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Kiebs Cycle
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Cell Respiration



WARM-UP

C What process is shown in the
Image”?

C Define the term (above).

C Label the diagram to the 2@ i
right. > 2
¢ How is NADH formed (what 6 d 7
chemical process)? 2x 3-phosphoglycerate
C How many carbons are in B L
glucose and pyruvate? 8
. 2x Mou:omm
C What is the net energy 5 e 1'e

production? 5



B | revie

WARM-UP

1
2
C What process is shown in the image? —
-
4

glycolysis

C Define the term (above).

C Label the diagram to the right. 2@ . \ 5 - I
C How is NADPH formed (what chemical 2x  13-diphosphoglycerats
process)? NAD+ IS reduced 6 >2 ATP
(gains e- and H+ ion) 2x 3phosphoglycerate
C How many carbons are in glucose (6) y ¢

and pyruvate (3)?

C What is the net energy production? > DA

2 ATP added A 4 ATP produced d ] ®

= 2 ATP (net) o o




ﬂ Process?. Energy investment phase

WARM-UP molecule?

> ol

Energy payoff phase

Electron carrier? > ?
Net

? organic molecule——>

energy formed i ? used ————>» ?

Electron carrier? —_— ?

Energy use

. O l >;;E;§

?



ﬂ GIyCOIySiS - Energy investment phase
WARM-UP Glucosej

2ADP +2 @

Energy payoff phase

2 NAD* + 4 e +4 H* > 2 NADH

4ADP +4 (B >* formed

+2 H*

L—>2 Pyruvate + 2 H,0

Net

4 ATP formed i 2 ATPused —>» 2ATP

Glucose 3 2 Pyruvate + 2 H,0

2NAD*+ 4e' +4H* — > 2NADH + 2 H*



WARM-UP

V Takes place in the

GLUCOSE
CEEEEE

1 (no oxygen).

VGl ucose ospl-itsbo
carbon molecules of

V NAD+ is by gaining
electrons & produces

Vo__ _____0of4ATP_ _

V Requires an of 2 ATP.

V Net ATIR preductiom=




WARM-UP

V Takes place in theCytoplasm.

GLUCOSE
CEEEEE

Vv Anaerobic (no oxygen).

VGl ucose ospl-itso i 'o
carbon molecules ofPyruvate. 0

V NAD+ is reduced by gaining
electrons & produce2 NADHH.

V Phosphorylation to make 4 ATP.
V Requires animput of 2 ATP.

vV Net ATIF preductiom=— 2 ATP.




% Lesson Objectives B

By the end of this lesson, you should be able to:
A Understand how energy is acquired by organisms.

A Investigate the biological processes of Cell
Respiration

A Analyze the steps of Cellular Respiration: Glycolysis,
Transition Reaction, the Krebs Cycle, and the
Electron Transport Chain.

A Distinguish aerobic from anaerobic respiration.

A Science Practice: Simulation Cell Respiration



Cellular Respiration Overview (4 Stages)

Glycolysis LinkRxn  Krebs Cycle  Chemiosmosis

Glucose

l

Pyruvate

1




Cellular Respiration Overview (3 Major Stages)

[ Glucose ]
Aerobic ] ( Anaerobic
respiration J L respiration
(Oxygen present) (No oxygen present)
Glycolysis:zartp Glycolysis: 2 ATP
Citric acid cycle:zarp Fermentation: 0 ATP

Electron transport chain erc ~ 1otal =2ATP

(up to 32 ATP)




Glycolysis:

A One 6-carbon glucose
molecule

A Two 3-Carbon Pyruvate
molecules

A 2 ATP (4 are produced but 2
are used)

A 2 NADH

Cell Respiration

GLUCOSE
PEEEEE




A2 Pyruvates EMNE=NGI111€) 5} (‘lﬁi{kﬁéﬁlﬂtﬁ]ﬁh

enter the
Mitochondria
per glucose
molecule
A . Electrons -~ [Electrons carried
Alt occurs In carried (] viaNADHana | -
- ia NADH 2R :
the Matrix = A
of the ﬁ &/
mitochondria Sl S
Glucose > > > Pyruvate ﬁ
AWhen | Stige g
pyruvate Cytosol ‘ "'"°°"°“""°“H e
enters the U N
mitochondria,
It Undel’goes a Substrate-level Substrate-level
Transition phosphorylation phosphorylation

Reaction.

