Cellular Respiration:
(goal is to be able to explain this!)
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What 1t’s all about...
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1.
2.

ATP Review (no notes)
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3 Phosphate groups

adenosine tri-phosphate

It’s a nucleotide (monomer of nucleic acids)
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Removing one phosphate...

( tes)
no notes N .‘
o

Adenosine triphosphate (ATP)

® +  Energy
)

Inorganic phosphate Adenosine diphosphate (ADP)

Creates ADP, and P, (inorganic phosphate), and makes
energy available to the cell



...Releasing the perfect quantity of energy for cellular

work
(no notes)
4®.
] & B <o \
Motor\ protein Protein moved

(a) Mechanical work: ATP phosphorylates motor proteins

Membrane

Solute transported
(b) Transport work: ATP phosphorylates transport proteins

\

%W@@ +®,

Reactants: Glutamic acid  Product (glutamine)
and ammonia made

(c) Chemical work: ATP phosphorylates key reactants




(no notes)

ATP often works by phosphorylation

* Anenzyme
transfers a
phosphate
from ATP to
another
molecule,
energizing that
molecule for
cellular work.




ATP - ADP cycle

@W Adénosine '

Energy from Energy for
cellular cellular work

respiration ® + Adénosine '

Cycle oe AT F



Cellular Respiration
abbreviations

e  : an electron

H™*: a proton

~ . about

REDOX: oxidation/reduction

ETC.: electron transport chain



Two ways to make ATP

e Substrate Level e Oxidative
Phosphorylation Phosphorylation

A 2H + 2 0,

(from food via NADH)

energy for

.~ synthesis of
e 2 ATP m&
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Substrate-level phosphorylation

 Enzymes transfer a phosphate
group from a substrate onto
ADP (making ATP)

e Makes ~ 1/8 of the ATP 1in resp.

. Enzyme

. Substrate w/ phosphate

ADP (2" substrate)
Product

. ATP



A

Free energy, G

Most ATP 1s made by oxidative phosphorylation

2H +
(from food via NADH)
, Controlled
release of
energy for

synthesis of

ATP

2 0,

e Food 1s oxidized

e Electron flow powers
ATP synthesis at the
inner mitochondrial
membrane.



Reactants Products

r— becomes oxidized ﬁ
RED OX CH, + 20, —» CO, + Energy + 2H,0
;— becomes reduced J

H
ele
HS-C—%H O——0 O7—C—=30 H—30+—H
®|e
H
Methane Oxygen Carbon dioxide Water
(reducing (oxidizing
agent) agent)

1. Oxidation:
— loss of electrons (and H)

2. Reduction
— Gain of electrons (and H)



Combustion: rapid redox
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Respiration

e Slow redox
e Step by step

reduction

) )

CH,,O¢ + 60, 2 6CO, + 6H,0 + ENERGY

] ]

oxidation




Step-by-step

(with energy released in small, harvestable steps)



e’s from glucose flow to mobile electron carriers:

NAD*and FAD
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NADH/NAD+

, NADH . :
Reduction Oxidation

esto ETC

e's from foo_d

NAD*



FADH,/FAD

FADH;

Reduction Oxidation

€S to ETC

e's from food

FAD



And then NADH and FADH, are
used to make...

1 Food energy(glucose)

F~_\
2 {rDH and FADsz_ A

>

Free Energy




Discuss and fill in the blanks

In cellular respiration, food gets

| 1. oxidized
This enables NAD* and FAD to 2. Reduced
be 2 to NADH and 3. FADH,
3 4. Oxidized
Then, NADH gets 4 to
NAD*, providing the energy to 5. AIP
make ADP and P, into ___5 6. FADH,

The same thing happens to
6




Which one represents cellular respiration?
Which one represents combustion?

Free energy, G

1

H, + 20,
Explosive
release of
heat and light
energy
Y
H,0

A

Free energy, G

2

2H L
(from food via NADH)

Controlled
release of
energy for

20,




1.

Checking Understanding

How 1s cellular
respiration like
combustion? How 1is
1t different?

What is the role of
NADH and FADH,

In respiration?

. What happens to

glucose 1n cellular
respiration?

4.

What' s the
difference between
oxidative and
substrate level
phosphorylation?
Which do you think
evolved first? Why?

. What's the goal of

cellular respiration?



Where in the ~

0 N U K~ W N

cell? %
CeH1206 — )/

02 K
3

Cell exterior
Cell Membrane

Cytoplasm

Mitochondrion

Matrix (mitochondrial cytoplasm)
Inner membrane (of mit.)
Intermembrane space

Outer membrane (of mit.)

