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PYRUVATE METABOLISM

* Aim: to explain the mechanism and control of pyruvate dehydrogenase,

the multienzyme system responsible for the conversion of pyruvate to
acetyl-CoA.

e Content:

1. The reaction mechanism mvolved in the conversion of pyruvate to
acetyl-CoA.

2. The organization of the 3 enzymes-E1, E2, E3- of the multienzyme
complex.

3. The S coenzymes involved in the reaction and the 5 B vitamins from
which they derived.

4. The allosteric and covalent modification of the kinase and phosphatase
controlling E1.




OBJECTIVES

Write out the reactions involved 1n the conversion of pyruvate to acetyl-CoA
catalyzed by pyruvate dehydrogenase

Explain the functions of TTP, lipoate, coenzyme A, FAD, and NAD in the
pyruvate dehydrogenase-catalyzed reaction.

Demonstrate that you understand how the activity of the enzyme 1s influenced
by insulin and fed state.

Demonstrate that you understand how the liver enzyme is controlled in the
fasted state when that organ is a glucose producer

Explain the central role of pyruvate and acetyl-CoA 1in metabolism.
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Pyruvate 1s at important

metabolic crossroads
Lactate dehydrogenase

Pyruvate dehydrogenase
Fatty acid synthesis
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Ketone body utilization
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Pyruvate carboxylase

transamination
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3 rypes

PYRUVATE DEHYDROGENASE ...

* Oxidative decarboxylation of pyruvate to acetyl CoA.
* The reaction occurs in mitochondrial matrix £ e
. 3dew;12ymes, 5 coenzymes-thiamin pyrophosphate(B1), lipoamide, Flavin adenine dinucleotide (B2), coenzymeX*rhcm i

A (contain B3), and NAD (niacin)-are required. W > The
Choyme
El : Pyruvate dehydrogenase decarboxylase. wilt NoT

work.

E2 : Dihydrolipoyl transacetylase - st an aceg grop 0 Gipoic acd.
E3 : Dihydrolipoyl dehydrogenase - i w.

"In addition , there are two enzymes, a kinase and a phosphatase, which have key role to play in the control of

pyruvate dehydrogenase complex. ‘e coment moseaions
Phosphatase action activates it, phosphorylation of E1 by the kinase causes inactivation.
» Several key metabolites such as CoASH, acetyl-CoA, NADH affect the activity of the kinase and phosphatase

* Itis important to emphasize the irreversible nature of the reaction catalyzed by the PDH complex. Thus
acetyl CoA CANNOT be converted to pyruvate by any known enzyme or pathway:this is the reason
that a net conversion of acetyl CoA from fatty acid catabolism to carbohydrate cannot occur in
mammalS. NO  Glucose From fﬂ)cb‘d acids.
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Figure 14.14 Mechanism of the pyruvate dehydrogenase multienzyme complex.

Textbook of Biochemistry with Clinical Correlations, 7e edited by Thomas M. Devlin © 2011 John Wiley & Sons, Inc.



Are they relared 2
Eeﬂuﬂorion —5 Allogsteric = Peedback inhibition ]k synchronized  BUT with differenr mechanizms.

* NADHE inhibit +he oomp\c{J with 2 diBferent

Covalenr mooliEicarioﬂ- — P,no b/ mechanisms.

Control of Pyruvate
Dehydrogenase; <«

In the fed state in the liver this rex
should be turned on” in order that
glucose can be efficiently converted
to fatty acids.

activate  Kinase

During the fasted state this rex
should be turned off in order that
pyruvate will all be driven into
gluconeogenic pathway.

NADH/NAD, ACETYL COA/COA
effects

Mg and Ca++
Insulin & catecholamines.

Ref: Molecular biology and biochemistry
of pyruvate dehydrogenase complexes,
Mulchand Patel and Thomas Roche, The
FASEB Journal 4: 3224-3233, 1990
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e TCA(TRICARBOXYLIC ACID) CYCLE, KREB’S CYCLE, CITRIC ACID

Pa+hwo%.

oo 3 CYCLE, AND ELECTRON TRANSPORT CHAIN AND OXIDATIVE
PHOSPHORYLATION

Aim: To explain the reactions of krebs tricarboxylic acid cycle and the associated electron transport chain and oxidative-phosphorylation.
Contents:

The reactions of TCA.

The fate of carbons from OAA and acetyl CoA in the TCA cycle.
« NADH, FADH2 and GTP production.

Substrate level formation of GTP.

Succinate dehydrogenase and FAD.

The control of TCA cycle.

Shuttles of cytosolic NADH.
» The organization of electrontransport chain.

Iron sulfur proteins, ubiquinone and cytochromes. Cytochrome ¢ oxidase.

Inhibitors of electron transport chain-action of rotenone, antimycine A, carbon monoxide and cyanide.
* Thiories of oxidative phosphorylation.

ATP synthase.

*  Uncoupling of oxidation and phosphorylation.

Action of oligomycin. ATP yield from aerobic metabolism of glucose.



Objectives

ORI R D=

U
S

Write the reactions of TCA and follow the fate of the 2-carbon unit in acetyl-CoA.
Identify the reactions in which NADH i1s formed

Recognize the reactions of TCA where GTP and FADH2 are generated.

Define those reactions of TCA where energy charge and NADH/NAD controls the rate.
Demonstrate an understanding of the 5 complexes in the ETC.

Identify those reactionsin ETC where protons may be generated

Demonstrate knowledge of the sites of action of inhibitors of ETC.

Explain how proton gradient 1s generated and its anatomical relationship of ATP synthase.

Understand how uncoupler of OXPHOS works and the consequences of its action on respiratory
control in mitochondria.

Be able to calculate high energy (Phospha‘;e production associated with aerobic and anaerobic
metabolism of carbohydrates and fatty acids



IMPORTANT FEATURES OF TCA CYCLE

l\'p\dﬁA

* All of the major nutrients can be converted to acetyl CoA in the first 2 stages of
metabolism.

* The complete oxidation of acetyl group of acetyl CoA to CO2 and water 1s accomplished
by the enzymes of TCA cycle —stage 3.