13



0 0 HSCoA 0 Glucose
|l 2o ot

| —
HyC—C—C—0" H,C—C—5—CoA + CO, e
pyrwvate et ok acetyl-Cod ‘

-

anaerobic aerobic
pathway pathway

,l

Mltochondrlon

c,

Transition
Reaction

Cell Respiration
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Transition (Link) R

A 2 Pyruvic Acid molecules
(pyruvate) are converted into 2 Pyruvic acid Pyruvic acid
acetyl-CoA (from glycolysis).

A Acetyl Co-A (2 carbon molecule)

NAD* CoA NAD* CoA
connects glycolysis to the Citric
Acid cycle (Stage 2 of cellular
respiration. NADH NADH
2 COZ

+ H* + H*
ANAD+ is REDUCED to NADH by
gaining H+ and electrons, entering Acetyl-CoA Acetyl-CoA
the Electron Transport Chain m @
(ETC). (Stage 3 of cellular
respiration.

Cell Respiration 15



QEach pyruvate entersviatrix
of the mitochondria from
glycolysis.

© Pyruvate releases on€0,
molecule.
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From Glycolysis

© The remaining portion of the
molecule isattached to
Coenzyme-A (2 carbon
molecule).

Matrix of
Mitochondria

This releases H+ & two electro

O NAD+ is reduced by gaining
H+ and electrons which
createsNADH.



O CoenzymeaA joins with Acetic
Acid to form Acetyl Co-A.

From Glycolysis

Pyruvate

Matrix of
Mitochondria



From Glycolysis

= Pyruvate

e ~ TVITER ITTOTTCA s

@Each pyruvate enterdviatrix of the
mitochondria from glycolysis.

Matrix of
Mitochondria

©Pyruvate releases on€0,
molecule.

©The remaining portion of the
molecule isattached toCoenzyme-
A (2 carbon molecule).

This releases H+ & two electrons

ONAD+ is reducedby gaining H+
and electrons which createBIADH.

5
oo

O CoenzymeA joins with Acetic Acid To Krebs Cycle
to form Acetyl Co-A.
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From Glycolysis

" Mitochondria

Transitiom Reactiom:

Pyruvate

A 2 Acetyl Co-A molecules

Matrix of
Mitochondria

A 2 Carbon Dioxide
molecules

A 2 NADH

[one of each per Pyruvate molecul€
Acetyl Co-A

\ e
Cell Respiration To Krebs Cycle

20




Transition Stage

Where does it occur?
What is molecule used?

What molecule isproduced(waste)?

What are the electron carriers produced? Process?



ﬂ Transition Stage

QUICK CHECK

1.

2. What moleculeis used?

e rvruvaie

3.  What molecule isproduced(waste)?
2 CO
What are the electron carriers produced? Process?
. seduvtion

A
®

IN3

4.
2NADH,; 2 Acetyl Cols ..

A
®



Stage 2:

Citric Acid Cycle

¢ Takes placeim matrix of mitedhondiia. =
¢ Acetyl Co-A enters the Kiebs Cycle. +
& Regquires Oxygen (Aeiobic). :

Acetyl-CoA

Inner carpbon

QOuter
) ADP
p
\ ATP :
Cristae : NADH 7
NAD *
—_— — “77‘_—’__/ / )

Matrix
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Q

@M From Transition Reaction

Cell Respiration
24



@M From Transition Reaction

Cell Respiration
25



@M From Transition Reaction

Acetyl Co-A g

Coeenzyme A

Coenzyme A® C)

© LJJIJIAO

CoO,
9

99939”
O C

9SYDY” | co,

Cell Respiration
26
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@M From Transition Reaction

— NI
A@ﬁtyl %-A —— e a’

Coenzyme A

Coenzyme A® !C'

© 4JIJIJIAY

CO,
o
99999

O c
QG |[co,

Cell Respiration



@M From Transition Reaction

. n— — e a
Acetyl Co-A S - -
Coenzyme A

Coenzyme
© 4£IJJIJIAI
c)ClC

Cell Respiration
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@M From Transition Reaction

