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Guiding Questions

A

2 i’j What are the roles of hydrogen and oxygen in the release of energy in cells?

How is energy distributed and used inside cells?
& AN M
AN gt'-., V:_:‘ ob J1 (

Linking Questions

In what forms is energy stored in living organisms?

0
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m =1 ¢
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https://media.cellsignal.com/www/html/science/landscapes/mitochondria/mitochondria.html
https://www.noteworthyscience.com/

Cl1.2.1

Cl1.2.2

C1.23

Cl.2.4

C1.2.5

C1.2.6

SL LEARNING, OUTCOMES

ATP as the molecule that distributes energy within cells

Life processes within cells that ATP supplies with energy

Energy transfers during interconversions between ATP and ADP

Cell respiration as a system for producing ATP within the cell
using energy released from carbon compounds

Differences between anaerobic and aerobic cell respiration in
humans

Variables affecting the rate of cell respiration

Include the full name of ATP (adenosine triphosphate) and that it is a nucleotide. Students should appreciate
the properties of ATP that make it suitable for use as the energy currency within cells.
Include active transport across membranes, synthesis of macromolecules (anabolism), movement of the
whole cell or cell components such as chromosomes.

Students should know that energy is released by hydrolysis of ATP (adenosine triphosphate) to ADP
(adenosine diphosphate) and phosphate, but energy is required to synthesize ATP from ADP and phosphate.
Students are not required to know the quantity of energy in kilojoules, but students should appreciate that it

is sufficient for many tasks in the cell.

Students should appreciate that glucose and fatty acids are the principal substrates for cell respiration but
that a wide range of carbon/organic compounds can be used. Students should be able to distinguish
between the processes of cell respiration and gas exchange.

Include which respiratory substrates can be used, whether oxygen is required, relative yields of ATP, types of
waste product and where the reactions occur in a cell. Students should be able to write simple word
equations for both types of respiration, with glucose as the substrate. Students should appreciate that
mitochondria are required for aerobic, but not anaerobic, respiration.

Application of skills: Students should make measurements allowing for the determination of the rate of cell
respiration. Students should also be able to calculate the rate of cellular respiration from raw data that they
have generated experimentally or from secondary data.
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C1.2.8

€129

C1.2.10

€1:2:11

C1.2.12

€1:2:13

C1.2.14

C1.2.15

C1.2.16

C1.2.17

HL LEARNING, OUTCOMES

Role of NAD as a carrier of hydrogen and oxidation by removal
of hydrogen during cell respiration

Conversion of glucose to pyruvate by stepwise reactions in
glycolysis with a net yield of ATP and reduced NAD

Conversion of pyruvate to lactate as a means of regenerating
NAD in anaerobic cell respiration
Anaerobic cell respiration in yeast and its use in brewing and
baking
Oxidation and decarboxylation of pyruvate as a link reaction in
aerobic cell respiration

Oxidation and decarboxylation of acetyl groups in the Krebs
cycle with a yield of ATP and reduced NAD

Transfer of energy by reduced NAD to the electron transport
chain in the mitochondrion

Generation of a proton gradient by flow of electrons along the
electron transport chain

Chemiosmosis and the synthesis of ATP in the mitochondrion
Role of oxygen as terminal electron acceptor in aerobic cell

respiration

Differences between lipids and carbohydrates as respiratory
substrates

Students should understand that oxidation is a process of electron loss, so when hydrogen with an electron is
removed from a substrate (dehydrogenation) the substrate has been oxidized. They should appreciate that
redox reactions involve both oxidation and reduction, and that NAD is reduced when it accepts hydrogen.

Include phosphorylation, lysis, oxidation and ATP formation. Students are not required to know the names of
the intermediates, but students should know that each step in the pathway is catalysed by a different

enzyme.

Regeneration of NAD allows glycolysis to continue, with a net yield of two ATP molecules per molecule of

glucose.

Students should understand that the pathways of anaerobic respiration are the same in humans and yeasts
apart from the regeneration of NAD using pyruvate and therefore the final products.
Students should understand that lipids and carbohydrates are metabolized to form acetyl groups (2C), which
are transferred by coenzyme A to the Krebs cycle.
Students are required to name only the intermediates citrate (6C) and oxaloacetate (4C). Students should
appreciate that citrate is produced by transfer of an acetyl group to oxaloacetate and that oxaloacetate is
regenerated by the reactions of the Krebs cycle, including four oxidations and two decarboxylations. They
should also appreciate that the oxidations are dehydrogenation reactions.

3C (pyruvate)

link reaction

2C (acetyl-CoA)

4C (oxaloacetate) 6C (citrate)

co

2

5C

Energy is transferred when a pair of electrons is passed to the first carrier in the chain, converting reduced
NAD back to NAD. Students should understand that reduced NAD comes from glycolysis, the link reaction and

the Krebs cycle.

