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Respiration

CELL RESPIRATION

Metabolism - the sum of all the chemical reactions

that occur in the body. It is comprised of:

= anabolism - synthesis of molecules, requires input of
energy

= catabolism - break down of molecules, releases
energy..
. aerobic - occurs in the presence of oxygen
+ anaerobic - occurs in the absence of oxygen..

METABOLIC REACTIONS

® Photosynthesis
Light energy converted into stored energy
(glucose)
CO, + H,0 => C¢H,,0, (glucose) + O,
Endergonic

® Cellular Respiration
Stored energy (glucose) converted into useable
energy (ATP)
C¢H{,04 (glucose) + O, => CO, + H,0
Exergonic

®NOTE—Both reactions have the same

formula, but in different directions!!!

CELLULAR RESPIR

REACTION THA 2

® Oxidation of substrates, such as glucose, is a
fundamental part of cellular respiration

Oxidation

CgH 20 i 60, —> 6CO, + 6HO + energy

glucose
Reduction

NAD* and FAD coenzymes that act as electron carriers in
oxidation during cellular respiration - carry high-energy
electrons to the electron transport chain

* Chemical reactions that transfer electrons
from one substance to another are called
oxidation-reduction reactions.

—the loss of electrons (and hydrogens) is called
oxidation

—the gain of electrons (and hydrogens) is called
reduction

Oxidation
[Glucose loses electrons (and hydrogens)]

@ o0----0 &

Glucose Oxygen Carbon Water
dioxide

I [Oxygen gains electrons (and hydrogens)]
Reduction 4
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CELLULAR RESPIRATION

® ATP is energy currency of cells
® Aerobic Respiration
Requires oxygen
High energy (ATP) yield
Glycolysis—in cytoplasm
Common to all pathways
Splitting glucose forms ATP
Citric Acid Cycle—in mitochondrial matrix
Requires oxygen
Also called the Krebs Cycle
Oxidative Phosphorylation—in mitochondrial cristae
Requires oxygen
Also called Electron Transport System (ETS)
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Mitochondrion Structure
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CELLULA

. RESPIRATION

@ Anaerobic Respiration : : . e N o
Doesn’t require oxygen { /
Organisms without mitochondria D e\ - Haui: ecton
Low energy yield (small amount of ATP) {"m“:m'me
double
membrane inner
‘membrane

reaction and the|
citric acid cycle

ATP Phosphorylation:
ATP is formed from ADP by two different
processes:

1. Substrate-Level Phosphorylation
2. Oxidative-Level Phosphorylation

45,000

CELLULAR RESPIRATION HAS FOUR PHASES

Four phases of cellular respiration: ® Glycolysis— “sugar breaking” (glyco, lysis)
Glycolysis - a metabolic pathway that converts 2 ATP breaks a single glucose (6C) into two PGAL (3C
glucose to pyruvate (occurs in cytoplasm) each)

Prepgrat)ory (prep) Redactidon (trzansitbion l PGAL restructured into pyruvate

reaction)- pyruvate oxidized to a 2-carbon acety ; ; ;

group (acetyl-CoA) ® Oxygen not required in this step

Citric Acid Cycle (Krebs Cycle) - complete ® 2ATP + Glucose>2 Pyruvate + 2 NADH +4 ATP
oxidation of acetyl-CoA; carriers accept electrons to Net gain of 2 ATP

make NADH and FADH, (reduced form)

‘ Electrons “captured” by NAD* to make NADH
Electron Transport Chain (ETC) - NADH and FADH,

give up electrons to ETC and energy is released to 2ADF +F; 2ATP
produce ATP Mo
CeH 504 2 C5H,0;4
glucose /\ pyruvic acid
5 ZNAD + 4H 2ZNADH, 0
e GLYCOLYSIS
1. GLYCOLYSIS: GLUCOSE BREAKDOWN BEGIINS
Glycolysis
. . . A Energy-investment Steps o000
Glycolysis takes place outside the mitochondria and e P o Gar - ayearklyse dsmospate
glucose is broken into two pyruvates 3:;% it :%7‘35? i i
@ Inputs and outputs of Glycolysis ADM: 7