* Itis a vital pathway for metabolism in all aerobics and occupies of a central position in
metabolism because it is the common pathway for the oxidation of all major nutrients-
carbohydrates, lipids, and proteins. L

It provides intermediates for the synthesis of biomolecules- it 1s amphibolic. { energy  producrien

QRSOI bi()&dﬂﬂﬁe&is_,i\»s intermediates  can

. o o o o be used ko synthesize
* The oxidation of acetyl unit results in the reduction of NAD & FAD to NADH-+H and o secssie
FADH2. iyahere

3WOMoﬁenc&i S

* The hydrogens or electrons of these reduced cofactors, are transferred to oxygen to form
water via ETC

* ATP is generated as electrons are transferred to oxygen.
* The reactions of TCA occur in the mitochondrial matrix except succinate dehydrogenase



IMPORTANT FEATURES OF TCA CYCLE

» All the enzymes of TCA are associated with mitochondria (aerobic). Glycolysis 1s
anaerobic and occurs in the cytoplasm.

* OAA acts CATALYTICALLY. There 1s no net synthesis or degradation of the four carbon
intermediates. iy s anons wi b o

onder  normal  condirioNs.

* Each turn of the TCA cycle involves the uptake of 2 carbon atoms in the form of acetyl
CoA and the release of 2 carbon atoms as CO2 but not the same carbons that were taken
upon condensation.

« Each turn of the cycle results in the transfer of 3 pairs of electrons in the form of hydride
ions to NAD to form NADH; transfer of 1 pair of electrons in the form of 2 hydrogen
atoms to reduce FAD to FADH?2.

 There 1s a substrate level phosphorylation which results in the formation of GTP from
GDP and P1
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REACTIONS OF THE
TCA CYCLE

CITRATE SYNTHASE: Candidate for
regulation, Citrate synthesis is necessary for

fatty acid synthesis, AGO = -9kcal/mol

Q, fuuordde RXN- AT , UADH, Acerf cof-

Ne nergy compoundb
, Regulated By {
sucaynyd  Cof.

ACONITASE: dehydration followed by
hydration AGO'= +1.5 kcal/mol

ISOCITRATE DEHYDROGENASE:
AGO'= -5 kcal/mol, oxidative decarboxylation
of isocitrate to alpha-ketoglutarate; 1st of four
dehydrogenases in the cycle, NADH+H+
formation. AMP& ADP stimulate by lowering
km 10 folds. ATP&NADH inhibit the enzyme
.nhibition of this enzyme will result in an

“increase in citratg) which can be transported

out of mit as substrate for(fatty aci synthesis)- gy guconcogenesic.

& hkah Qevells b AUP -, popP —means that there is Mo ATP
Production = We should srimulate the RAN 33 fou, energy charge.

Ko is Qowered 10 Rdds —— The offniry beromes uery  high.

Remember = low K = high a?Piniry

= high encrgy charge inhibirs +he RXN = U need to produse
more  ATP y/.

All +these RWVs take place
within +he makrix of the

Mitochondfia except Por RN 6- .
- A subsitate level prosphorylarion X
(Glycolysis) (p-oxidation of fatty acids) Y
i Pyruvate
V dehydrogenase ' 2
mitochondfia- - CoASH  CO,
(]
uc—l:l—c—o- Il 3 ADHK
e
Il HyC=—C=—8§==CoA FADM
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. NAD+ | NADH, H+ . T
Pyruvate CoASH condensatlon 1 (%t[ P .
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. help™ the Sormarion
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4. a-KETOGLUTARATE DEHYDROGENASE COMPLEX : — oxidarion and

AGO" = -8 kealfmol . dcoorbox%orion.

2nd molecule of CO2, and the 2nd NADH+H formation.

TPP, lipoic acid, CoAsh, FAD, and NAD are involved. ch* resds TP
ATP, GTP, NADH, and succinyl CoA inhibit the complex, AMP is a positive effector, calci=um is %'c:n:;‘j:i“:;
positive effector. Tenergy Chorge. o energy Charge.

The complex consists of a-ketoglutarate dehydrogenase, dihydrolipoyl transsuccinylase and
dihydrolipoyldehydrogenase. — i ook like the pyravate dehydrogenase complex - in siuciure + mechaniam.
a-ketoglutarate represents a significant point of convergence in metabolism. Several aa are
converted to glutamate which if transaminated or oxidatively deaminated yields

alpha ketoglutarate.

T i . . .
* MOTE — Hhis enuyme  con'+ ondergo  Covalent modifications .

W0 phosphorylarion  or dephosphorylarion .



REACTIONS OF
THE TCA CYCLE

5. SUCCINYL THIOKINASE ,AG0'= -8 kcal/mol:
cleavage of thioester bond is coupled to phosphorylation of
GDP to GTP- substrate level phosphorylatlon .

@ The firor  ATP like mofecule -
Nucleoside diphosphate kinase:

GTP + ADP5GDP+ ATP (1)
Adenylate kinase: AMP+ATPS2ADP...(2) |- o
SUM: GTP+AMP=GDP+ADP

AMP promotes the formation of GDP for the continuation
of the cycle.

6. SUCCINATE DEHYDROGENASE AG0'=0 : the
only dehydrogenation in TCA cycle that is not NAD-
linked, but FAD to form FADH2.malonate is a competitive
inhibitor = * e et

* The OMLY step that happens in +he inner mitochodrial membane.

7. FUMARASE AG0'=0.9 : reversible hydration of
fumarate to L-malate, this enzyme 1s §pecific for the trans
and L-isomers of the unsaturated and hydroxy acids,
respectively. © oo w o] 7 o

+he TC

Ea I )
«o«; _u\A

Via

R
D- isome
top-

will

k The energy AP —> will be formed i the &- transport choin and
oxidative phosph — except Gllycodusis + in krebs cycle in +he
form o GTP.

(Glycolysis) (p-oxidation of fatty acids)

i Pyruvate g
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i

| I
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0=C~—C00-
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Oxaloacetate H,0
[ Citrate .
”O—g—CO-OA NAD+ NADH, He ] synthase Citrate deh}'dratlon & i
Malate : =
ol Aconitase hydratlon

#2 u:<|:—cod'.

H==C~-C00-

HyC=—CO0O0-
HO=—C —C00-
H,C—COO-

H,C—C00- dehydrogenase
Malate #8

hydl"ation Fumarase #7 Krebs CyC’e
H,0 Tricarboxylic acid (TCA) cycle
HE—coo- Citric acid cycle

00C—CH #3 NAD+
Isocitrate
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H

Isocitrate

Fumarate dehydrogenase

[ NADH, H+ ‘
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Succi
. dehyln;/i)::::ne #5 #4 Co;,
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SuccinylCoA
H,;C==C00- synthetase dehydrogenase

oxidative
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substrate level decarbox_ylation
phosphorylation

4

Succinyl-CoA

decarboxylation



REACTIONS OF THE
TCACYCLE

8. MALATE DEHYDROGENASE:
AGO'=+7.1. completes the cycle by
regenerating OAA-A REGENERATING
SUBSTRATE. It is the final of three)
reactions in which NADH+H is produced.

