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WARM-UP

d What process is shown in the
Image”?

d Define the term (above).

d Label the diagram to the 2@
. — 2 NADH
right.
d How is NADH formed (what e d
chemical process)? 2 3-phosphoghycerats
J How many carbons are In 5 2,,“,;;,,;,,,
glucose and pyruvate? 8
. 2x W
d What is the net energy 5 < »

production? 5



B | revie

WARM-UP

1
2
d  What process is shown in the image? *
p—
4

glycolysis

O Define the term (above).

“Sugar Splitting” 2 giycerakdehyde 3-phosphate
O Label the diagram to the right. 2@ . \ 5 2 I
O How is NADPH formed (what chemical 2x  1,3-diphosphoglycerats
process)? NAD+ IS reduced 6 >2 ATP
(gains e- and H+ ion) 2x 3phosphoglycerate
d How many carbons are in glucose (6) y

and pyruvate (3)?

0 What is the net energy production? > DA

2 ATP added = 4 ATP produced d 1@

= 2 ATP (net) S




u Process?. Energy investment phase

WARM-UP molecule?

» ol

Energy payoff phase

Electron carrier? > ?
Net

? organic molecule——>

energy formed - ? used ————>» ?

Electron carrier? —_— ?

Energy use

> l >§E§

?




u GIyCOIySiS - Energy investment phase
WARM-UP Glucosej

2 ADP +2 (B

Energy payoff phase

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

4 ADP + 4 (P > formed

+2 H*

L—»2 Pyruvate + 2 H,0

Net

4 ATP formed —2 ATPused — > 2ATP

Glucose 3 2 Pyruvate + 2 H,0

2NAD*+ 4 e +4H" — > 2NADH + 2 H*



WARM-UP

v" Takes place in the

GLUCOSE
PCEEEEE

v (no oxygen).

v Glucose “splits” into two 3-
carbon molecules of

v NAD+ 1s by gaining
electrons & produces

v ” of 4 ATP.

v Requires an of 2 ATP.

v Net ATP production = .




WARM-UP

v" Takes place in the Cytoplasm.

GLUCOSE
PCEEEEE

v Anaerobic (no oxygen).

v Glucose “splits” into two 3-
carbon molecules of Pyruvate.

v NAD+ 1s reduced by gaining
electrons & produces 2 NADH.

v Phosphorylation to make 4 ATP.

v Requires an input of 2 ATP.

v Net ATP production = 2 ATP.




% Lesson Objectives B

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

= Investigate the biological processes of Cell
Respiration

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

= Distinguish aerobic from anaerobic respiration.

= 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:

=  One 6-carbon glucose
molecule

= Two 3-Carbon Pyruvate
molecules

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

= 2 NADH

Cell Respiration

GLUCOSE
PEEEEE




EatinaCll Transition (link) Reaction

enter the
Mitochondria
per glucose
molecule
. Electrons lectrons carried
u It OCCurs 1 carried via NADH and T
the Ma tI'iX via NADH FADH,
of the ﬁ WS
” . i ep/2i
mitochondria Stycolysis
Glucose > > > Pyruvate ?—ns‘jt;r?
» When | Stige
pyruvat e Sioas Mjgochondrion
enters the gt

mitochondria,

lt undergoes d Substrate-level
Transition phosphorylation
Reaction.

Substrate-level
phosphorylation

13



0 0 HSCoA 0 Glucose
|l R

| —
HyC—=C—C—0" H,C —C—5—CoA + CO, e
pyrwvate ek aon acetyl-Cod '»

-

anaerobic aerobic
pathway pathway

_l

Mltochondrlon

,,,

Transition
Reaction

Cell Respiration

14



Transition (Link) R

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

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

respiration).

Cell Respiration 15



QEach pyruvate enters Matrix
of the mitochondria from
glycolysis.

© Pyruvate releases one CO,
molecule.

16



From Glycolysis

© The remaining portion of the
molecule 1s attached to
Coenzyme-A (2 carbon
molecule).

Matrix of
Mitochondria

This releases H+ & two electrons.

O NAD+ is reduced by gaining

H+ and electrons which
creates NADH.



From Glycolysis

- Mt Pyruvate

Acid to form Acetyl Co-A.

Matrix of
Mitochondria



@ Each pyruvate enters Matrix of the
mitochondria from glycolysis.

©Pyruvate releases one CO,
molecule.

© The remaining portion of the
molecule 1s attached to Coenzyme-
A (2 carbon molecule).