I O T P

Two ATP are used to get started.

o Y s
inputs outputs 5 -0 coof Sarbon molecuies.
pHts Glycolysis OUlpURs (ar ar

glucose 2 pyruvate
2 NAD* 2 NADH

> pet gain
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CYTOPLASM

glucose

7000 ooy GLYCOLYSIS
( G3P G3P (CONT )
o NAD NAD*
Energy-harvesting Steps
LS D
NADH NADH Ox\datmn occurs as NAD*
: receives mgn energy electrons.
LS
P ALL—P L e e a v

PR Hydrolyss -

07
3G
o o Oxidation occurs by removal
HO HO of water.
13 -~ p
PEP |
| : Substrate-level ATP synthesis.
o
o Two molecules of pyruvate are
the end products of glycolysis.
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2 %2\%\? (netgain) @ pyruvate | pyruvate

o

Shpat -  GLYcoLysIs - 2 aTP))
{ | (net)

~—2NADH 5 pyryvate

MITOCHONDRIO! 2 NADH i‘ [ - 2C0g

water

oxygen

[T 1395 Mad=worth Publishing Company/ ITF Typical Energy Yield: 36 ATH

RESPIRATION
TRANSITION REACTION (A

® Conversion of pyruvate to acetyl-CoA
Pyruvate (3C) converted to acetyl-CoA (2C)
Releases CO,
NAD* > NADH
Electrons captured
2 Pyruvate => 2 CO, + 2 NADH

® Transition reaction =

= pyruvic acid moves into the matrix of the
mitochondrion.

= CO, is cleaved off and at the same time Coenzyme A is
added.Coenzyme A is derived from the vitamin
pantotenic acid.

NAD +2H NADH,
2C3H, O3 + 2CoA 2C,H30-CoA + 2CO,
pyruvicacid coenzyme A acetyl-CoA carbon

dioxide

’;TEP 3—( HTR ‘

® Citric Acid Cycle (a.k.a. Krebs Cycle)
2 Acetyl-CoA enter
Oxygen breaks Carbon-Carbon bonds
Broken bonds release energy & electrons
Energy used to form ATP
Electrons captured by NAD* and FAD*

3NAD+GH 3NADH,
2C;H;0-CoA —=" » 4CO,
FAD+2H FADH, ZADP+P Z2ATP
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AEROBIC RESPIRATION
STEP 3— CITRIC A

® Citric Acid Cycle (cont.)
Carbon leaves as CO,
Intermediate products recycled, cycle starts
again
1 Glucose = 2 Pyruvate

Two complete “cycles” per glucose molecule

Net gain (per glucose) of 4 CO,, 6 NADH, 2
FADH,, 2 ATP
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20RIC RESPIR ON Hutrienta o - -
AEROBIC. RESPIRATION /-.5—\ e-09
STEP 3— CITRIC ACID CYCLE o
e = T I [ .
Pyruvate 40, 299
NAD*, FAD* 6 NADH, 2 FADH, 22299
= car é'm "
' a9 A Crre]
pyruvate from cytoplasm in Maists ey
s tamcpian_ i
@
HADH -2
Fismerste w-Ketogiutante
FADH, NAD"
F HADH Cod
npai Cuilpui e
D
:r‘"’_'@—- ;T;’* E w'mm P
pherd ot Suceio Con
Kraba cyels coours 2 times for
_wm Col 20
CYTOPLASM glucose
v AEROBIC RESPIRATION
hpof——  GLYCOLYSIS - 2(ATP STEP 4—0OXIDATIVE PHOSPHORYLATION
N

} (net)
J
2NADH 5 m,.,‘.uut, @ Electron Transfer System (ETS)
Starts with NADH & FADH, from previous steps
Electrons flow through “chain” of membrane proteins

Each protein then takes H+ from above molecules and
pumps them into intermembrane space