Students are not required to know the names of protein complexes.

Students should understand how ATP synthase couples release of energy from the proton gradient with
phosphorylation of ADP.
Oxygen accepts electrons from the electron transport chain and protons from the matrix of the
mitochondrion, producing metabolic water and allowing continued flow of electrons along the chain.

Include the higher yield of energy per gram of lipids, due to less oxygen and more oxidizable hydrogen and
carbon. Also include glycolysis and anaerobic respiration occurring only if carbohydrate is the substrate, with
2C acetyl groups from the breakdown of fatty acids entering the pathway via acetyl-CoA (acetyl coenzyme A).



C1.2.1 —ATP as the molecule that distributes energy within cells.

ATP supplies with energy.

Adenosine Triphosphate (ATP) : a nvceotide consisting of :

‘\igk energy bond

P N CHD / 0 ( o)
25/ \ Il [
L >cu_ pop.® //—O—IP-O—P—o—P-OH
He c H,C—0—-P—0—P—-0-P—0OH | |
LN \7)0\ b b b H OXC) 00 00©
odenine { H r'uc“ ribose phosphate groups are negatively chacged., causing
(nihosenous base) E“_EH ( Pmtose Sujaf) them to repd one another and mak:'nj it vastable
| | \S bonds holdirg the groups together are casily
odenosine hydrolyzed and yield vsable energy

Cellolar 1ife processeS that fequire ATP :

® Anabolic reactions € metabolism Ci.i

> synthesizing laraer, more complex macromolecules from smaller Simpler monomers is endergonic,
i-€- products have more energy than reactants and thus require energy

\> each condensation reaction that lioks a monomer +o polymer is coupled to the conversion
of ATP to ADP in order to provide the necessary energy required

ex: DNA reph'cah'on, QDNA ceplication DI.|
mRNA and protein_synthesis Qmwn syathesis D2

photosyn thesis photosynthesis C1.3

enzyme

o +000 o000

ATP ADP + B, + Toa

o Ad’.i\le f.ransport @membﬂmc transport B2.1

pumping substances across a membrane against their concentration gradient (low conceniration to
high concentration) is not passive and requires additional encrgy

\> the energy svpplied fram ATP hydrolysis causes o revusible change to a protein pump, from a more
Stable configura tion (open to one side of membrane) £o less stable configoro tion (opcn to ofher Side)

= e

\\pl, .
'-/ADP ATP . ° - .

exX: Na"'/K*Pump l!['] T[']

exocytosis and endocy tosis

VLI

® Movement
S movement of cell campamnks and of the cell itself to another location requife energy

A K
.\&« )_, -

€X: Chromosome movement dw:p\s mitosiS and meiosis @ce‘!l + nuclear division D2.1
vesicles moving and transporting substances within cell

cells moving us-'n3 ﬂoae\la @“P‘“"‘-“M D3.1

muscle cell contraction using myosin and actin @ moscle + motility 83.3

RIS IFISIEISI D

C1.2.2—Life processes within cells that

C1.2.3—Energy transfers during interconversions between ATP and ADP

® ATP's function is often described as the “energy currtnty“ of the cell as like
money , it is vsed in many different contexts and constantly recycled

® Specifically, it is used as temporary storage of entrgy and for energy transfer
between metabolic reactions and components of the cell

® Its properties make this function svitable:
V' ATP is water - soluble : moves freely throughout cell cytoplasm and aqueous solutions
v ATP cannot simply diffuse across membranes: allows ils movement to be conlrolled via carriers
v ATP s chemically stable at ~ nevtral pH (similar to cyioplam)i does not hydrolyze prematurely
v ATP + H,0 == ADP + P + %Ei,?"/}',z 15 easily reversible faci\iial:ins use and re-vse
4 energy released from hydralysis is’ just riahh' ! sufficient for cellular protesses with minimal waste

nterconversion of Adenosine Triphosphate (ATP) = Adenosine Diphosphate (ADP)

® ATP contains more chemical pokenl:ial energy than ADP
- enecgy is feleased when it is converted to ADP+ P; and Lqu:'fe(i when converted to ATP

H\ /H
|j t+ O  water
Endergonic _ Exergonic
ATP

b S\f’ heat
2 === I releosed
D T T ADPeR;

H
reaction progress ADP

X while not alot

(~ ko] & mol") ,
e{;e;zgl7 I i"“ﬁm;c HO e/;e;:s? 7 it is sufficient for

(equired > < ) release

\)\/\I phosPha’ce Pi (VA Many cellvlar fasks

€nerﬁy is Supplied By:

X ATPis sometimes directly hydrolyzed
by water (like above) bot it can also
react citectly with another molecule
(phoSphorylal;iou) maKing it reactive
where Pi s released later to be re-vsed

\> oxidation of biomolecules via cellolar respiration
\> conversion of light to chemical energy in photosynthesis
\S oxidation of inorqanic  substances via chemosynihesis



C1.2.4—Cell respiration as a system for producing ATP within the cell using energy released from carbon
C1.2.5—Differences between anaerobic and aerobic cell respiration in humans

compounds.