The equilibrium greatly favors the reverse
reaction , the reduction of OAA. However,
citrate Synthesis is closely associated with
the dehydrogenase and removal of OAA
assists in pulling the malate
dehydrogenase reaction towards the
formation of OAA. OAA can be reversibly
transaminated to aspartate

The -AG RXV pulls +he

SUM: +AG  RAN Rorward -
AcetylCoA+3NAD+FAD+GDP+Pi+2H20 =3

2C02+3NADH-+2H+FADH2+GTP+CoASH )

(Glycolysis) (p-oxidation of fatty acids)
: Pyruvi ate i
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v v
CoASH Co,

o

I i
u:c—c—i:[—O- HyC==C==§==CoA
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NAD+ | NADH, H+ .
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u.tI:—coo- HC=—C00-

dehydrogenation/ﬁ' [

Oxaloacetate H,0 HO—(li—COO-

[ . Citrate H;C—C00- .
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HO—C-—C00- NAD+ Citrate
Malate

3 ]
dehydrogenase #1 Aconitase hydratlon
Malate #8 ’

H,C—C00.

#2 H,C—coel
’ H=—C—C00-
hydration ﬁ Fumarase 4] Krebs cycle Ho—§—coo.

H.0 Tricarboxylic acid (TCA) cycle Isocitrate

T Citric acid cycle

e " I‘or:ererro’
Fumarate dehydrogenase
FADH) m 1 - L]
Succinate [ NADH, He ‘ co, Odeatlve
. dehydrogenase #5 #4 e —eon. decarbo lation
-dehydrogenation— o cketoglutarate Xy

dehydrogenase CH;

SuccinylCoA

H_«f—coo' synthetase

?H: GTP ] | NADH, H+ | i
)

¢oo- \ HyC—CO0O0-
GOP. Pi | a-ketoglutarate
Succinate ’ ?": CoASH
co,

e ‘Q—’-“* oxidative
decarboxylation

) NAD*  c—coo.-

substrate level Succinyl-CoA
phosphorylation



They will be converted
bo A-CoR instead oF

P’m‘e Ryruvate . high energy
pyruvate '(M Tﬂ chonge

Regulation of i | @ e conron e oo,
Citric Acid Aot
CyC|e NADH, succinyl-CoA, citrate, ATP
® are, NADH
@ ca*', App AMP
L&Pm +he  muscles.

succinyl-CoA. NADH» ATP, GTP high energy

charge.

The citric acid
cycle is regulated
at its three
exergonic steps
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ELECTRON TRANSPORT SHUTTLES,
AND OXIDATIVE PHOSPHORYLATION

Redlucing powers ]ew ey o

e MO ResTRTD T other
* Products of TCA cycle include NADH-+H+ and FADH2 which are
energy rich molecules because they contain a pair of electrons of high

=%, Snovld  Meach
transfer potential. T e

R . . ekl
» Transfer of these electrons to oxygen thru a series of carriers results 1| » = =

the release of a large amount of energy which can be used to generate
ATP.

» oxidative phosphorylation is the process in which ATP is formed as
electrons are transferred by this series of carriers from NADH+H+ and
FADH2 to O2. - # « s cmn



OXPHOS takes place 1n the

DIAGRAM OF A MITOCHONDRION

mitochondria of the cell

Mitochondria consist of 2
membranes-the outer and the
Inner membranes.

The outer 1s freely permeable to
molecules MW<10K

The mntermembrane space
contains the enzymes that
catalyze the interconversions of
adenine nucleotides 22 Gl w ke ?

The inner membrane space has
many folds directed towards the
mitochondrial matrix. — « e

surface area— More ATP .

TOP VIEW SIDE VIEW

matrix

outer membrane

inner membrane

intermembrane space

crista

enzyme complexes




he(‘Q. ¥ encymes with the same

funciions are Rocated  together.
25 Mackers  oF eoch site.

Location of the various mitochondrial enzymes in mitochondrial compartments.

All TCA
Outer membrane Intermembrane space Inner membrane Matrix cnymes are
|

ocated in

NADH cytochrome b5 Adenylate kinase NADH-Coenzyme Q ch‘;: o
reductase reductase succinake DA,
Cytochrome b5 Nucleoside diphosphokinase Succinate-Coenzyme Q ALPHA-KG DH
Monamine oxidase nucleosidemonophosphokinas  Coenzyme QH2-cytochrome CITRATE SYNTHASE
e c reductase

Glycerophosphate Sulfite oxidase Cytochrome oxidase ACONITASE
acyltransferase
Fatty acid elongation system Oligomycine-sensitive MALATE DH

ATPase

Beta-hydroxyl butyrate DH ISOCITRATE DH

Carnitine palmitoyl FUMARASE

transferase GLUTAMATE DH

sl A g

enymes with e game Suncrion ane Jocased Carbamoylphosphate PYRUVATE
n e same place synthetase [ CARBOXYLASE
FATTY ACYL-COQ DH
ENOYL HYDRASE

BETA-HYDROXYACYL-



Why do we need shuttles P to tanster +he & of WADH From +he

Ogosof  to the mitochondrial makrix.

These MADH mofecules were  pradiuiced
Prom  gllycoluysis - Bue MADH can’ pass
the  mitochondrial  membrane to reach
the € transport Chain, and be osed in

@ a-Glycerol Phosphate-
Dihydroxyacetone

Phosphate shuttle

Glycerol Phosphate Shuttle
(1/2) Glucose

«  DHAP is reduced to glycerol-3- 1

phosphate Glyceraldehyde 3-phosphate i e v by e il v

enyme and the & will be transporied

- Glycerol-3-P is oxidized to ® T s T
DHAP by FAD-dependent — o whons

glycerol-P-dehydrogenase(mit) G3PDH . Glycerol-3PDH ctarons
i r NADH DHAP
NADH(cyt)+FAD(mit)®#NAD(cy Produed o oliels