CO, +H50

ATP



Part 2

The four phases of respiration



Respiration has four phases
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1. Glycolysis

OH

Pyruvate

H—C—H 0 H
2 ADP 4P 2% O i

C C- C H
H/ O\H —Y :

o}
c\OH . c | Glycolysis > 0 u
OH +—f/o,., 2./ﬂ. \CCCH
LA

e Occurs in cytoplasm



2. Link Reaction

e
Runs 2x/ 2
glucose o O R N
0c -C-C-H T 103 s-con
Pyruva':e H AcetyI-CoAl
1 Cco,
l;.

e Pyruvate goes into matrix



3. Krebs Cycle

RUNS 2 x/ H O . OC—E (O:ch”
H-C-C~$8-Co -
0

Citric Acid

(o)
N, Malate
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o H H Fumarate H H
| |
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1N matrix



4. Mitochondrial ETC
A
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e Involves inner membrane and
intermembrane space.

e Oxidative phosphorylation



Talk through this ...

Source of energy?

S

Free Energy




Talk through the diagram...
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Checking Understanding

CO, + H,0

ATP



Part 3



Very Simplified Glycolysis

OH
O H
O, |
P"\ 2oe 2K o1,

H o ;

% Glycolysis 0 1

OH { ./ﬂ. \c c- c H
(Giese)

a. Splits glucose
b. Makes two NADH
c. Makes 2 ATP

d. End product: pyruvic acid




Glycolysis T
IS SANER e
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LR e he O _
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Phosphate Bisphosphate
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NAD
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1. A=>»E: investment 3. F=>»I: Harvest

(cost =2 ATPs) GROSS= 4 ATPs by SLP,

2. E-F: Cleavage = 2NADHs
G3P (glyceraldehyde 4. NET GAIN: 2 ATPs,

-3 Phosphate) 2NADHs
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1. A=»E: investment 3. F=>I: Harvest
(cost =2 ATPs) GROSS= 4 ATPs by SLP,
2. E-F: Cleavage => 2NADHs
G3P (glyceraldehyde 4. NET GAIN: 2 ATPs,
-3 Phosphate) 2N ADHs



Date: 10/31. Number: 3-7. Title: Glycolysis
OBJECTIVE: Explain the link reaction and Krebs cycle.
HOMEWORK: (see agenda) Finish chapter 7 flashcards.
Write a brief description of what happens during glycolysis
During glycolysis........

POSSIBLE ANSWER:

During glycolysis, glucose gets broken into two molecules of
pyruvic acid. As this happens, glucose’s chemical energy
is used to create two ATPs by a substrate level
phosphorylation, and to reduce two NAD*s to NADH.

"y A ’ Pyruvate

— 0 H

“/P‘\'r 2o H 1%
) o n oc|Glycolysis > o ¥

'H\‘%—{l 2./ﬂ. cc CH
H

Glucose

0

Pyruvate




Take out your lecture notes from
yesterday
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Simplified Glycolysis

Pyruvate
H—C—H O H
O,
] ; 2 ADP +P, 2% cé (': 4

] H

! :
S Glycoly5|s o
H %—KOH . \C C é H
:
a. Splits glucose

b. Makes two NADH
c. Makes 2 ATP

d. End product: pyruvic acid




Glycolysis Rap

(Karaoke Vers:on) % " g
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"
<

Phosphate Bisphosphate o

INVESTMENT >

Cellular Respiration: A Musical Review

ZADP

Pyruvate




Part 4

Link reaction and Krebs cycle



After glycolysis (if there's O,),
everything happens 1n the mitochondria

1.
2.

AN L B W

outer membrane

Inner membrane,
studded with
enzymes. (Why 1s 1t
so internally folded?)

DNA
Matrix

ATP synthase

Inter-membrane
space



Pyruvate 48 the substrate of the Link Reaction

2
o ¢ " ~ HO
.O,C'C-‘?' H 3 H-C-C~S-CoA
H H [Acetyl-CoA
Pyruvate
1 co,
_ ﬁ

—SI

* Enzymes
— remove a CO,

— Oxidize pyruvate/ Reduce NAD* to NADH

— Attach two carbons to Coenzyme A ->
Acetyl-CoA



From Pyruvate to Acetyl CoA:
Checking Understanding

CYTOSOL MITOCHONDRION

NAD* | NADH |+ H?