This sets up concentration gradient
H* moves down gradient through ATP synthase
Movement forms ATP from ADP & P (32 net gain per

glucose)
Chemiosmosis
Ends with electrons passed to O,, combines with H* to form
oxygen H,0
[2) 1992 \itadsworth Publizhing Comparyd (TP Typical Energy Yield: 36 ATH 2
AEROBIC RESPIRATION AEROBIC RESPIRATION
STEP 4—OXIDATIVE PHOSPHORYLATION STEP 4—OXIDATIVE PHOSPHORYLATION
finputs T Outputs (per glucose) |
@ If no oxygen, electrons can’t pass on 10 NADH, 2 FADH, 6 H0
. . . ADP NAD?, FAD*
@ This backs up to NADPH, so no H* gradients 0, 32 ATP (net)
@ No ATP forms, starving cells PE———
COTRD

Figh concertratin of ydrogen ions
pH

7

E.."§\m§§

flowing

Nap*

NADH
Luwwn:mrmlunmhydmgen ions g \ ADP
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Electron transport chain - e
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i i transport

Cham acelyl-CoA electrons e system
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Mitochondria

carbon dioxide

H* flows
back In
2| atp | 34|ATP|]ATP!
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ADP
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POISONS & ETS

® Rotenone

Used to kill insects & fish

Blocks ETS near its start

Prevents ATP synthesis, starving organisms of energy
® Cyanide, Carbon Monoxide

Blocks passage of electrons to oxygen

Stops flow of electrons before chemiosmosis

Like rotenone, prevents ATP synthesis
® Oligomycin

Topical, kills skin fungal infections

Blocks H* moving through ATP Synthase, preventing

ATP synthesis
AEROBIC RESPIRATION

Rotenone
carbon monoxide

® Energy Harvest (net ATP per glucose)
Glycolysis—2 ATP
Citric Acid Cycle—2 ATP
ETS—32 ATP
® Total yield varies from 32-38 ATP depending
on the type of cell

v
Chemiosmosis
29 30

Electron Tra;sport Chain
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2 ATP/gieolysis Glucose
- ~ (Sub-Level) \
AEROBIC RESPIR/ ——> 2NADH x 3o = 6 ATP/ghconss
Oxidative-Level
. P b "NADH = BAT
® Glycoly51s yruvate yruvate 1!;1:5:2 - jgg
Glucose + 2ATP > 4ATP + 2NADH + 2 Pyruvate l > 1NADH X 3w = 3 TP
® Intermediate
2 Pyruvate > 2C0, + 2NADH + 2 Acetyl-CoA Acetyl - CoA
o Citric Acid Cycle N\
2 Acetyl-CoA - 6NADH + 2ATP + 2FADH, ——> 3NADH/yce X 3maon = 9 ATPreyeie
® Electron Transfer LATPoee
(Sub-Level)
10NADH + 2FADH, - 32ATP + 4CO, + 6H,0 ——> 1FADHyerce X 2/raon = 2 ATP/eycle
® C¢H4,04 + 60, > 6H,0 + 6CO, + 36 ATP + heat 11 ATPeydle oxtevel
1 ATP/cycle sub-level
(12 ATP/cycle)
31 32
Metabolic Disorders ANAEROBIC RESPIRATION

® Oxygen-poor or unoxygenated environments
@ After glycolysis, pyruvate converted to compounds other
than acetyl-CoA
® Fermenters
Protists, bacteria
Marshes, bogs, deep sea, animal gut, sewage, canned food
® Fermentation produces a limited amount of ATP using

Glycogen Storage Disease (von Gierke's disease):
Makes glycogen in liver, but unable to break glycogen
down. So liver swells as more glycogen is made.