' Gllycofysis S will be reﬂenembecl

+ 1 ‘mdo Mt;?ipe:d ko bQKeE .ofher
t)+FADH2(mit) » 138PG = m?mgytosol

* | Operation in muscle~ 1 M

FAD
Glycerol-3PDH

FADH.
These & will be
vsed for +he
€ - transport  chain.-

the € transport

cl - "
hain. gl 1) Ui
gy

% Inner mito
(T m— membrane

osePul  NATES 8

space (p side) l

(1) Cytoplasmic Reactions -
€

e Dihydroxy ph te (DHAP) gains hydride

ions from NADH forming glyceral-3-phsophate and NAD*

o Glyceral-3-phosphate has a specific channel into the

« Rememb +h 22 ATP
CH,0H mitochondrial matrix. emc o' H
- gus hondrial 3&1%: ak enemanj DFOdU,(‘E,d Qrom FH D H'L IS \QSS

" Ch, -0
2 -0-® (2) Mitochondrial Matrix Reactions Jd-nn

+
© Glcyceral-3-phosphate reduced FAD to FADH2. UH D H ¥ H ° SO ! CEll's 'HKU: Ube

o Meanwhile FAD oxidizes glyceral-3-phsophate-back to

! is  shuktle  will
ogal-:,:ll;zed by glyceral-3-pt h jehydrog 068 Some eﬂer% Wh\le tan Smr‘-]ng

P y
o Generated FADH; can react with Complex Il

o FADH; transport electrons via Complex Il to the next t Qe
component coenzyme Q until final acceptors are reached. he e Ct’rons °

copyright 1996 MW King

Q0000000C000CERCON000000000
Matrix (v side)



(D) Mal&e—Aspartate Shuttle

L- malate
OAA(cyt) i1s reduced to malate by NAD+ NAD+ e
NADH-dependent malate i _ '\ electron transport chain
dehyd eolvsts NADH+H
chydrogenase. it 1 NADH: )
. . . Dehydrogenase Dehydrogenase /. ' fegenerag
Malate is transported to mitochondria NADH#Heerg 152 ¥ " N ey
where NAD 1s reduced to NADH+H+ “‘“*‘3;;33;’ alpha- ketogutarate alpha- ketoglutarate
and OAA i1s regenerated. T rogsokhh s e b
Oxalacetate
A NADH+H (cyt) has been changed to Amino. = L- aspartate L- aspartate p— must be bronsporred
NADH"‘H""(mlt) Oxalacetate ‘___ME Transferase back  ¢o
Repear |

OAA cannot transverse the mit, By v
however, transaminases and antiporters L- glutamate L- glutamate R0 bernueen

. kem and amine
result in return of OAA to cytoplasm. = actds.
NADH(cyt)*NAD(mit) [ INAD(cyt)+NA Aralar/ citrin %2
DH(mit) Cytosol ;5 Mitochondrial matrix

. Pated
Operational in liver and heart mitochondrial
membrane

* The MNADH of +he curoplasm will be  tromsferred gs
VADH — NO encrgy loss.



Shuttle

Malate-

System Aspartate Glycerophosphate
Two electrons NADH to OAA NADH to DHAP
transferred

Cytosolic Cytosolic glyceral-3-
Through malate phosphate
dehydrogenase dehydrogenase
Product Malate Glyceral-3-phosphate
Mitochondrial
Oxidized by malate Glyceral-3-phosphate
dehydrogenase
dehydrogenase
Oxidized as NAD* FAD *"9 loeex
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(l) Ubiquinone (Q) — NOT protein ” lipid”
Carriers of Electron Transport P s
Chain HyC—0 ccu,—?=é—cn,16_,on
The chain of carriers is called : 7
Electron Transport Chain Or +eel-ee
- Respiratory Chain. A T
s « 7 Sokble “motikc’ that is NOT Prokcin in nasure. it L
@ Coenzyme Q: it has long Nase=0 e e then_recived
isoprenoid tail which HiC—0 (CHy— o C— CHy g
o

enables the molecule to .
diffuse rapidly in the gl 21
hydrocarbon phase of the -

-¢

1 ’ " OH Ubiquinol (QH
inner mitochondrial quinol (QH,)
H3C'—0 CH3 K‘Qq')_e are
membrane. o e
* Carries 2e |, 1¢ at Q Eime. H3C—O ‘CH?_C=C_CH’]6-‘OH
* can donage these & ko OH
other  protein complexcs Figure 7-31 Principles of Blochemistry, 4/
* more (3, morfe = © 2006 Pearson Prentice Hall, Inc,

more  ener )
¢ More  ATp, EY



in Generdd:

These prosthetic groups are
found within the complexes. -
They help +he prorein carriers
ko accept and

donate & berween
+hem.

G Fe- S cenrers
& FAD , uAD

kp heme

Ka and may  others

H—t—OH
—+—OH
—t—OH
G
(l) ) NH,
O=P—0O
(:) </N | XN | Adenie.
O=F'3—O N N/)
o (@)
_J
OH OH
FAD
L dinucleoide.
ovdized Porm .

Can  bind 2 H'.— FRADHe.

can  covalently bind
k6 Some &-chain complexes.

OH OH
FADH,

L~ Donates ity &
odter being reduced to FAD.



vicotinamide  Adenine  dinuleotide .
2 3

( A
NADT _ oo 2

can bind

S in

O’ NH2

N atbached

O o sugpe

OH OH



(, Protein carrier.

Cytochromes (hedme

Proteins) - prosthesc qroup.

different fyper.

Cytochromes (heme
proteins): electron
transfer proteins which
contain heme group and
accept a single electron

in contrast to NAD, FAD,

and coenzyme QQ which
are 2 electron carriers.

* heme? — 4 pyrrofe rings

—> iron akom ’ l-_crr;fg state 3

Ferous ¢ S Lol J
* how do agtochromes  differ 27
their heme groups hae  different
compositions  of +he double bonds
conjugation + side chains ~ qzached
§h° the pyrrole rings ‘a

/pFOdu.cina diPferent hemea)
differenc Mochromes «/

I—— protemn =]
Cys
SI Cys

I—— protein =
Cys
SI Cys

1 e-
%

COOH COOH

haem ¢

COOH COOH

haem ¢



Cys D
\ /S Fe \C &
[ron Sulfur Centers o prostneric s—Fé1—s” | y
[ron sulfur proteins 3roup — complexes /S\‘\Fe_ —s
. . 1 and 2. Cvs / / Cys
contain two or four 1ron y §——Fé—g”
atoms bound to an equal
number of sulfur atoms Cvs—S\ /S\ S—Cys l
and to cysteine side Fe Fe/ j o e
chains. / X/ \
Cys—S S S—Cys

One electron carriers.
Iron-sulfur centers



n Prosthetic group.