Cell respiration * the controlled celease of energy from carbon compounds in cells to produce ATP

S

proteins 0000 —

carbohydrates C%O -
lipids  |[Ron ——

by Sped?n'c enzymes in step- by-step pothuways

—> amino acid$ ~ O © o~ |

diaes{:ion.

—> glucose QOO o

— AAARAAN
—> 3\y<¢(ol + ('at\:y acids f

|absorption . assimilakionl

> energy is released from carbon compounds by oxidakion which is coupled to reduction —> redox reactions

reduction - the gain of electrons / Hydrogen

[ v
OILRIE’ BORSSORNG

oxidation : the loss of electrons / Hydrogen

First slep in cell respicabion is glycolysis ° breakdown of glvcose into  fwo pyruvate molecoles , produeing a net 2 ATP

X extended in HL X reduclion \> aerobic cell respiraliw\. requires O, and produces
| v CO, as waste in ordec to produce. ATP for cellular
ex: CH,0, * 60, —> 6CO, + bH,0 activities, creating a gradient. Gas exchanges is
| A the 0iPusion of these gases.

glucose + 0,
Mmassive felease

€ of heak and light
cners_y —

carbohydrates, lipids, protcins (main substcates are glucose ond fatty acids)

Co; + H;o

anabolism for sroufh, and storage

©
OO NOOD

A

cell respiration

Combustion

gos exchange * the exchange of 0, and €O, behoeen O

2
—7 &

an organism and its surroundings

oxidation .- bolh processes are diffecent bot jnfecdependent

anaerobic respiration -

N

P controlled,
heat incemental
ATP release of

/I/ heat  enecgy

ATP

glucose + 0,

Co, + H. 0

cell respiration

X The processes of respication is often confused with gos exchange —> theyre NOT the same !

exX: occours in lvnss

in mammals

“\} @ gas exchange B3.|

respiration in the absence of oxygen. No furlher ATP produced

4 CyfoplaSm > N [actic acid ® occurs in humans when energy demand is very high and
/ / \ fermentation S lactate fhere s not enough O, for aecobic respiration. Limit to
— \ ) lactic acid how much |actate can be stored due Jo increasing acidic
(Z p_yruvd:e OZ. conditions, affecting contractions - O, fequired to break it
= down. later. Some bacterio fespire like this (ladobac.'u»s)
hesose svugar ‘0. . T\ alcohol
. J . . . . .
(ex: 3'UC°S¢) ) fermentation S ethanol + cO, ®occurs in plants, yeast, fungi, bacteria. Used commercially
‘ to make alcoholic beverages, bake bread, and biofuel
| (in homans) aerobiC respiration anaerobic respifation
aerobic rcs')imuon. : (esPi(al‘.ion which requices oxygen and Pmr)uccs alarge ATP yielr) Oz,
/9 \I chemical s\ucoSe. + oxygen —> + glucose  —>
ceaction “— reactants — reactant

éH,O < electron transport < Krebs
chain. (€TC) cycle

.

(+28) Ys000 4co, + (2) Fooeo

| < mitochondrion >

® Most cukaryolc.s (animals, Plamts,dc.) Primarily respire ocrobically to meet large cnergy demands

2 <— |inK reaction

.

rcspirakory substrates carbokyd(AlZCS, Iipids and amino acids (aller deamination)

cellvlar location begins in cyloplasm and ends in mitochondria

20,

ATP yield %= locge ATP yied (>30 per glucose)

reaction Fa-}hway glycolysis = link reaction —> Krebs ¢ycle — €TC

only carbohydrates
occurs in cytoplasm only
small ATP yield (2 per alucose)

3|ycolysi$ — fermentation



C1.2.6—Variables affecting the rate of cell respiration

The rate of cell respiration is impacted by Several factors (m,h of which covld be an IV ja an investi a&-‘m)-'
rate P P y 3

O1 concentration {emperature and PH
\S lower conc. of Oy results

in lower rates and absence

size of the organism

S smaller organisms have
higher SA:vel .- higher rate
to account for heat loss

metabolic rate of the cell

\S cells vary in {heir energy
demand .- rate will
reflect 1his and vary

o temp /PH closer fo optimal
resolts in anaerobic respiration

Q'.

me ackivity

6.