This releases H+ & two electrons

ONAD+ is reduced by gaining H+
and electrons which creates NADH.

® Coenzyme-A joins with Acetic Acid
to form Acetyl Co-A.

Acetyl Co-A

\

From Glycolysis

Pyruvate

L5
D>y

Matrix of
Mitochondria

To Krebs Cycle

19



From Glycolysis

"~ Mitochondria " A
Pyruvate

Transition Reaction:

= 2 Acetyl Co-A molecules

Matrix of
Mitochondria

= 2 Carbon Dioxide
molecules

= 2NADH

[one of each per Pyruvate molecule]

Acetyl Co-A

\ o> ;
Cell Respiration To Krebs CYCIC

20




Transition Stage
QUICK CHECK

Where does 1t occur?
What 1s used?

What molecule 1s produced?

What are the electron carriers produced? Process?



n Transition Stage

QUICK CHECK

2. What 1s used?
) Pyruyaie

3.  What molecule 1s produced?
> 2 C0,

4. What are the electron carriers produced? Process?

> 20ADzxl 7 Acetyl Cos\ L., recduction



Stage 2:

Citric Acid Cycle

¢ Takes place in matrix of mitochondria. ¥

¢ Acetyl Co-A enters the Krebs Cycle.

FADH,

¢ Requires Oxygen (Aerobic). N v:

Acetyl-CoA

Citric Acid

\ Inner 4-carbon
Memb"ﬂe Compound
Outer

ADP

- \ L A ATP ;
- - \ / A\
Cristae A /& NADH
. 4 '/ 4 f o i ’l
\ & 4 ’ 4
R i 4 NAD*

Matrix e co,

5-carbon }:;
compound

co. @

NAD*

NADH

23



Q

@M From Transition Reaction

Acetyl Co-A

Cell Respiration
24



@M From Transition Reaction

ACCtYl Co-A === . e

Cell Respiration
25



@M From Transition Reaction

e ——

Acetyl Co-A e
Coenzyme A’
Coenzyme AN® 9

9 4999499

co,

9
99999
o
9dlg

Co,

Cell Respiration
26



0

@M From Transition Reaction

Acetyl Co-A T v ®
Coenzyme A!
Coenzyme A C 9
© 4o godc
G \ COz 0 €W

9@99/ -

9C @ co,

Cell Respiration
27



@M From Transition Reaction

e

Acetyl Co-A e S—

Coenzyme A!

Coenzyme AN®

Cell Respiration
28



@M From Transition Reaction

e

Acetyl Co-A e S—

Coenzyme A!

Coenzyme AN®

Cell Respiration
29



@M From Transition Reaction

Shen e -
Acetyl Co-A S Y.

Coenzyme A’

Coenzyme AN®

Cell Respiration
30



¢ The Krebs Cycle turns

twice per glucose
molecule.
Molecular ¢ Per Glucose molecule it
Accounting in produces:
the Kreb Cg 1 > 4 CO, (2 per turn)
e Krebs Cycle ) 2 ATP (1 per turn)

5> 6 NADH (3 per turn)
. 5 2 FADH, (1 per turn)

Cell Respiration



¢ ATP is used directly by the cell for ENERGY.

¢ NADH and FADH, are coenzymes used to transport
activated electrons to the Electron Transport Chain

(ETC).

¢ Carbon Dioxide is released by exhaling.

Cell Respiration 32



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

¢ Six:
2 2 in the Transition Reaction
+ 4 in the Krebs Cycle

CH;,O, + 60, —> 6H,0 + 6CO, + Energy (ATP)

Glucose Oxygen Water  Carbon dioxide

33 Cell Respiration



Krebs Cycle

Where does 1t occur?
What 1s used?

What energy molecule 1s produced? What do
organisms get rid of?

What are the products entering the ETC?



n Krebs Cycle

QUICK CHECK

1.  Where does it occur?

) WLkt 1o nltocnognckelds)

2. What is used?

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

Yy 4CO, 2 AT

4. What are the products that will enter the ETC?
)y oA DED Y FADEL via reduction.



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) enters the “matrix” (of the mitochondria)
and forms into Acetyl-CoA (a 2 carbon compound).

2. Acetyl-CoA goes into the Krebs cycle; NADH enters ETC.
3. Carbon Dioxide Is released and will be exhaled from the lungs.