Copper Containing

Proteins

In addition to the heme, they
contain copper which
participate in electron
transfers.




ANATOMY OF THE
RESPIRATORY

Respiratory chain subunits encoded by
two genomes: Nuclear and Mitochondria

can move to bind to +he proper comples

- \ i i egra in"
CHAIN conrains L‘l COMDICX DFOTCIDS- inregral - protein Complex [ Complex Il Complex Il / Complex [V Complex ¥V

Complex I: NADH Reductase.

-binds MADH and oxidize ir

NADH + e-> CoQ i/ v

- Gilves ik & o coenzyme Q.

2. Complex II: Succinate-CoQ
Reductase, * takes & from FADHz 1 taken by

S cenrers o o EMN > ko CoQ..
* CoONtaINS  prosthetic =

Succinate+ ¢ = CoQ.

3. Complex III, Cytochrome C
Reductase, - reduces Cue < |

C/Q/\Q +é—§Cyt C — binds CoQu.
4. Complex IV, Cyt Oxidase,

groups + succinake dehydrogenase .

complex|:NADH DH |I: SDH ll:cytcred IV:COX V: ATPase , NOT
Cytcte = OXygen - c e to compers  Mito/ a parr o
"7 nuclear 7/43 0/4 1/11 3/13 213 0 o
5. Complex V: ATPase scopper
* complexes %/ ;ff@ —5 hawe pumping  acHuity - zﬁbia
* Both complercs (142 gue their & o0 oG G Then to Or— HO

(G- 3—>03X'C—7L{



Requirements of OxPhos

» Redox reaction: electron donor (NADH or FADH2) & electron acceptor (02)

80 there will be gome ]hc\m

> An intaCt IMM — insulaton between +he inncr ATP- synthasc .

mitochsndrial  Membrane and +he
Makriv . T

» ETC of proteins: 4 complexes+1 soluble protein +CoQ f e
» ATP synthase e

Electro- “~3-

* The best & accepror —, oxygen. ' oM+ chemlqal
4 ‘ potential
* Why i +he process  Step-wised 9 Intermembrane |
i each &rep there  might be an energy space | f" ) + j'_ +
release thok  the el will use &odo y S ‘1. “\ Ap
__ . \
Some  work , _, More  beneFicial lnnef ":'A;,;/A':_;."-'_ 00000500400 ROD0OS ._',""_7'_'.'_3( C 5)7::-':‘_:/4—{-—- \ 0000808000605
th membrane | 1l 1111 o AL e Hl o e (1 B 2} TR T(W LR
o srep UL ' | (TN Jla i
560680 SHADOADHES SRS DS { ‘ﬁf Fe0'6.0/6'5 8.6.5 80,065
Mnochonr:(; tnrzla): TN . / N
4 K +
NADH | NAD* Coenzyme Q 2,':,' H0
+ H+ G lipd, LoT protein. + ‘202
Firal ceepror
NADH Cytochrome Cytochrome ATP
dehydrogenase b-c; oxidase G synthase
Complex I — »5=¢ Complex 111 Complex 1V ({)R“““‘“‘*M“; prodhce

Nor Pa;o’e the Chain-



ET to O2, how does the process occurs?
“The chemi-osmotic theory”

Intermembrane
space

While & 5ee
P(l&b'ma from 1
Compfex o

another opne

Q.R clectrical current
Wil be E°rm°d — helps
he complexes o

Rmp 1o 0. NADH NAD*

inker membrane  space - 2
which will create o 1/2 024}2”* H20
oo Afen NADH ] Succinate ETF:Q Cylochrome b-g; Cytochrome ©
Pl cnd e oAl bnds dehydrogenase oxidoreductase complex oxidase
< T Matrix Oytosallc side
osolic side
nH* :
e % What deermines the  direcrion of
'Y
helps N T et Proton H* H* H* the & Plow?
WPy mie| DR Elictrica T X f NPT Redo ial. - fm o lager. | T febon porenrial of | &0 < Bl
S‘d:r %K&rﬁ) current Aagr NI motive M y LAPH The X porcnrla - smaller I- q )—l N o
MOE . " IR \ YR 3 ]t ﬂ_ from 4he mosk negokive o Ahe Mosk  positS . Lo O
cuses oo | MHERIERL | force AMERUELIY Hor o b O
Mmove ] e H‘
v

[‘ =
The  eflectro-motioe foree

That will help H to pass

Fhrough AP synthase * fallouing

Q the conc. Qrodient " . 2
chemo~asmotic . nH



Oxi—Red Components of

the ETC

“NADH Dehydrogenase”

OR oxidase — Complex |
NADH-Q oxidoreductase™-
+ More than 25 polypeptide chain “verj comper®

* A huge flavoprotein membrane-spanning

Q, There is FMN or TAD v
tightly bound to +he complex. |

+ The FMN is tightly bound

complex

* Seven Fe-S centers of at least two different

types

N
+ Binds NADH & CoQ

D%Euml Peduced

*4 H+ — Wil

be pumped from the

MALTX  £o {he  inker-membrane

* This complex spans the membrane and  has  a domain +hag
extends to the mamix  # the mitochondfia. “where VROH binds” @)

&pace -

[ FMN | 2 " ?; 2 - g FMNH »
Z N N\ Z NS N\
e =8
CH4C, € ¢, L=0 2e CH4C, L€ €. /€0
3 \c \N/ N N 3 \_cr %N'/ ‘N
H | H I H
e e
(l:HOH (EHOH
CHOH ('IHOH
CHOH ?HOI‘I
cnzopof' CH,0P03
Reducedd
/Pr
2
S
S Fe
Pr—Cys=—S—|—Fe
Fo—s? \S\'
" ©&———F
/ \ e
- Cys - \S
NAD -dependent H Pr’ R-S H
dehydrogenase A Centers Cys
CONH2 2e CONH2 .
+ ShHy —— | | +H
substrate SN



ELECTRON TRANSPORT

Reactions that involve transfer of electrons are called oxidation-reduction reactions or REDOX
reactions.

A molecule that gains electrons is reduced, and a molecule that loses electrons 1s oxidized.

The tendency of redox reaction to proceed depends upon the difference in energy of transferable
electrons of the two molecules,

Consider a pair of electrons that is transferred to NAD to produce NADH+H+

By convention the reduced form is written to the right: NAD+ +2e+2H+=3NADH + H+
E0°=-0.32 volts. -

The energy of the transferred electrons under standard conditions is expressed as AEQ’

A strong reducing agent has a negative redox potential, whereas a strong oxidizing agent has a
positive redox potential. A positive redox potential means that a substance has a higher affinity
for electrons than does a substance with less positive redox potential.