Lactic Acidosis: Excess buildup of lactic acid in
blood. Causes — excess exercise, cancer, anemia,

alcohol, liver failure. organic molecules instead of oxygen as the final electron
. ) acceptor
Phenylketonuria (PKU): Cannot metabolize or Benefit of Fermentation
convert amino acid, phenylalanine. Excess levels 0 PFO‘Sdeka fafP"d burst of ATP without oxygen
P rawback of Fermentation . —
build in bod_y — effect nervous sy;tem. . Creates oxygen debt Ilnputs S :L'dpl.ﬂs
Phenylalanine needed for color pigment, melanin. Yields 2 ATP, cellular it ach s o

2 alcohol and 2 CO
(respiration yields >36ATP)

2 %ne& gain
33 34

o 3 e PoT ™

Fate of Pyruvate in catabolism: cellular respiration or fermentation

glucose

Glucose s FERMENTATION
Cytosol
Pyruvate
No Oﬁzf %02
Kreb
IcE)trhanoI @ Cycl:
lactate Acetyl CoA

Final Electron
Acceptors

(net gain) 2C0,
o~

35 2lactate | or |2 alcohol 36
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ANAEROBIC RESPIRATION

® Fermenting yeasts leaven bread and produce
alcohol (beer and wine)

® Fermenting bacteria produce acids used to make
yogurt, sour cream, and cheese

® Soy sauce is made by adding a mold and a

combination of yeasts and fermenting bacteria to
soybeans and wheat

® Glycolysis happens normally

® 2 Pyruvate, 2 NADH, 2 Net ATP form

® Enough energy for many single-celled species
® Not enough energy for large organisms

ALCOHOL FERMENTATION

LACTATE FERMENTATION
® Glucose - 2 Pyruvate - 2 Acetaldehyde + 2 © Can spoil food
€0, ® Some bacteria create food
® NADH + Acetaldehyde - Ethanol Cheese, yogurt, buttermilk
A ATe g Cure meats
tanan Pickle some fruits & vegetables
® Yeasts Glucose ® Muscle cells
Bread { \ 2 Pyruvate When doing anaerobic exercise
Beer NAD* <o, Lactic acid builds up in cells, causing “the burn”
Wine NAD* o, felt during extensive exercise

3 3 ! 2 Acetaldehyde
2 Ethanol

39

ACTATE FERMENTATION

® Different foods are broken down in different ways

to be used as ener:
® Glucose - Pyruvate > Lactate o Carbohydrates gy
Starts with glycolysis and proceeds through respiration
® Fats
Broken down to glycerol and fatty acids
Glycerol converted to pyruvate, enters respiration there
Glucose Fatty acids converted into acetyl-CoA
Very energy dense
INADH] ® Proteins
NAD*
NAD* 2 Pyruvate Broken down into amino acids
+ 30 Amino acids converted into intermediates used in
l glycolysis, acetyl-CoA conversion, and the citric acid
2 Lactate - cycle
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peani EXERCISE BURNS FAT
. -2 N Prolonged aerobic exercise burns fat
Breathing and heart rate increase during exercise in
—— order to supply the muscles with adequate oxygen
(Bl SOURCES OF FUEL FOR EXERCISE
Sugars Glycerol Fatty acids Amin‘z'aracids 128 : @ ruscie trighycerides
T b)) Amino 80
groups S
| 60 o blood fatty acids
v AR, i | oxipaTivE e
Glucose  G3P  Pyruvate, | Agg;yl ACID !P(HOSPE“WHO{'ﬂmN § gg : @ biood glucose
GLYCOLYSIS CYCLE and Chemiosmosis) ot
10 : o muscle glycogen
0 T T T |
ATP 0 1 2 3 4
a Exercise Time (hr) o
LHF,“'[ ““'ﬂEh@ E“’\\ S Bile acids Steroid
Cholesterol
® Excess glucose does not complete respiration but T
instead is converted into glycerol and fatty acids. Ketone . acetyl CoA—Citric acid .. co,
The acetyl-CoA subunits from the transition bodies (Krebs cycle)
reaction are added together to produce fatty
ac1ds'. This occurs primarily in adipose tissue and Fatty acids
the liver..
Triacylglycerol Phospholipids
(triglyceride)
LIPOLY:

® Triglycerides are hydrolyzed into glycerol and
free fatty acids (FFA) by lipolysis.

® In some tissues glycerol can be converted into
phosphoglyceraldehyde.

® FFAs are a major energy source and are
metabolized by p-oxidation..