O=

e of resction /enzyme act
rake of reackion /enzyme activity

O:O

\-> rcspira tion is enzyme - controlled

rate and beyond may denature enrymes

fespiratory Substrates

increases

rate of resckicn /enzyme setivity

as substrate conc. jacreases, so
does rate unkil enzyme saturation.
type of substrate also matters

=

— 4

The rote of aerobic respiralim can be measured and deleimined using a resp.'romelzer = measures The cate of 0, consumption

tempecature [€9)

[ — |

How it works

expetimental

Sd‘.uE

* could also connect tube to

o, gas data logger S‘l'udy species respire

acrob-‘mlly) absofbn'ns
Oz and (Cltasmj COz_

O]

® T ® the impact of €O, absorbent should be determined, i.e.
@] how mueh does manometer move due fo €O, absorplion alone:
®] S if setup is like one on the left, ensure glass beads are the
® Same volume as study species and this is contralled

s if sttop is o Single st tube, run experiment with and

®$yrin8e - addS air to reset manometer withovt o/ganism (us:'nj beads) and subtract difference

® electronic water bath - reaulales (empmlure
Determining rate of respiration.
\J

® aerobically fespiring organism (s) (sw, specics)
ex: germinating seeds, meal worms, insects
® coge pactition - allows gages through. but prevents contact ® rate of respiration = volome of 0, per unit time (mma min")
\> Jetermine mean distonce liqid moved in manometer afier a set
amovak of Lime (lonacr the better)

S yolume O, consumed in tube can be calcwlated: TU rd where

of organism with hazardous alkali solvtion
® alkali solution ( potassivm kydroxide) — absorbs CO,
KOH + €O, (g9 — K,C04(s) + Hy0
* covld also use soda lime pellets
® rolled filter paper - increases absorption efficiency
©) manometer - cap'ullary U-tube filled with coloured oil

S divide by length of time in chosen unit (min or s)

= TC(1Mm)lIOMM = 25 mm? min"'

Smin

Hoftman clip - seals respirometer and vsed to resek pressure
®@ glass beads - control ( same total volome as stody speeics)

S~

r iS radivs of masometer tube (mm) ond 4 is distance fravelled (wmm)

ex: “quir) moved [Omm a Smin ﬂ\uu\,k Ymm diameter manometer tube

As O;_ 9 is removed and
CO; is absorbed, gas particles

within tube decreases -

decreasing pressure within

vigh

® F)tol:oSyniheHc 0(4anisms both. absorb
and release 02 - how to account for this:
S (un experiment in the dack to prevent
photosynihesis and only measure respiration
® seal fespicometer only after temperature has

stobilized , otherwise expansion can cause explosion

%00

COy concentration

S as €O, is produced it
can form cacbonic acid
and lower pH

GEDO +H,0 \)
chos (aq)

The pressuce within manometer tube is higher
than test tube , causing liquid within to mave

toward respiring organism (1P 4o \l’P)
S distance liquid moved over time is measvred

el EE

eoe | (I E”
% L

—
)
TTTTT

Data
v movement of flvid
groups | in manome ter (mmmin")
TI|T2[T3|TY4|TS

Mmeasuring anaerobic respiration

liquid paraffin

. ® T preveat aecobic respiration

s

—-C0,

\
|

glvcose and ycq:i Solvtion

the solution of glocose is
boiled (to remove 3ns¢s) and
paraffin placed on top to siop
0, from dissolving in

o Co, Puducb'on can be measwred

via. data |033¢r, Sycinge or
inverted cyl-'nder
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C1.2.7—Role of NAD as a carrier of hydrogen and oxidation by removal of hydrogen during cell respiration.

The purpose of cell respiration is to 1ransfer the chemical energy in biomolecoles (like glucox) inko ATP for easier, later vse Through a series of reactions in & metabolic pathway

X note: you do not need
10 know the structures
of NAD' and FAD

How is energy incrcmcnl:a“y taken , Yransfecred, and used 7

S cleca‘ron/hydrosm carriers carfy energy-rich electrons in order to ultimately produce ATP r—> organic, non- protein molecule which aid an entyme in its catalysis {unctions

> Nicotinamide Adenine Dinvcleotioe (NAD) and Flavin Adenine Dinveleotie (FAD) are coenzymes which accept and donate hydrogen atoms (and electrans) reversibly in redox reactions

_ADP _ ADP aofo‘:op o L0 Redockion Orxidakion
Ribose Ribose > on 2 o gain of electrons loss of electrons
N E) reduction N +H o YN\ N reduction \ OYN N gain of kydrogm loss of hydrogen
—— ain in potential ener loss in potential ener,
l F |/O oxidation l I o HN\HINJQ: oxidation ”N\'):Njgi slo.ss. of ':xysen. > sain of Poxysen. >
H  NH, H H N, o )
reducing agent ° @ oxidized
NAD* + 2¢ + 2H" == NADH + H* (redoced NAD) FAD + 2é + 2H' == FADH, (redoced FAD)

oxidizing agent @ reduced

the Profons and electrons o the electron transport chain
(eTe)