Sequence of carriers in

ETC

The order 1s consistent with EO,
carriers with more positive EO as
electrons pass from substrate to oxygen.

Under normal conditions, all carriers
are in their partially oxidized state

Under anaerobic conditions, and in the
presence of substrate, all carriers are in
their fully reduced state:

The extent of oxidation of the carriers
can be monitored as they exhibit a
distinct spectra which differ in their
ox1dized and reduced state.

Upon sudden addition of oxygen,
carriers become oxidized .the carrier
nearest oxygen becoming oxidized first

Addition of specific inhibitor causes
the carriers between the block and
oxygen to become more oxidized. The
upstream carriers become more reduced.

1 malate_() 1) 0.03
* isocitrate R +0l +0.03 70.22 +0.25 +0.38 +0.82

B-hydroxyacyl S-CoA etc.

4 / site | \ / site |l \ / site lll
NADH + H* / FMN vv/,OHQ\ ,r b-Fed e c,—Fei”\\ / c-Fed+ \\ ﬁ,a-Fe?'\ " /ag-Fe3'\ ‘/,HQO

TERMINAL ) (CYTOCHROME| [ SYSTEM |

NAD*Y WEMNH, 7t N\ Q # | NbFe2/ NoyFedd N cFe2t 7 NaFedd Nagre2e/ | No2

> 2H*

succinate \ / FAD x

\/

fumarate ¥ '\ FADH,” 4

PR PR PR......
20 0 006061202

R R R R R

30 © ® @ ® 1202
R O
S W 2 N 1/2 O2
I
R 0 O
. - 8 Vg o @ 1202

EO Volts



Oxi—Red Components of
the ETC

“Succinate
Dehydrogenase” —

Complex I

» Succinate Dehydrogenase & other
flavoproteins “ruv
» TCA cycle

v ETF-CoQ oxidoreductase (ex.
fatty acid oxidation)

v’ =Substrates oxidized by FAD-
linked enzymes bypass
complex-I

v Three major enzyme systems: Al o=
v" Succinate dehydrogenase
v Fatty acyl CoA dehydrogenase

v Mitochondrial glycerol
phosphate dehydrogenase

v" 0 kcal, H+?
+# has Fe- S Centers . NO Hr

k Since complex 2,1 accept 2& p .
= u In
they Should hawe 2 Fe-$ MpIng

centers ACHUIMY -
<D -

Complex Il OUTSIDE

‘.-s Fe-s centers m . 00
0 INSIDE
2H®|

/ Ditr:co:ct t@ks FADH. can be formed Proms

\% exrended 1- TCA By succinare dehydragenase.

2‘@ bo the marix. 2- Glyoerod 3P dehydrogenase.

3~ Farty odds mesabolism.
2H® FAD
Succmate Fumarate

VO pumpi ng Ackiu iry

Intermembrane
space Glycerol
4H* 3-phosphate
dehydrogenase
MC’ r.j k.,F A e e] SO 5
\ Fe- SIT . A 7
I T 2P o
Q:MN L . CoQ \ . Co
NADH NAD* )
Succinate
NADH Succinate ETF:Q
dehydrogenase dehydrogenase oxidoreductase
Matrix



Oxi—Red Components of
the ETC

“Cytochrome bc :1
Complex Il =

» Also called: Q-cytochrome c
Oxidoreductase

» Catalyzes the transfer of
electrons from QH2 to
cytochrome c T R

» 11 subunits including two
cytochrome subunits

> Contains iron sulfur center

» Contain three heme groups in
two cytochrome subunits

» Contain two CoQ binding sites
> 4H+

* or the begining CoQ wil giee 1€ for o apccific prosthesic  group, the other

differenr  parbway _, will parricipue 0 the Q. oyde. Tn order to complete  the Q. oyde . we need another coG.

S

¢ wll be gven inq

unkl Hhe Y HY e pu

(b)
Intermembrane Cyte Rieske imn-_
space (¢ side) 3 - sulfur proteins

Hemee)

Cytochrome ey

Heme b,

Heme by

Matrix

—— \/\



Oxi—Red Components of
the ETC

“Cytochrome c oxidase”
— Complex IV

» Passes electrons from
Cytocrome c to 02

» Contains cytochrome a and a3

» Contains two copper sites

> Contains oxygen binding sites ™"

» 02 must accept 4 electrons to
be

reduced to 2 H20 (2H+/2e-)

» Cytochrome c is one electroan‘::fZ;:;
carrier

Cytc,4+4H"+02 - Cytc,, + 2H20

1e

? l-_e—S O aA—<

domain

L4lr 24}" o

transiocation
chemistry

2 H* aka tme are taKen
Erom the makrix.

LQ, 2 HY will he pumped out:



* What inhibits the € Flow ?
Both . -
nhibic | 1. Amytal.(sedative)-inhibits NADH-Q
com19'ex Oxireductase
" |2. Rotenone.(insecticide)-inhibits
NADH-Q Oxireductase ..
complex 3 inhibitor 7 “”C“P“p. 3
3. Antimycin A: inhibits-electron flow

between(cyt b and c1, which prevents
continued ATP synthesis at sites(l
"and Il as the carriers. InhibitsQ- | =
cyttochromr c oxireductase,once
reduced can not be oxidized.

* NO auepting & fom co@
+ NO oxidation & Oy C.

4. CO. -inhibit cytochrome c oxidase |

5. Sodium Azide . —inhibit cytochrome c
oxidase

6. Cyanides. —inhibit cytochrome c

oxidase
7. Oligomycin—inhibits ATP synthase

Inhibitors of the ETC

Intermembrane
space

Mitochondrial
Inner Membrane

AW

NADH 'NAD* ; ; Mitochondrial
; MH* + %O, | ADP+Pi | ATP Matrix
complex e i Succinate  Fumarate i ;
l.(z 2 '
inhibitors. ' v
— NO oxygen CO
Reducrion- C anlde

Rotenone Malonate INHIBITORS

Antimycin A Sodlum Azide Oligomycin
| Amytal



Complexex I, III, IV all have large enough
EOQ for the transfer of 2 electrons to support
the synthesis of one ATP.

Complex I, III, IV are recognized as
phosphorylation sites I, II, and III.