How do glycolysis & the Kreb’s cycle 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,



—_—— U

¢ Location

Inner Mitochondrial Membrane (CRISTAE)
(eukaryotes)

Plasma Membrane (prokaryotes)

Cristae

______ Outer
membrane

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

38



Intermembrane space

Cristae

matrix -~
Inner membrane —==——

QOuter membrane

¢ Efficiency
Generates up to 32 ATP

Cell Respiration 39



€ 9§ o T T

¢ Uses the ETC anS t ake
ATP through Oxidative Phosphorylation.

¢ All NADH and FADH, is converted to ATP
during this stage of cellular respiration.

¢ Majority of ATP is made in this stage.

¢ The final electron acceptor is
OXYGEN (oxidation).

¢ When electrons combine with
oxygen, WATER is formed.




ron _P_((HJF)U(F ( 'hain (r* Wf'/

. Blec

(Oxidative Phosphorylation)

10 NADH and 2 FADH deliver electrons to electron transport
chain (OXIDATION).

Electron transport sets up H* ion gradients.

The energy released by the downhill fall of electrons from NADH
and FADH, to Oxygen is used to phosphorylate ADP - ATP.

(completes OXidative Phosphorylation)

Flow of H* down gradients through ATP Synthase powers ATP
formation (Chemiosmosis).

Cell Respiration 4]



Steps of the Electron Transport Chain

Inner membrané;“ e
(cristae) il 1 oass
: o NADH

Inner Compartment
(Matrix)

€@ The high-energy electrons from NADH and FADH, are passed

along the electron transport chain, from one protein to the
next, forming NAD+ and FAD (oxidation).

42



Steps of the Electron Transport Chain

Inner membran
(cristae)

Inner Compartment

(Matrix)

> At the end of the electron transport chain, the

electrons & Hydrogen 1ons will be combined with
to form L 7]




Steps of the Electron Transport Chain

Outer Compartment

Inner Compartment
(Matrix)

(3 1 Oxygen is the final electron acceptor. Oxygen is
essential for getting rid of low energy electrons and

hydrogen 10ns.



Steps of the Electron Transport Chain

High iy v
concentration

of H* E

@

Outer Compartment

Inner membrane%‘l
(cristae)

i
'l

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

* As these electrons move down the electron transport chain, they
release energy, which is used to pump hydrogen ions across the
membrane from the matrix to the Outer Compartment.

* The hydrogen ions are pumped against the concentration gradient
from an area of low concentration to an area of high concentration in
the outer compartment (in the matrix).



Steps of the Electron Transport Chain

High
concentration
of H+

concentration
+
of H : o
]

Outer Compartment
: D <Y X ) r:
A O A
\ LJ*-)

Inner membran
(cristae)

“g o © | B
Inner Compartment O

concentration of H*

9 A concentration gradient has now been established.

There 1s a high concentration of hydrogen in the outer
compartment.

and a low concentration in the matrix.




Steps of the Electron Transport Chain

concentration E
of H* '
A4

Outer Compartment

Inner membran
(cristae) |

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

G Also embedded in the mitochondrial membranes are enzymes
called ATP synthases.

Hydrogen 1ons flow through ATP synthase back the area of
low concentration in the matrix .




Steps of the Electron Transport Cham

concentration -

of H* :e
@

Outer Compartment

U NADH
0 10

Inner Compartment
(Matrix) Matrix: Low

concentration of H*

“ As the hydrogen flows through ATP synthase, 1t
spins like a rotor.

Each time 1t rotates, a 1s attached to
to form . (“phosphorylation”)




EENER Steps of the Electron Transport Chain

Inner membrang“‘-‘;f‘f, Al
(cristae) |

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 1t occur?
What molecules are used?
What molecule & energy molecule i1s produced?

What are the oxidized products?



n Electron Transport Chain (ETC)

QUICK CHECK




per molecule of Glucose

Output: —
1) NADH from Glyc
é 2 ATP from each at ETC

—— —

olysis .

¢ Some energy is used initially to
import these NADH from the
cytoplasm into the mitochondria

2) NADH from Transition
Reaction + Krebs Cycle:

é 3 ATP from each at ETC

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

52

‘Glucose

~

5 _’ATP v‘Gcholysis

Pyruvate

= 2 NADH| m=p 4

o

[—_n 'NADH -bs%\,r\?\?

Acetyl-CoA
S

s Krebs
cycle

et )

. 3

s 6 NADH | -)1&%2\?,}&?