S FAD accepts 2 electrons and 2 protons {tom hydradm atoms ,

S N/\D+ acccp(:s 2 electrons and o Pmton from hydroden atoms ,
becoming redvced FAD (FADH,_)

becoming redoced NAD ( NADH),'ﬂ\e other proton is released (H*)

> Dehydrogenase enzymes femove 2 Hydrogen (2¢, 2H*) from o substcate and transfecs them 1o NAD* and FAD, reducing them Lol ““7 are oxidized, danal:(rlj

R R
| |
2R &2 G\ X Hhe Gl £
@ A ® N\ oxidized ® ® A e tinal & and
@G- @° | bydognase + v @ e | r @O @@ (hele) " wagtr
S NS > T 0 N
v |/ oxidized 7 ( reduced oxygen ,
H NH, H NH, forming H,0

X NAD? ;¢ reduced in 3)7colysis, link reaction, and Krebs cycle. FAD is reduced in 1he Krebs cycle. X Both.  NADH and FADH, are oxidized by protein complexes in the ETC and can be revsed

The acrobic cell respiration metabolic pathway consists of 5 major phases

Overview of enlire process: SIUCDSC + (6)02 —> (6) COZ + (6) HZO

@ 6l¥col¥sis @ LinK Reaction @/(rebs Cycle @ Electron Transport Chai @ Chemiosmosis

H* ., H* . H* + oyt + Hf

slucose > (2) pyruvate > (Z) acelyl Co/{\ > > > 1 ~—+ H e H H* H* H“H H!:' H* H* H+H 1 [

© - ]
4 W | . S
waste : (2) co, (’-l) co, ) H* (6) Hzo e/g;)
@ (6)0, =
ATP yida : (net 2) ATP > (Z) ATP (~28) ATP
(2) reduced NAD > (2) reduced NAD > (6) ceduced NAD  (2) reduced FAD NAD* FAD

electron carriers -



HL

@ Glycolysis : the fiest stage of respiration where a & carbon molecule (glocose) is broken down into fuwo molecoles of pyrovate in a stepuise linear metabolic pathway

> takes place in the cytoplasm of cells and does not require oxygen

S Consists of ficst 'invesbing' cnecgy [ , ] 1o recieve back o 'Payoﬂ’ with interest’ (ATP and redueed UAD) [ X ]

/—>addi¥ion of a phosphate (PO;_) féremaval of o phosphate (PO:_)

C1.2.8—Conversion of glucose to pyruvate by stepwise reactions in glycolysis with a net yield of ATP and reduced NAD

X means "$usar SP““’;"S“

Note: It is not re7u|'red to knew the exact Structures and names
of respirahn_y intermediates angd entymes. Understand that
cach step in the pathway is catalyzed by a different enzyme

LysiS Due to {he attached phosphates, fructose 1,6- biphosphate is
ungfable and lyses (Spl»'is) into Z triose phosphate 63P) molecoles

©—-©©®

enzyme C enzyme D

Phosphorylation.  Glucose is phasphorylated fwice through the dephosphorylation of 2 ATP moleciles
\> 1his makes fructose 1,6 - biphosphate enecgetically vnstable and more reactive
¢ ®© ©
(© enzyme A enzyme B R ® ®
€] © >
0—© N ©—©
3!0(.056 ‘.. OO 99, -~
O X Addition of chngcd ® also prevents
ATP ADP glvcose from leaving the cell, drapping

it and ensuring it will be used

Oxidation Each triose phosphate is oxidized fhrough The removal of hydrogen and 2 €
(dekydmsem(:ian)_ NAD* accepts 1he heraden and electrons, bccominj redveed NAD
S energy released from oxidation allows Fhospkorylal:ion by an inafaanic phosphal'.c (Pi)
to fhe oxidized substrate ,fnrmirzg a high energy pradut.f

de l\ydmgenase enzyme A

P-0-©O0©®

triose phosphate (63P)

P—©0©0©

0 @

ATP ADP

{:'uciosc 1,b- Liphospha te

process where ATP is phaSpl\orylated directly from a substrate

ATP formakion' Each molecvle of [, - biphosrhoglyceml:e 5 dephasphorylated twice,
transferring the phosphate to ADP via substrate-level phosphoryla tion (sLp)
form.‘ns 4 ATP {otal (a net of Z)
\S the end products are two D-cacbon. molecvles of pyruvate

enzyme € enzyme F

©©0©0®

N4

00000 —
VRN

NAD* redvced NAD

triose phosphate 1,3 - biphosphoglycerate

del\ydroscnase enzyme A

OmOmPOm@m0

ADP

A\ 4

/\>©—©—©

ADP ATP

enzyme F

/N

ATP

pyruvake.

enzyme €

A 4

S
/7 N\

NAD* reduced NAD

_Summar_:;

location: cytoplasm
products per glucose: (2) pyruvate, (2) reduced NAD, (net 1) ATP vio SLP

ADP

NOO®

ATP

enzyme (SPecific to the Phosﬂ‘ﬂfy"*—ed
sobshate) binds fo it and ADP at

to catalyze fhe reaction
X as each sobstrale is difPerent,

a different enzyme is vsed




C1.2.9—Conversion of pyruvate to lactate as a means of regenerating NAD in anaerobic cell respiration.