Oxidation of 1 molecule NADH+H+ or
FADH?2 corresponds to the synthesis of 3 or
2 molecules of ATP, respectively, and the
reduction of one atom of oxygen.

Oxidation of NADH + H+ and FADH2
occurs with P/O ratio of 3 and 2,
respectively.

Using ascorbate as substrate and TMPD as
artificial electron carrier, a P/O ratio =1.

P/O ratio is the number of moles of Pi
incorporated into ATP per atom of oxygen
utilized.

P/O for malate=3, succinate=2, ascorbate=1

Electron transport chain
inhibitors and substrates

rotenone

10H*<—1 Antimycin A

2 X X

Intermembramk«

Glutamate, malate

Complex |

Comptlex Il

NADH Cytochrome bc
Dehydrogenase

Sodium azide

Ascorbate + TMPD

Complex |l

Succinate
dehydrogenase

Complex IV

Oxidase

Cytochrome ¢



Pumping of Protons

» For every 2 electrons
passing:
» 4H* (complex|); oH*
(complex II); 4H* (complex lI),
2H* (complex IV

Intermembrane

space (P side)
4H*

NADH+H* NAD'

Matrix (N side)

c

Succinate Fumarate

path.

=
10,+2H" H,0



Chemiosmotic hypothesis:

* aproton gradient 1s generated
by a proton pump in the inner
membrane of the
mitochondria.

* The proton pump is operated
by electron flow and causes
protons to be expelled
through the membrane from

the matrix space. The of oxidative
. phosphorylation, for which Peter Mitchell received
* Protons flow bag:k into the the Nobel prize:
matrix dOWIl their . of ATP synthesis to respiration is ,via a
electrochemical gradient and H" electrochemical gradient.

the energy released 1s used to
drive the synthesis of ATP.



Chemiosmotic hypothesis:

Chemiosmotic hypothesis: a
proton gradient is generated by a
proton pump in the inner
membrane of the mitochondria.
The proton pump is operated by
electron flow and causes protons
to be expelled through the
membrane from the matrix
space. Protons flow back into the
matrix down their
electrochemical gradient and the

energy released 1s used to drive
the synthesis of ATP.

| NADH + H* NAD* / b ¢
. Ox Phos ,
Matrix — & ,,Fl

Overview of Chemiosmotic Theory

Electron Transport

System I_TLL] it e 5 4l
Cyte {
X Intermembrane
/’ »; FERE space
H O :

. + L
ik
It )
oA (oot RN bee .
— - /.' /l " . ;= ‘ oy .’ [) *
FADH,} M e NS 4,0 .

- -] l
{ Fumarate ()) + 2H™
Succinate

ADP + P;

ATP synthase

Chemical ATP Electrical ” , comp[ex

potential synthesis potential & (X
ApH » driven by ( Ay o
(inside | proton-motive (inside

alkaline) force negative)




The cqtqQAa,mc

subunit .
has 3 thulnjec

AN i

K- NO cakalysis

” structural .

(.? Rotaron Jw gl sl oo

STRUCTURE AND
MECHANISM OF ATP
SYNTHASE-COMPLEX V

1. FO is the proton channel of the
complex — ihibised by oligomucin.

2. Fl hydrolyzes ATP in the absence of

..............
P —————

> gélr?tzgzlskszsgaiegrgt{e;ns? (I:I?e of }”’ ””” U‘ l
which i1s sensitive to oligomycin.

This antibiotic inhibits ATP
synthesis by interfering with the

N

utilization of the proton gradient. F 1 f
4. ATP SYNTHASE catalyzes the
reaction: ADP
ADP +Pi----> ATP +H20 (;)
i

https://youtu.be/U26Jz3K1w2k MITOCHONGRIALIATRIK

1 AP synthase

1ep

seolk of Fa.

3o
38
1@+ deka

™e G ring o Fo with +he gamma- epsilon

........

here

AESEeP within the
membrane spins
clockwise when
H* flows past

it down the H*
gradient.

A stator anchored
in the membrane

holds the knob
stationary.

Fo  subunit is
composed  of ;

@ The C-Ring

The proton

Passage Srom inter- membrane.
8pace ko the
makrix.

@) The A subunic

| A rod (or “stalk”) == The

extending into  gamma -
the knob also epsilon
spins, activating , subunit .
catalytic sites in > Rototes with 4he

the knob.

Three catalytic
sitesin the
stationary knob
join inorganic
phosphate to ADP
to make ATP.

C-Ring & Fo

| S

~ .
This part is

composed ot
3 B; hexamer.

or 3 poirs Uv' B .
Both « and B
DO NOT Rotaxe-

oC = Struckural
B~ C%Gﬂﬁ&tic.



ATP Synthase

> Fa:
>"y" subunit: rotates
>"“B"” subunit: binds " combiEc”
>"“a" subunit: structural
>3 conformations: tight (T), loose

F1
— Headpiece

N mm ;ﬁé’
»"“a” subunit: point of entry & exit (O

»>"“c” subunit rotates
> 4LH+/ATP
» Can run backwards

Energy




Ty

from I‘—o ko Feq

H* path through membrane |csubunit/isubunita| |
cytosolic ] e ntrne
half-channel | ™

¢ ring & a subunit structure
eeach ¢ subunit has 2 membrane-

spanning 2 asp
a helices >
. " ., ) gy Midway
- midway along 1 helix: asp 20, .. &
_COOH~CO0O o o 2 oo ot 8 matrix
Poim- O‘g — aspartic  ocid asparcate. ::Zo:jm ac;i E’C}E ﬁd%::ﬁ: ‘ﬁ';'iﬂ".u.“ii‘;"ﬁ; H 4 h alf-

*a subunit has 2 half-channels - channel

the membane instead o the g subunie
me time e

it will end-up rotating  360° 5 i
reachi
the other hal® chanel~ that opens towards 4he ?wx- e

pa Sl Waly € dss ¢ ot s il e

W 20d chanel Ui dpg dhil ¢yl

enHy and exit.

1 This rotarion

*H" from cytosol diffuses via half- is camsed by
channel bdrachobic
to asp on c ring subunit (c1) GARRIEE
*this subunit can now move to =
interface membrane, allowing
c ring to rotate » e i .
*c9 now interfaces matrix half-channel, subunita
allowing H* to diffuse into matrix v/ e Co " ole 3 Lo 4y
s — W' reoa. .

= 3 p STRIK dl (s gibun wg



\ cousing The conformational
interconuersion of B subunity

Rdmsms
Binding-change mechanism of ATP synthesis ATP.

