 40% protem by weight,

o Helps in protein synthesis

@ Ribosomal proteins — Core and split proteins

¢ Ewrymies - Imtistion foctors: 071, IF2, TEF3|

@ Elongauon lactors: Tw, T'd, G & peptidy] tramslerase, termination
tnetors: 1 and B2

o Metalwons hike: Mg, Co. Mn, e1¢..

0 RINA chametensnces are imporiant i eynlaton

o rRNA is the target of numerous ¢limeallv velevant pptibiodes




Diversity of RNA and their function.....
rRNA

TYPES -BASED ON SEDIMENTATIGN
RATE, TWO TYPES

1. 705 — Prokaryotes
2. 80S — Eukaryotes

LS WTE TR Sy v r R ST R JRY PNt T T

siructurs el firrm s ot Thm 1Bl
Ver—rmalan
e, shosorme (B05) ZESRMA L TIB
g ) (42 = 307 daitons) .
. S} A | | § 55 RNA (150
= LY I-". 5 -
NG ISHRNANE e
\hg/r : :
R ‘II'.._:__ _. _h‘?- ol 5_-:":].:! i ﬂﬂﬁ‘i
v .r'."' 3 i
“ . 1S FANA (1574 )
w 1 - s
( g s 1‘:1., " - 13 protees
¥ | ]
\ I-"i ) ., . 205 mdunit




Diversity of RNA and their function....
tRNA(transfer RNA)

« Adaptor RNA

+ Interface b/w NA language to
Protein language

« Present m cvtosol and organelles

« Robert Holley and co-workers 1#
seq the tIRNA m 1965

= N el
Amencan biochemast
AlatBNA

Nobel Prize in Medicmn= and
Physiology -1968




Diversity of RNA and their function....

tRNA (transfer RNA)
dDecode a messenger RNA A g B aczsptoy o
QConsist of 76 to 90 nucleotides in length ';5&”‘“ A
ESALEF e
Its a physical link between the mRNA and ,:: T
the amino acid sequence of proteins . ,_ "
EACAL W
QStructurally -primary structure. secondary ,""ﬂﬁ ddibs + £
structwre. (clover leaf structure), and ';‘,Htg,- =,
tertiary structure(L) | T i
dThe lengths of each arm. as well as the = d@
loop 'diameter’, in a tRNA molecule vary micodonam &
from species to species oy d
Succhoromyves cerevithae
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1sfer RNA)

i

NA(tran

B e Ll S e P
iversity of

CUA trrTIIRA

Anncodon anm

Aeviitodon



RIBONUCLEIC ACTD=TTF5S
c. IRNA (transfer RNA)

o Contains usual bases as a result of enzymatic
modification =PTM

o Unpaired bases - loop structure, rich in usual bases.

o These loops serves as potential recognifion sites for
various profeins.

o The lolded structure s due te the presence of
complementary bbase in the other side.

o The usual bases are: D-dihydrouridine (D arm)
m*G- methylguanosine; m2,G-dimethylguanosine
mC-methycytosine; W —pseudouridine, T-

ribothymidine

o Transfer RNAs have g sugar-phosphate backbone




The crysfal sfrucfure
other Imporiant points:

o conserved structural features: o
o 5'P: phosphe guanine (7 base] ¢
o D arm;4- to é-bp stem ending in a loop G-t
that often confains dihvdrouriding, "'g: o P
o Anticodon arm: 5-bp stem. anficodon G—U T
with usual base. -
o variable arm: length varies (4 - 2? U= cu .
nucleotides) '&u G".:u;.-.a?-.u DACAR™ i
o TWC arm: 4- fo 5- bp stem :nnfﬂlnlr@ T Saa L
the sequence TWC where ¥ Ggat%%s  Jwe
is pseudourdine, a modified widine. E:g' il ¥
o 3" amino acid gcceptor stem:7-to bp A= bl R
stermn reulg
o CCA toil lsa cvlosine-cytosine- = 3
denine seguences atthe 3 end o Gk

om aminaacyl-TRNA
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347

Funcrion

o helps decode a messenger RNA [mRNA) seque . -
into a protein, S ‘

» tRNAs function at specific sites in the ribosome (7 #
translation. K

b The codon on mRNA is specific for each a. a and

| recognized by anticodon region of specific tRNA.

p the D-arm and T-arm; contribute to the high level of

| specificity and efficiency.

o The D-arm is a highly variable region and plays an
impaortant role In stabilizing the RNA's farfiary
structure and also influences the kinetics and

agccuracy of ranslation al the nbosome

b The T-arm is involved in the interaction of IRNA with
the ribosome.




| . |

Function

o Pseudouridine - structural integrity by stiffening the
nearby sugar-phosphate backbone.

o Recognition of codon is by anticodon site — wobble
hypothesis

o Amine acid activation

A_A are covalently linked to 3' end by the enz amino
acyl IRNA synthase (aaRS)

activates the correct a.a to be incorporated.
Zsteps reaction:
ATP+ a.a =2 aminoacyl-AMP+Ppi
aminoacyl-AMP + 1RNA = aminoacylHRNA + AMP




Structure of DNA - Major form of B forn

Watson. Crick. & Roseland Franklin.