HL

C1.2.10—Anaerobic cell respiration in yeast and its use in brewing and baking.

C1.2.11—0Oxidation and decarboxylation of pyruvate as a link reaction in aerobic cell respiration

Ay

(

Solvtion: regeneration of NAD' via fermentation ( part of anaerobic cell rcspiraéian,)

o lactic acid fermentation : PYruvete s redvced via the oxidation of redvced NAD rerming
'-§ NAD* and producing lactate (lacl:s'c acid)
g o 0 lactate dehydrogenase O OH . O OH
3| -©-©6-© > 0-O-0-© = H—O-0-©
; /N
S
g Pyruvatc reduced NAD NAD! lactate lactic acid
§ \_/
X Glycolysist 3‘“05@ - (Z) Fyruval:c <Cy£opla5m.>

/N

ADP

> Human red blood cells vndecgo 1his process as they lack mitochonoria. @
§

\> Human moscle cells 1ypically respire acrobically bot in periods of high energy demand such as

(net 2) ATP

Strenvous exercise, oxygen demand > oxygen availability, thus they will vaderge lactic ocid
feementation. Aflerwards, the produced lactake con be convected to pyruvale and oxidiced aerobically
X the increased breakdoun of ATP into ADP+ Pi (VH*) causes ‘the burn not lactic acid,in fack, it might help!

\> The baderia. Laclobacillos undergo this process and in addition, to living mutvalistically with 4
humans , are used commercially in the production of yogurt and Kimchi, converting lactose into lactic acidl

Froblem: In the absence of oxygen, pyrwvate cannot be fully oxidized and reduced NADH cannot be oxidized to be revsed in

glycolysis,, thos halting ATP  production

anaerobic cell respiration

\
Ethanol {ermentation. Pyruvafe. is first decacboxylated into ethanal, producing carbon dioide. Then, ethanal
is reduced via the oxidation of reduced NAD re('oming NAD' and producing efhanol
‘01 0 0 OH
o N >©-© 7N > ©-©
pyruvate O=©=O (co,) ethanal reduced NAD NAD'  ¢thanol
<cytoplosm > Glycolysis ° glucose /,\\,/> (2) pyruvate |
ADP (net 2) ATP

Saccharomycg cerevisiag ( yeas’c) i5 used in various processes:

\> Yeast is added fo dovgh and as it respices anaerobically, it produces COp which resolls
in air Fad(ds and cavses the bread forise. Ethanol evaporates due {o l\ial\ heat while baking

> Yeast is vsed o brew aleoholic beverages such as wine, spirils, and beer c)ependn'ng on
the source of sugars vsed dw;nj {eumeatation (cx: grapes, potatoes, grains, rice,dc.)
Alcoholic drinks all contoin ethanol, Pm)uccd dur.'nj this process (Swo\c also with €0, , like becr)

\> Veast is used in the peoduction of bio-elhanol , o rencwable fuel source

i

@ Link reaction  reaction thak connects glycolysis with the Krebs cycle where

pyrwal:e undecgoes oxidative decarbo:glab‘an to form acetyl CoA

<Leytoplosm >

~

In the presence of oxygen,, fransport proteins enable pyrvvate
to enter from the cytoplasm into the mitochondrial matrix

L

amolecule of CO, as waste

Each F)ruval'.e is decarboxylatcc)
bccamin3 acetote and form?ng

faﬂy acids (frorn Iipids) can be cleaved into acetyl grovps ( B oxidation)
(o]

and enter the pathway @ @@ O0-O-@ ”
I OH
g%

Acd.)l binds to Coenzyme A
rwm{nj acetyl- CoA

removal of carboxyl
group, releasing co,

Simultaneously, pyruvate is oxidized,
transferring hydrogen and electrans
to NAD’, form;nj redveed NAD

inner mitochondriel membrane

location: mitochondrial mateix

0"
T pyrvvate dehydrogenase complex
©-©-© > (000 — > ©-© -
/ - . / \l acetate ace‘:yi - CoA
glycolysis / FyruvaEC O=©=O NAD* redvced NAD c
\\ ummary

mitochondrion ouvter mitochondrial membrane

diffuses out as waste products per glucose: (2) accfyi- CoA ,(Z) redvced I\/AD,(Z) co,