== = — 9
Acetyl Co-A E— = @
CoenzymeA
Coenzyme AY@® ,C'

CCQ
chcClC C02

9
oc
C C

C

e 299 . .
;ﬁ)‘p ™
o R

Cell Respiration



@M From Transition Reaction

Acetyl Co-A P—

Coenzyme A

Coenzyme Al C'

4

Cell Respiration
30



twite per glucose

molecule.
Malkculbi ¢ Per Glucose molecule it
Accountiiig iin produces:
the Kiebs Cycle ¢ 4 CO, (2 per tutn)
y & 2 ATP (1 per turn)
¢ 6 NAIDHI (3 per turn)

31

2 FAIDHI, (1 pe turn)

Cell Respiration



& ATP is used directly by the ceill for ENERGY.

¢ NADH and FADH, are coanzyinesuded dddransport
activated electrons to the Electron Tianspoit Chalin

(ETC).

i £
..................... REER

,

:;;gﬁn.mnuﬂmnnnmmnnnmmg:x.‘i\:-

¢ Carbon Diosite is released by /exhading).

Cell Respiration 32



¢ How nrany molecules of CO, total
are produced during the aerobic
metabolism of glucose?’

& Six:

= 2 in the Tiansitiom Reactiomn
= 4 in the Kiebs Cycle

C;H 1,05+ 60, =—» 6H,0 + 6CO, + Energy (ATP)

Glucose Oxygen Water Carbon dioxide

33 Cell Respiration



Krebs Cycle

Where does it occur?
What molecule isused?

What energy molecule is produced? What do
organisms get rid of?

What are the products entering the ETC?



ﬂ Krebs Cycle

QUICK CHECK

1. Where does it occur?

S \VErx 1in moochondria

2. What moleculeis used?
e 2 Aceryl CoA

3.  What energy molecule igoroduced?what do organisms get rid of ?
¢ 4C0O,, ZAIP

4. What are the products that will enter the ETC?
¢ 8 NADI, 2 FADH, via ieduction.



Transition and Krebs Cycle

What role does the transition reaction play in cellular respiration?

How do glycolysis & the Krebs cycle differ in terms of oxygen?

Name the energy molecules produced in the Citric Acid Cycle.



Transition and Krebs Cycle

What role does the transition reaction play in cellular respiration?

1. Pyruvate (from glycolysis) e
and forms into AcetyCoA (a 2 carbon compound).

2. AcetylCoA goes into the Krebs cycle; NADH enters ETC.
3. Carbon Dioxide is released and will be exhaled from the lungs.

How do glycolysis & the K r e lbyols differ in terms of oxygen?

1. Glycolysis is anaerobic (does not require oxygen).
2. The Krebs cycle is aerobic (utilizes oxygen).

Name the energy molecules produced in the Citric Acid Cycle.
1. ATP 2. NADH 3. FADH,



Jlection Tiansport Chaimn (i 110))

Oxidkative Phosphorylation)

$ Location

Inner Mitochondrial Membrane ( CRISTAE )
(eukaryotes

Plasma Membrane(prokaryotes)

Cristae

______ Outer
membrane

---------- Inner
membrane

38



Jlection Tiansport Civain ((110))
(Oxickative Phosphorylation)

Intermembrane space

Cristae

Outer membrane

$ Efficiency
Generates up to32 ATP

Cell Respiration 39



et iom Transpiont Cham (E1C)

&
(Oxidative Phosphorylkation)

S Uses theETC and ATP. to make
ATP through Oxidative: Phesphorylatiom.

S All NADH and FADH , is converted toATP
during this stage ofcellular respiration:.

S Majority of ATP is made in this stage.

S The final electron acceptor is
OXNMGENN (osddttipn).

S When electrons combine with
oxygen, WATER is formed.




3. Electron Thanspoit Civaln ((17C))

(Oxidatie: Phosphorylatim)

(7

NADH Fam ws | FADH E—
— - L __ m —

S 10 NADH and 2 FADH , deliver electrons tcelectron transport
chain (OXIDATION ).