FADH, = 4%:,7%

Total net ATP yield = 36



Summary of Energy Harvest

(per molecule of Glucose)

¢ Glycolysis Electron Transport Chain
2 ATP
S—
2 NADH 4 ATP
¢ Transition Reaction
2 NADH 6 ATP
¢ Kreb’s Cycle 32 ATP
2 ATP
6 NADH ~ 18 ATP
2 FADH, > 4 ATP
-—/

Total in Aerobic Respiration

53 3 6 ATP




Theoretical
Yield

54

Cell Respiration

. Glucose

2 ATP iGlycolysusf_M%

!Pyruvate |

_FZ 'NADH “6%5\/{/%

Acetyl-CoA
% w\as
— 2 iﬂ%
Krebs — G N ADH w18 \ ATP
cycle 2 ’V\'{

m) 2 [FADH,| = 4 ’5&,‘77

N\
Total net ATP yield = 36 ATp\



e
+2 H*

Preparatory stap gmé;m

CO;
(Total)

> éATi_D‘\
. ;"

transport +12H*

chain and

chemiosmosis 36
ATP

55



Glycolysis in the Cytoplasm

Citric Acid Cycle Electron Transport Chain

in the 3
aTP Mitochondria
fr:‘::?:w“ gh"cos‘ G‘Phosphm Cg'P : : .- y
Stage .’ ,j}»

fructose 6-phosphate C-P

/ NADH

NAD +
)

- | NADH
oz
3-phosphoglycerate P-C, (
ray )
:;ov?:tng ¢ HzO ’ ‘
Stage R 3 )
s phosphoenolpyruvate P-C, ( | .
: ( 2aoP N Fumarate C,
2 ATP
‘ 24P S

-\
Typical eukaryotic cell HONORS ¢



Cellular Respiration Review

GLYCOLYSIS
Glucose[_>.> >Pyruvate

Cytosol Mitochondrion

Substrate-level
phosphorylation

36



Transition React10n A

. GLYCOL‘I':IS Ace;/y CoA matrix H|| ".||
ucnseE:Z:Z:> yruvate [l 5 \/—\I |
| =~ \J
| S—
Cytosol '. Mltnchnndrmn — -
NS

Substrate-level
phosphorylation
Cell Respiration

36



Cellular Respiration Review

GLYCOLYSIS
Glucose_ > > >Pyruvate

Cytosol

Substrate-level Substrate-level
phosphorylation phosphorylation

Cell Respiration

59



Cellular Respiration Review

fi |
Electrons -1 Electrons carried it
carried via NADH and
via NADH FADH,
GLYCOLYSIS // S T%'fﬁgpg%
HAIN AND |
GlucnseE:Eberuvate I,l'l t_i P EKIDATWE \\I\-,,Il I.'l
| — PHOSPHORYLATION | |
e v
|

_.-f"f l:'- — //
Cytosol | | Mitochondrion W.u---f_:f--—— —

— 1
Substrate-level Substrate-level Oxidative
phosphorylation phosphorylation phosphorylation

60



Cytosal

Mitochondrion

ﬁ-.} 2
ﬁ

Glucose |:"> Glycolysis

Krebs
Cycle

/

Occurs in
Cytoplasm

|
=

Occurs
Qacross
Cristae

\

Electron
Transport
Chain

612D

61



QUICK CHECK

e —;;‘{
= e

Pathway Eukaryote Prokaryote

62 Cell Respiration



QUICK CHECK

e

Pathway Eukaryote Prokaryote
Glycolysis Cytoplasm Cytoplasm
Krebs cycle Mitochondrial matrix Cytoplasm
ETC (Electron Transport Chain) M ItO?nheOr2g£5A éﬂ ner mz !,Ia.]'%?;ah e

63

Cell Respiration




TRY IT

S Cellular Respiration Equation

Name each molecule. Tell where it comes
from, and name the stage it appears?

C H1206 5 6O 6CO ok 6H O + energy
i Amount & Purpose of ATP?

64



]
TRY IT

WS Cellular Respiration Equation

0. + 60, -6CO, + 6H,O + energy

1 I 1

Glucose made in Carbon Water —
photosynthesis L Dioxide — released ATP releatsed fr(?m
by plants or Oxygen from the waste from (:l}’f:()l_\fSls, Citric
AT atmosphere product of Electron Acid Cycle, and
ahimals : Used in Electron the Citric Transport Electron Transport
Transport Chain Acid Cycle Chain Chain
Used in
Glycolysis

-36 ATP can be made with this process.
This ATP can be used by the cells for cellular metabolism.