Based on X ray diffraction analysis of crystals 5_ r

of duplex oligonucieotides. o l h(‘
N e ¢/, Double
Also called as Watson and Crick model: ' A
Nobelprize-1962 Jil e ! E!(M! ! }

JAMES D.WATSON

-

K >

Franom Crck James Walson  Malitks Wilkine Rossling Frankln




76

Structure of DNA - Major form of B form

» polymer of nucleonides.
» Double stranded.
+ 2 chamns —spiral around each other = nght handed helix

« In double strand to a one strand other strand runs in antiparallel
direction.

r * 1,853 &3"=2H’
~ « S-P-S-P form the backbone structure of each strand
« A. T, G. C occupies the planes are 1 long axis.
« AiT& Gi:iC
~ = Hyvdrophobic & van der Waals force - stacking & stability of the
structure.

w 08 WA LAY

ahig @il dag§ gl SafQFE Ry amy |

LRl A LT 2L




Structure of DNA - Major form of B form

76

2 strands are held by Hydrogen bond
+ Width of the DNA is 2nm (20 A)
+ Purine always paired with pyrimidine ’
* Space b/w adjacent turns of helix form 2 grooves: "'
Major & Minor ;

» They provides the space for binding of proteins :
copying of codes without unwinding of !

+ the strand ;
+ 10 residues -- >one complete furn = 3.4nm (34A).
» 2 strands are complementary to one another

« DNA is negatively charged and dextrorotatory

55
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o

T i s WL D WA R el

Iy ) & P N LR

Structure of DNA - Major form of B
form




Chargaft’s Rules

o Purine and pyrimidine base pdairs are in equal
amount

A+G]=[T+C]|. ie., [A+tG] [/ [T+C] =1

o Molar amount of adenine is always equal to the
molar amount of thymine

[Al =[T], e, [A] /[T =1; [G] = [C], e, [G] / [€] =1

o Sugar deoxyribose and phosphate occurin
equimolar proportions.

o A-T base pairs are rarely equal to C—G base pairs

o The ratio of [A+T] / [G+C] is variable but constant for
a species



Other Types of DNA
I OO O

Helix RH RH LH
Bp/ftum 10 11 12

Verfical 3.4A 256A  19A
bp

Rotation +34" +330 -3V
/bp

Direction of helix

MO P el i b ki b
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phosphate Backbone

nucleic acids are insoluble in water

When attached to a pentose sugar and a phesphate to become a nucleotidge:
soluble

But indrepnobic face of the bases does place strong constraints on the overall
cnufnrmauﬂﬂ ofa lﬂrgr:' D‘"-. A or RNA molecule in solution

The:sugar-phosphate backbone of the polynuciearide also 1mposes strong
-:luauﬂmh on T}E overall -.mltﬂnllaﬂ{!ﬂ of the chains

sugar conformation: defines how the nucleotides are linked to each other 1n
gpace

sugar picker reters to the contormation of the ribose or deoxyribose.

The sugar Pucker 1s defined by the position of C2° and C3" atoms relative to a
plane formed by the C1°. 04° and C4° atoms.

The sugar puckers m DNARNA structures are predominately in either C3'-
endo (A-DNA or RNA) or C2'-endo (B-DNA). correzponding to the A- or B-
form conformation in a duplex.

/ .3 pAsE
A\ p-N.

CR-ando (A-Canformation)

CZ2"-enda (B-Conformation)



Importance......

* Importance of Watson Crick proposal
* Storage of genetic information

* Replication & inheritance

* Expression of genetic material
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What Watson and Crick
really took from Franklin
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Photophosphorylation

Hills Reaction: Robert hull
H-;[} + INADP e = INADPH -+ 2H +

THE EVLOVEMENT OF OXYGEN, IN PRESE‘MEE QF

SUTIABLE ELCETRON ACCEPTOR LIKE
FERRICYANIDE, WHICH IS ANON-PHYSIOLOGICAL
OXIDANTS.

NADP- : ELECTRON ACCEPTOR.

Licht reaction

PSI&PSII

PSII 15 present almost exelusively in the granal regions
PSI almost exclusively in stromal regions

‘“ A = Illﬁ.ﬁr.‘l‘m'!-l_‘

ruedttheahi Criccarpme  Complen i I St
franz [ il i %

bty O \ s

| M = :

s L I.gl = 4 4"

o~ \ — Pl sa "N o

. = che L=

=il il

i | E | —— (drorma] thyfeeyids)

BT Dol . e



chioroplast stroma

_2H++ 112 0, + 2¢°

L HULUPIUVLOPIUL Y 1duiuid

Noncyclic Photophosphorylation

[T
I

NADE* + 2H* + 2&- — NADPH + H-

Involves BS | and PS 1),

PS |I: PERO (short-wavelength) Chia
P51 700 {long-wavelength).
Thylakoid membrane.

z. Abeorption of light

b. ET leads to formation of O, from H.D
o
d
=

Reduction of NADP=ta NADPH

. Beneration of proton motjve force
. Synthesis of ATP

Plastoquinone: PS ], gréen plants,
Thightly bound & lossely bound electron
carreirs. DA and QB.

88 — > POH2 plastogquinol.

thviakoid lumen Noncyclic photophosphorylation



Photophosphorylation
Noncyclic Photophosphorylation

e- = Phenaphytin (picoses) — > Plastaqueningl -— > cytochrome bf 6
(Rieske iran-sulfur protein, 2 heme) — > H+ pump — >



Light

Photophosphorylation

Cyclic Photophosphorylation

Fe-5

\
"\

Cyt bﬁfl Proton gradient

Plazkacvanin

Al e

I
AL

- -.--_b. | .||| '
(L
(it

— _.t.l.r.:

thylakold lumon

# Cwvclic eleciron transter produces only
ATP and allows vanability in the
proportions of NADPH and ATP formed

# When levels of NADP-+are low and
levels of NADPH are hich, electrons
from P700 are returned to 1t via the
evtochrame b&f complex.

# There wall no reduoction of NADP- but
protons are pumped across the
membrane and thersfore ATP 15
generated
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