S Electron transport sets ugH* ion gradients.

S The energyreleased by thelownhill fall of electronsfrom NADH
and FADH , to Oxygenis used tophosphorylate ADP A> ATPR.

(completes Oxidative: H”Ilmsphoryhﬂlﬁm)

S Flow of H* down gradients throughATP Synthase powersATP
formation (Chemiosmosis).

Cell Respiration 41



StepsdifticEidacto rrrﬁrapspocmilnam

I
i
I
i
1
i
v
Outer Compartment 1 : - | Q
e ! A 00008 0000000000¢

Inner membrane.
(cristae)

@ NADH

Inner Compartment
(Matrix)

€@ The high-energy electrons frorNADH and FADH , are passed
along the electron transport chain, from one protein to the
next, forming NAD+ and FAD (oxidation).

42



StepsaiftiietEacto rrrIerapDCh&Inam

Inner membran
(cristae)

Inner Compartment
(Matrix)

> At the end of the electron transport chain, the

electrons & Hydrogen ions will be combined with
to form ~ oxidative




StepsdifticEidacto rrrirapspodhﬁilnam

Inner membrane
(cristae)

Inner Compartment
(Matrix)

(3 1 Oxygen is the finalelectron acceptarOxygen is
essential for getting rid of low energy electrons and

hydrogen ions.



ﬁamaiftﬂﬁlﬂamtm rrrIralpspDCh@ilnaln

High e i e R el L
concentration

of H*

Outer Compartment

AN LY PR

Inner membrané
(cristae) |

Inner Compartment
(Matrix) Matrix: Low
concentration of H*

a A As these electrons move down the electron transport chain, they

releaseenergy, which is used to pumphydrogen ions across the
membrane from thematrix to the Outer Compartment.

A The hydrogen ions are pumpe@gainst the concentrationgradient
from an area oflow concentration to an area ohigh concentration in
the outer compartment (in the matrix).



ﬁqnsafftﬂﬁlﬁa@tm rrrirfspspodwﬁilnm i

ngh 6 ( ------------------------------------- H|gh
concentration 1 concentration

of H* : of H+
4

Outer Compartment
) JSeeesty>
{

Inner membrane.
(cristae)

Y Y

-~ @n NADH

Inner Compartment O

concentration of H*

© | A concentration gradient has now been established.

There Is a high concentration of hydrogen in theuter
compartment

and a low concentration in themaitrix.




ﬁamaiftﬂﬁlﬂamtm rrrIralpspDCh@ilnaln

High @
concentration 1
of H*

Outer Compartment

- | NG S TVYY Y | ) ' ‘. ~y 4/»,,'\‘/»“ RIS . ) -
B YL i i } / A X
‘; ¢ ',:“v"\[\ \)“‘7";?_{;:‘ ’ ‘,"" i " |

(T 4::"». _‘!“l K “-\:; " L N \\ f Vk 1 ke - _( v“]: _ }: ‘."- If NP N L"‘

-} A .\ .\1 \: ’ ) Mo AT Synthase

Inner membrane: R
. l..‘“v' \ ¢ 1 N - FA
(cristae) (4
o NADH e

Inner Compartment

(Matrix) Matrix: Low @
concentration of H*

G Also embedded in the mitochondrial membranes are enzyme.l;
called ATP synthases

Hydrogen ions flow through ATP synthase back the area of
lowy concentration in thematrix .




Sttamsdftth&lﬁa(ztm rrrﬁrapspo(:hﬁilnam

High (5 ) e e Sk
concentration l

of H* E

(4]
Outer Compartment 1
B ceesetsd>

\._/,_ YT NS r'~v,v-\"r--; ! ] \' A‘A-)'",“ NN 7 % e et T
"‘1 iy ) 1) i RUNgingneine L
( Ay
N ¥ ,
i I‘I‘: \ ."‘\- il ‘.Cl‘b .l'(“ { i‘i‘ " ‘:gl‘ “‘ ‘,I
2’8 e W LNy it - UL
N ) - 1 \ | o Y W Y @ ¢ AA A A ) oy Y Y 4 N NN NN NN Y
Sea B L SN \ ) A ¢ A s 884 1) | Y Y Y
SVl S ":rl‘: al ) oAl 9900090008 ¢
- OB AR T AN A :
Inner membrane:. | (S - 4
. IALRRS WA
PN N\ )
(cristae) [ISAOL e | ‘

ATP

Inner Compartment

(Matrix) Matrix: Low @
concentration of H*

°|As the hydrogen flows throughATP synthase it
spins like a rotor.