65



—
TRY IT . . . .
] ldentifying the Stages of Cellular Respiration

|dentify the stage of cellular respiration for each of the following:
* Produces 32 ATP molecules ...

» Creates four ATP molecules, but gains only two overall ...
 Gives off carbon dioxide ...

 Gives off water ...

* Produces two ATP molecules total ...

« Converts pyruvate to Acetyl-CoA ...

« Takes place in the matrix of the mitochondria ...

* Produces NADH from NAD+ ...

« Takes place in the cytoplasm in eukaryotes ...
 Produces FADH, for the ETC ...

66



] ldentifying the Stages of Cellular Respiration

|dentify the stage of cellular respiration for each of the following:

Produces 32 ATP molecules ... electron transport chain

Creates four ATP molecules, but gains only two overall ... glycolysis

Gives off carbon dioxide ... citric acid cycle (Krebs cycle)

Gives off water ... electron transport chain

Produces two ATP molecules total ... citric acid cycle

Converts pyruvate to Acetyl-CoA ... transition reaction

Takes place in the matrix of the mitochondria ... transition reaction & Krebs
Produces NADH from NAD+ ... glycolysis, transition reaction, Krebs cycle
Takes place in the cytoplasm in eukaryotes ... glycolysis & fermentation
Produces FADH, for the ETC ... Krebs cycle

67



68

FERMENTATION

¢ No Oxygen is
required

¢ Glycolysis 1s the first
step

¢ Some bacteria and
yeast are examples of
“anaerobes’

¢ Net gain = 2 ATP

per glucose
molecule




Alcoholic Fermentation (AF)
¢ produces ethyl alcohol and CO,

¢ In bacteria and yeast cells

Lactic Acid Fermentation (LAF)

¢ LAF produces lactic acid. It can build
up in muscles during strenuous exercise
and cause burning and soreness.

¢ In bacteria and muscles

¢ Glycolysis is first part of
Fermentation




REAL-WORLD
CONNECTION

= Cheese & Yogurt

= Accumulation of lactic acid after rigorous exercise
causes fatigue and sore muscles.

= Lactic acid will eventually be converted back to
pyruvate in the liver once oxygen is available.



REAL-WORLD

CONNECTION

= Baking
= Brewing

= Winemaking

respiration
| |
Alcohol fermentation 2 ethanol + 2 ATP + CO,




Glycolysis

No oxygen is present.

Pyruvate

Which type of respiration is it? Oxygen is present.

. 7 .
Where does it take place’ Same Questions ...

What reactions are involved?



| Cytoplesm |  Glycolysis s T

Anaerobic [ ] '
(without oxygen) Pyruvate e e
_ ‘ (oxygen present)




QUICK CHECK

Respiration Where Net Gain of
Process PI’OCGSS ATP

Occurs Per Glucose

Anaerobic:

Glycolysis &

Fermentation
Aerobic:

Krebs Cycle
& ETC

74



QUICK CHECK

Respiration Where Net Gain of
Process Process ATP
Occurs Per Glucose
Anaerobic:
Glycolysis & Cytoplasm 2 ATP
Fermentation
Aerobic: 2 ATP
Krebs Cycle | Mitochondria + 32 ATP
& ETC 34 ATP

75




QUICK CHECK

ATP in Cellular Respiration

[ Glucose ]
Aerobic ] ( Anaerobic
respiration J L respiration
(Oxygen ?) (oxygen ?)
Glycolysis:  ATP Glycolysis:  ATP
cycle:  ATP
ETC ATP
(upto _ ATP) (lactic acid or alcohol)
Total = ATP Total = ATP

76



ATP in Cellular Respiration

[ Glucose ]

Aerobic

respiration J

(Oxygen present)

Glycolysis: 2 ATP
Citric acid cycle: 2 ATP

Electron transport chain ETC
(up to 32 ATP)

Total = 36 ATP

respiration

{ Anaerobic ]

(No oxygen present)

Glycolysis: 2 ATP

Fermentation: 0 ATP
(lactic acid or alcohol)

Total =2 ATP

77



Complete the Venn Diagram:
QUICK CHECK

Aerobic vs. Anaerobic Respiration

Aerobic Anaerobic




Complete the Venn Diagram:
QUICK CHECK

Aerobic vs. Anaerobic Respiration

Aerobic Anaerobic

Mainly in mitochondria

Use glucose

Requires oxygen

Occurs in all
cells

Consists of three major
stages

Glycolysis

Yields more ATP
molecules (36 net)

Yields ATP