Rotation of gama subunit drives release of tightly

bound ATP

* 3 active sites cycle through 3 structural states::.:.
O, open; L, loose-binding; T, tight-binding

* AtT site, ADP + Pi — ATP, but ATP can’t dissociate | -~

 GrotationcausesT > O, L—>T,0 > L

* As a result of the T—>O structural change,
ATP can now dissociate from what 1s now an O site.

NO RWN o
just binding L

ko +P Do NOT rosate.

occurs.
ADP + Pi  become
ATP.

[T
No
Refleate.

120° rotation of y
(counterclockwise)

o— The release
o ATP subuniss
O bo the Mokd

T



Resp‘n racory  con ErON . - oo o oo on b1

oxidasive  phospiorydation-

® how much Oz is consumed in +the mitochondria. TP synthase. U.DCOUP\BI'-
® how much AP is produced. inhibitors /
| inhibitor l ill inc b ;
Add Y ' com Add will inCreage be... we /o2 consumbrion
plex 4 | howe & 8 " . .
| % o). Bk € Flow. will conrinue as there is
| @ ' venturicidin DNP U 1 inhibited  ETC G)Fﬂpg"EXA
v ; | 5 or ncoupled
g \ The $ -rmgtaboll'tc Jﬁ_ g o ' ollgomycm [ §
E | 15 . I % ; _
3 | = S NoThing be. | ;
: = 2 | Add L
8 ' + NO 02 consumbrion. ) 7 8 + Pi . is  inhibiced | ;.
N « & won't continue Flowsing: A = * N0 ATP synth. with Ry dligomgin. 7
@) & AP gynth. will Stop- £~ O . ‘ Add € Plo \ B
D0 oidative  phosphorglarion- | succinate both B, ”0Th| —
P producron 15 coupid” | < i) ip be. they are co ; | <
with & Plow » 5, 1y I l ‘?Qeu
’ iy Lo Al . by [ o R ‘
we con't Lo | e merabolite i presenty ] SHLdo B
9t VADK * NO & - .
ubStrare to be * We conqes ADH, N E Bk with no AP ingld
L e oridized.- T FADH: I worinG! * how does the cacouper works 2 © ‘)
_ ime - i i : . ;
e NO & flow i e oz o ‘ Time % ik creakes a pore in  +he inner mitochondrial
* NO Q2 is consume & flow,0: cony., ) . ;
oc ( x N0 ;\_;P‘Bgnmesis- (a) *Tiog?gm;;;he&s, e o o (b) allowing H* o pass the membrone down iss concentrarion
T B grodient .. without passing through the ATP synthasc
will bind toh So. MO ATP will be synthesized! Gilao - 1, are mouing-..

subunics ar L Sae...

MU & will Plow g, Terate " sy ¥ ——  The presence o o procon porc — provides an albernasive rouke

0 stobe ‘WP refease” for H o mow +hruu3h _>Um:ouplcs ATP synthase §iom
the FBTC _, less ATP ond more AODP.

Electron transfer was found to be obligatorily ... ..

to fosc  weight ... -, Since have 1 ADP, they
wil hae * TCA activiky 4 mewabolic rate buk

coupled to ATP Synthesis in 1isolatedwrz= ..
mitochondria suspensions:
neither occurs without the other.

Natural  uncouplers
L to produce heak



RECEPTOR OR
ACCEPTOR
CONTROL

Electron transport is normally tightly
coupled to oxidative phosphorylation so
that electrons do not flow through the
respiratory chain unless ADP is
simultaneously phosphorylated to ATP.

2. Uncoupling agents, such as 2,4-
dinitrophenol, collapse the proton
gradient as they are able to channel
protons across the membrane. Under this
condition, electrons transport runs
unchecked at its maximal rate in the
absence of the acceptor ADP.

[Oxygen]

[Oxygen]

ADP added

- <

\ ADP consumed
o &~ ADP added

Timp

ADP added

4

ADP consumed

4

2,4 -dmitrophenol

K added

Time



RECEPTOR OR
ACCEPTOR
CONTROL....

1.

Oligomycin inhibits the increased
oxygen consumption stimulated by
the addition of ADP: phosphorylation
of ADP to ATP is also inhibited under
these conditions.

Oligomycin prevents the utilization of
the proton gradient.

Uncouplers relieve the inhibition of
oxygen consumption.

Brown fat cell contain endogenous
uncouplers that enhance metabolism
and produce heat. This mechanism is
important to protect sensitive areas of
humans newborn from cold.

[Oxygen]

ADP added

<

oligomycm added . |
|( 2,4 -dinitrophenol
& added
\
N\
N\
\

Time



Electron transfer to O, was found to be coupled to
ATP synthesis from ADP + P, in isolated mitochondria

 ATP would not be synthesized when only ADP
and P, are added 1in 1solated mitochondria
suspensions.

* O, consumption, an indication of electron flow,
was detected when a reductant (e.g., succinate) 1s
added, accompanied by an increase of ATP
synthesis.

* Both O, consumption and ATP synthesis were
suppressed when inhibitors of respiratory chain
(e.g., cyanide, CO, or antimycin A) was added.

* ATP synthesis depends on the occurrence of
electron flow in mitochondria.



* O, consumption (thus electron flow) was
neither observed if ADP was not added to
the suspension, although a reductant 1s
provided!

* The O, consumption was also not observed in the

presence of inhibitors of ATP synthase (e.g.,
oligomycin or venturicidin).

* Electron flow also depends on ATP synthesis!



Oxidative Phosphorylation
P:O ratio

* Definition: the number of molecules of 1norganic phosphate
incorporated into ATP per atom of oxygen used.
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varies with the substrate being oxidized:
h NADH it is 3 = more an FADlL S 2P

. .\ FADH
h succinate 1t 1s 2

h ascorbate 1t 1s 1

* The overall equation for respiratory chain phosphorylation:
NADH+ H+ +3ADP+3Pi---> NAD + H20 + 3ATP
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Regulation — Uncoupling
Regulated - Uncoupling proteins (UCPs)

» Short-circuiting ATP synthase

»UCP1 (thermogenin/)?g found i balbies - _
v'Brown adipose tissue, non-shivering thermogenesis J

v'Infants: neck, breast, around kidneys > Creass apore inside
. . . themembrane — oncoupled H*
v Fatty acids directly activates UCP1 Mouement — 1 heak - ingeead

of ATP.

»UCP2 (most cells); UCP3 (skeletal muscle); {UCP4, UCP5} (brain)
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