Each time It rotates, a IS attached to
to form . posphorylationd )




R SiepsaifttheElHectn rrriralpspocmilnam

TRY IT

Inner membrane - [
(cristae) 1Ll

Inner Compartment
(Matrix)

Can You Explain each step in the Diagram?

(If not, go back & review




n Electron Transport Chain (ETC)

QUICK CHECK

Where does it occur?
What molecules are used?
What molecule & energy molecule Is produced?

What are the oxidized products?



n Electron Transport Chain (ETC)

QUICK CHECK

1. Where does it occur?

¢ Cpstae (rnembrances) 1o mitochondiis

2. What molecules are used?
¢ [+ fiom MADE and FAIDH,, O,
3.  What molecule and energy molecule is produced?

e 34 ATP and 0,0 molecules

4. What are the oxidized products?
& NAD T FAD



per molecule of Glucose

Output: -
1) NADH from Glycolysis:
S 2 ATP from each at ETC

S Some energy is used initially to
Import these NADH from the
cytoplasm into the mitochondria

2) NADH from Transition
Reaction + Krebs Cycle:

S 3 ATP from each at ETC

3) FADH , from Krebs Cycle:
S 2 ATP from each at ETC

52

‘Glucose

i . 2 NADH
Pyruvate ud .-b4i/’!\-,%

7 ‘l — 2 éﬁ}/%'?
5 3 ATP ‘Glycolysis
A

l—_»z 'NADH -bs*

‘Acetyl-CoA
} 2
— 2 \i?/g\l'}'\(%
4 Krebs | mssss) 6 NADH =i 8%;5:,7%
cycle
bt 2 [FADH; | = 4 %&%

Total net ATP yield = 36 %T\\:Pg?



Summary of Energy Harvest

(per molecule of Glucose

S Glycolysis Electron Transport Chain
2 ATP
2 NADH - 4 ATP
S Transition Reaction
2 NADH ~ 6 ATP
S Kr e IOyl —32ATP
2 ATP
6 NADH » 18 ATP
2 FADH ,, - 4 ATP
e

Total in Aerobic Respiration

s 36 ATP




Theoretical
Yield

54

Cell Respiration

. Glucose

2 ATP iGlycoly5|sf_’2%§/%\/?

rPyruvate |

_EZ 'NADH ﬂs%‘e\]-}-//%

Acetyl-CoA

¥

Krebs
cycle

w\as
—2%

s 6 | NADH | -;18?}6-\%7

m 2 [FADH. | -”i?}g?
ATPL

N\
Total net ATP yield = 36
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Electron

transport
chain and
chemiosmosis

o
+2 H*

Preparatory stap

CO;
(Total)

= éATé’\
4k




Glycolysis in the Cytoplasm

Citric Acid Cycle Electron Transport Chain
in the
aTP Mitochondria
9 Rsisan
= |
Stage 't)<
5 '
fructose 6-phosphate Cg
NA DM

Citrate C;

3-phosphoglycerate P-C,
PR ATP | s Phosphoglhycerste P-C )
Ervergy

o N ¢ "Ho 4= 8

Stage

Net Gain: phosphoenolpyruvate P-C,

2 ATP 2snp
| o

Typical eukaryotic cell




Cellular Respiration Review

GLYCOLYSIS
Glucose[_> > >Pyruvate

Cytosol Mitochondrion

Substrate-level
phosphorylation

36



Transition Reacti_c_)[]____

f

/( R
U\

GLYCOLYSIS Ace/t/ “COA ma. tI‘IX \
Glucose[_ > > >Pyruvate [ f} \ :| ;l
[ S
Cytosol '. Mltnchnndrmn —_— -
\( \\)//

v

Substrate-level
phosphorylation
Cell Respiration

36



Cellular Respiration Review

Cell Respiration
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