HL C1.2.12—0Oxidation and decarboxylation of acetyl groups in the Krebs cycle with a yield of ATP and reduced NAD
>< named o-l’*cr is diScouercr‘, Hons
Krebs . Also Known as Cilric Acid Cyele,

@ Krebs CyCle : Cydl'cal metabolic pathway where acetyl grovps are decarboxylated and oxidized resulting in the reduction of NAD! and FAD and the production of ATP and (O,
affer the ficst inteemediate formed

LinkK reaction
l/ ‘\ acc{yl- CoA from the linK reaction combines with oxaloacetate
(o Y carbon organic acid) to form citrate (a b corbon organic acid)
acetyl - CoA ©—© @
S Coe,nzyme. A is released and is reused in the link reaction

HC infermediate is oxidized, transferring
hydragen and electrans (dehydmseml:ian)

+ . enzyme G
to NAD?, colmmj redveed NAD e

\> oxaloacetote is regenerated, ©—©—-©-©

completing one “turn’ of ihe cycle
oxaloacetate (4C)

Citeate (6C) vndergoes oxidative decorboxylation :

S it is oxidized, transferring hydrogen and electrons
(Jehydlosmql:ian) to NAD?, fozm-‘nj redveed NAD
it is decarboxylated, becoming a 5C molecule
and forming o molecule of CO, as waste

reduced NAD

'SPins'

NAD*
@—@:@—@ tuice per reduced NAD
YC intermediate is oxidized, y (4c) glucose i
transfereing hydragens and electrans  redvced FAD 5 ;
\9 diffuses out as waste

(dekydrosenal:ian) to FAD,
fomdnj redueed FAD

c)

5C intermediate undcrgoes oxidative c)ecarboxylah'an:

NAD*

\> i{ is oxidized, transfecring hydrogen and electrons
(dehydrogenation) to NAD* , forming reduced NAD

St s decarboxylated, bccom-‘ns a YC molecule

and “‘Ofm;ng o molecule O‘, COZ as waste

ATP is formed from ADP and an
redvced NAD

inocganic phasphal.e via Substrate-
level phosphorylation (sLP)

\9 diffuses out as waste

X' reactions where substrates are oxidized in _SU"‘"‘“'."
location: mitochondrial matrix

order to reduce electron carriers are
dehydrogenation reactions (removins hydroacn) producks per cycle: (3)redoced NAD, (1) redoced FAD, (1) ATP via SLP,(2) CO,
products per glucose: (6) redoced NAD, (2) reduced FAD, (2) ATP vja SLP, (4) co,

and are catolyzed by dehydrogenase enzymes



C1.2.13—Transfer of energy by reduced NAD to the electron transport chain in the mitochondrion. C1.2.14—
HL Generation of a proton gradient by flow of electrons along the electron transport chain. C1.2.15—Chemiosmosis and the
synthesis of ATP in the mitochondrion. C1.2.16—Role of oxygen as terminal electron acceptor in aerobic cell respiration

Glyeolysis LinK reaction Krebs Cycle @ @ ~y ADP
redvced redvced metabolic water . 0.

N&@ NAD* 7 o FAD@ ® ® @K o wn::

e [SETRIRRE L Db PRI R e T
gl V11 mgxgsggﬁmgy,ﬂﬂg\'g“ iy
_J
@ ®

inlc::o:cmebmne < @ @ @ @ @ @ @ @@ @ @ @ @@

A\

o : R R R R R R R R R A AR RR R RARFRARGRARAARAGRETRAARGAR| [N
menbrane || SOUASEAEENUADLL DAL DL L O L D DL LD A A S D L L

@ Electron Transport Chain ° Scries of carriers in the jnmer mitochondrial membrane that accept electrons fiom reduced

<€TC) oenzymes allowinj the generation of o proton gradient in the intermembrane space.
©

© Redueed NAD (from glycolysis, linK reaction , and Krebs cyde)is oxidized to NAD', donating electrons and protons P &
 Reduced FAD (from Krebs cycle)is oxidized to FAD by another protein tomplex, donating electrons and protons 3 O

\> NAD* ond FAD can now be veused in previos metabolic pathways 5 H* pumped '

3 e —> ]
electons released are donated to protein complexes embedded in the inner mitochondrial membrane , reducing fhem. He pomped L
As electrons move from one carrier fo another, they move from a higher energy level 1o a lower one, releasing energy -

hnnspor('. chain

the enecgy released by electrons is used to pump H* from the mitochondrial matrix into he intermembrane space
\S creates a large elecicochemical proton gradient across the inner membrane (fow in matrix , high in intermembrane sPace) aka proton - mobive force