L \ o/

c—0 O > o

= L
3

B3 o e Acetyl CoA

Pyruvate CCoenzyme A)

Transport protein




Krebs (Citric Acid) Cycle: Key Points (1)

e 2 carbons go in as
acetyl Co-A

e These get attached
to oxaloacetate

(4Cs)
e C(Creates citrate

(6Cs)




Krebs (Citric Acid) Cycle: Key Points (2)

e 2CO,s are

H O
released H-G-g S oA
Acetyl-CoA

[o] H 0" (Oxaloaca s

¥s

C-C—C A [Malate

E7

Fumarate




Krebs (Citric Acid) Cycle: Key Points (3)

3 NADHs and 1

HO
H-C-C~8-CoA
FADH, are H (Focorcol
generated 0 H
O, 0
(REDOX) o %0

Oxaloacetate




Krebs (Citric Acid) Cycle: Key Points (4)

e 1 ATPi1s i C
generated by a e
substrate level o OH

. N ,/O
C-C-C-C{._
phosphorylatlon o] H © [Oxaoacetate
.
oH—% 8
OH H
O\\C—(:>—CI>—C</8- Malate
O H H (!; 7
o I-|| II-I |Fumarate|
-C=C




Krebs (Citric Acid) Cycle: checking
understanding

HO
H—(? -C~8-CoA
H | Acetyl-CoA

Where i1s there a 0
O, H 0
substrate level _G-Cc-¢-cly.
hosphorylation 9 (o) H Oxaloacetate
D | .
Where are there (eoD)—4 8

redox reactions? o, OHH
Sc-C—c-cZ_ |Malate

E7

Fumarate

Where are enzymes
releasing CO,?

Where is reduced
carbon entering the
cycle?




Talk 1t through, noting

1. The number of carbons in the substrates. 2. How the
substrates change. 3. What gets reduced, what gets oxidized.

4. Phosphorylations

o OH H
Cc-C— Malate
— q 1 O
O H H @ 7
o, I'II ||-| o Fumarate
CcC-C=C




What do you have to know by heart?

H O o, H OHH

N 1 1 /O

H-C-C~§-CoA 58§ 6%
H [Acetyl-CoA H c H
cetyl-Co 5%

Malate |

C
ern ¢
-C
. 7 a-Ketoglutarate | o ﬁ N 0
o H o |Fumarate ' , '
t-C=C-C! 4 K (o>
Its three names ) Soooicen] | QUDH) +co,
| , o)
Oxaloacetate: the 4 carbon —C—CS-CoA

molecule that binds with
Acetyl Co A, creating....
Citrate (6C)

Number of FADH,,
NADHs, and ATPs
produced for each acetyl
CoA that comes 1n.



H O o, H OHH
H-C-C~S-CoA o' . C/,O
|:| q i q 207
0 0
0\9,,0 Citric Acid
Q=O
@ . §
é\ Oxaloacetate Water =
00 -
Malic acid
QC’/O Malate
HO-g-H
= 'C\\
0 OWater
'0\9,,0 Fumarate
Q-H
(?—H
Cy,
0
Succinic Acid

o Cellular Respiration: A Musical Review

oq QC”_

Isocitrate

Succinyl-CoA

0,
eg H-
H-
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Part 5

Electron Transport Chain



Take out your lecture notes from
yesterday
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After Glycolysis, the link reaction, and
Krebs...

OH

,
’ [Acetyl-CoA|
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NADH and FADH, are now used
to make

1 | Source of energy?

2 ‘ Electron carriers?

~ [
(@)
p -
)
C
L
Q
Q
S
LL
Electron acceptor?

4 v

H,0



Electron Energy

The ETC: Conceptual view

FUNCTION: powering
proton pumps

Structure:

— Series of electron
carriers, arranged in order
of electronegativity.

— Many are cytochromes.

Electrons flow
“downhill” from NADH

and FADH, toward
oxygen.



The electron transport chain 1s in the
inner membrane

WRITE SMALL A

CC X XX CC X C CC X CCC I C I C I C I C I CC CCCC I C I C CC I C X )

A: Cytoplasm ..........Q..OQQ.0.0...Q.O.Q0.0CQ.......Q..OQQ
B: outer ®®C@®® ®®®®g ®®®@®%g®%
membrane ,,, a LN 0o

C: inter- ...... ,2, ‘l*!‘!'.“!'!*
membrane space E 4

D: inner

membrane

E. Matrix



e-s from NADH ... How it works:

* ﬂOW on ETC e_ .0.....000..00..000.0000.000..O...OO0.0.00.0.
pathway° o 000.0..000.00.00..00...........Q....O...O.....

® ® 0 ® ®
. Powering H* pum;:ss @®§Z @® / 0 0 8 o @ % 0 © % @?@
pump H* from MatriX ongooeo | f“»" '/ ! 000004 | 1100000
to 1.m.s. (C). This 1s m[?w-m*/z Xy 'ﬂm i,&‘,w Jo0CC

®

active transport . hD:
_ (Fa0H) o'
. e's from FADH, I 00 A 4
(same as # 1) i o

. O, 1s last e acceptor.
Gets reduced to_H,O
Protons diffuse through ATP synthase from i.m.s. to

matrix, which powers synthesis of ATP_from ADP and Pi



The mitochondrial electron Or you can sing...

transport chain A
00000000000000000000000000000000000000000000000
Uses electron energy for
. 00000000000000000000000000000000000000000000000
pumping protons

®

Increasing proton

@@@@ @ ® ¢ @%@@@@@@@@
From the mitochondrial matrix © g ¢ © Y W ® 0 ®
to the intermembrane space "’7" ! ‘”"“ R
500000
. 3
concentration in that place, NAD+ I
@ (NADH
The only way the protons can 7
dy H,0 ADP+Y ATP
escape P @

Is through a channel and an
enzyme, ATP synthase.