@ Chemiosmosis * process by which the synihesis of ATP is driven by the diffusion of protons down theic electochemical gradient through ATP synthase
lacge proton gradient in the intermembrane space diffoses down its concentration gradient 1hrough the enzyme ATP synthase back into {he matrix.
This cavses the enzyme to spin (like o twbine), catalyzing The oxidative phosphorylation of ADP, capturing he potential energy from the H'gcadient as ATP
L Oxygen s fhe terminal acceptor of clectrons in dhe €TC. It also accepts H? from he mitochondrial matrix,{‘wmin\g metabolic water ("fe' + 44+ 0, — ZHzO)
\S> fhis is Why acrobic respiration requires Oy * without it fhe electons will stop flowing in The ETC and fhe H* gradient is no longer maintained, halling chemiosmosis

o= =0

0 ATP &
o= =0

ATP synthase

CS is\
FRARRATRATRITRARR ARAR
SN TINTENTENTNTIATY

%
i

|

Mitochondrion @organelles p2.2

o

intermembrane space
inner

membrane
? ovter
chrisla b membrane
/

\

_Summar_y of ATP generation per glucose

ATP via SLP: 2 ( glycolysis)
2 (Keebs Cycle)

Yy
25 (10 reduced NAD x 2.5)
3 (2 redoced FAD x 1.5)

no O, required = 2 O, required = 30 |grand total = 32

X volues are estimabes bosed on H* generated by the ¢ donated
10 H* generated /NADH , 6 H*/ FADH, (4H" needed. per ATP)



HL

Both carbohydrates, lipids, and proteins can be vsed as substates for respiration - however as they differ in wmposition, whee they enfer the medabolic respiratory pathway differs:

.
R

® carbohydrates are broken down inko monosaccharides
($uch as slucose and ("ruclase)and these enter glycolysis
\> con be rcspireé aerob;cally and anaerob»‘cally

® are broken down nto glycerol and
faﬂy acids. Glycerol can be converted fo GIP and cater
glycolysis. Fatly acids are broken into 2C acelyl groups
and combine with Co-enzyme A and cater Krebs cycle
\S can only be respired aecobically

® Pro{eins are broken down into amino acids. These are +ypica|!_y
used anabolically bot con alSo enter pathway at various shjes
depmdu‘qg on fheir R grovp (aﬂer deam'm&ion.)

O
OOO

carbohydrates n&ﬁé\\@%m
/\éw {atly acids
monosaccharides — 3|ycerol AALA A acelyl grovps
N | ANAAAAA

C.1.2.17—Differences between lipids and carbohydrates as respiratory substrates

o000

prale;ns

I

Glocose —> triose phosphate —> pyruvate —> acetyl- CoA —

Krebs cyele > oxidakive Pl\os?horylation. )

_J —

(&

no oxygen re7w'red

/n ferms of energy yield R lipids Prow'Je. far more enerqy /sram than mrbohydraks Whea oxidized vio. cellular respiration

oxysen. reyuired

\> Chemical entrgy is stored in he bends betueen atoms. Durin‘s cellvlar respication , energy stored in (=C and C=H bonds are incrementally tansferced via oxidation to NAD' and FAD (via H and e") and slored in ATP

> Fatty acids have less oxygen atoms (ohich is highly elcdconcsa{ive) pec molecvle than

H
Ho-CoH EEEEEEEE RN AT AR RN
carbohydcates, meaning that each. carbon is more reduced with more eleckcons acound them HO C—O  H  O:CH=:):2 Hof"?'f',c'?' LOLOCOCoLOLocaceColoton 0:C:H=1:8:1
" fatty acids are more oxidizable and when eleckions are Hansfecred during oxidation , ?\ OH ||4/C.\ yield ~ 37 ATP HHHHHGHHHBHHHEHEHHIHIEH yidd ~ 123 ATP
more enecgy is released. and transferced compared 1o carbohydrate oxidation H C=C mass = 180gmol™ mass = 256 gmol ™'
H ©OH . {his fatty ocid yields ~ 2.F times ATP per gram
Carbof\ydra«’res Lipids

Respi rcdor)» Pafhway

Energy yield

Mefabolic water production.

Energy store

substrate in. aerobic and anaerobic respiration

lower energy yidd per gram
(more oxygen, less oxdizable hydragen and carbon)

Comp‘!k oxidation produces less H,0 per gram

(more soluble and occessible and faster fo break down.)

enters in 3lycolys is

Short -term energy sopply

enters in Krebs cycle as acetyl Co-A
Substrate in aerobic respiration only

higher energy yied per gram
(less oxygen, more oxidizable hydrogen and carbon)

Comp‘d‘t oxidation produces more H,0 per gram

/on3-+c1m energy supply
(insoluble, less accessible and slower fo break doun)
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