Which uses diffusing protons’
kinetic energy

1o make ATP, from ADP and P



Pumping H* creates a huge potential energy gradient across
the mner mitochondrial membrane...

A

00000000000000000000000000000000000000000000000

® 600

00000007)

® ® 9 20 _.0 9@ 90® 0,0
®0 o ®® @@®®@®

N\
CXX X O

bl o

®

a HO ADP+ Y ATP

e (Concentration
gradient

e Voltage gradient
(based on electrical
charge difference)



What’s the only one way out for protons?

A

00000000000000000000000000000000000000000000000

oc® @ © © ¢ ©0 .00 006 o, 0
9080058 2000 08,00, ATP

..O.....i O m 4 (XXX O

/ N\ 16094 N\
Q 1 | 2000 00000
o5 S - Ymoni B

00060067 ) 83'5’“3'00000. E)A{auooo Co
= gl
® +°2 @
®2H+
A e © Hfo ADP+ ¥ ATP
P

Synthase




ATP
Synthase

* Enzyme and
channel

eUses the
kinetic/
electrochemical
energy of
diffusing H* to
combine ADP
and P, into ATP
e H* flow
through ATP
synthase 1s
called
chemiosmosis.

Inner
Membrane

Matrix




Electron Transport Chain

®®®®®®® ®<|:'>@>®CH>®Q

ooooca 00 000e

..f

!3;6&3::& i \

NAD FAD 2H* +120,

® © ADP + P, ATP

Cellular Respiration: A Musical Review




The ETC and chemiosmosis: Talk it
A through

00000000000000000000000000000000000000000000000

@@@@@3@ o 0,09 00 0,0

@®@ 00 ¢ e ® % o0
ooooooo _}oo ﬂﬂﬂm
000 oocorz "'cé'

l° 6

® © H,0 ADP+ Y ATP



Now write 1t out: how 1s ATP generated
A through oxidative phosphorylation?

00000000000000000000000000000000000000000000000

@@@@@)@ o 0,09 00 0,0

0@ 000 00%me®
ooooooo : iﬁﬁm W
....’i'!'!l!% &9.000.

0/5

l° 6

® © H,0 ADP+ Y ATP



Part 6

Anaerobic respiration/fermentation



What do these three things have in
common’

THEY ALL INVOLVE
FERMENTATION/ANAEROBIC
RESPIRATION



Aerobic v. Anaerobic respiration

Cytoplasm Ethanol or
anaerobic lactic acid

/g" fermentation
mciq ; < 2
\ 'r"\c)
" (°’~_q

| N\
o8 00 ) nyﬁate
S| de =
Glucose aerob& Mut@chondrlon
* Aerobic: B horyiation)

30 to 32

— with oxygen
— Sustainable indefinitely
— Walking, long distance sports

* Anaerobic
— no oxygen
— Very short term
— Sprinting, lifting weights



Fermentation

Cytoplasm Ethanol or
anaerobic lactic acid
[} / fermentation
) >cﬂ ) Hc\ 2 %
Q‘.‘f‘\ /‘°,:_° 1 / P - vate
CAR g e o
Glucose
aerobic
Glycolysis followed by
regeneration of NAD™ so that
glycolysis can continue. 4. Why: Two ATP are better than
No Krebs or oxidative none, and glycolysis can’t continue
: +
phosphorylation. without NAD
: 5. Two types:
Happens when there’s 1. Alcohol
I. A lack of oxygen 2. Lactic Acid

2. A lack of enzymatic pathways.



Alcohol fermentation
demonstration



Alcohol Fermentation

s 2ADP+P.A 2% : :
r?\? S~ o O A: glycolysis
KH/' Glycolysis >2' 0" B:remove CO, ->
/—\ acetaldehyde
2w 20wn) B j\, -, C: Reduce to
. "\/ Y. ethanol/ oxidize
D H-C-C-OH < D H-C-C-H

i C ¢ NADH->NAD*




Nutrition Facts

Serving Size 12 0z (354.88 m)
Servings Per Container 1

Amount Per Serving
Calories 150

Calories from Fat 0
% Daily Value*

Total Fat Og
Saturated Fat =
Trans Fat o

Cholesterol =

Total Carbohydrate 13g

MINIMUM OCTANE RATING
(R « M) 2 METHOD

UPTO10%
ETHANOL |



Lactic Acid Fermentation

2ADP+P %

Glycoly5|s >2 c-c- C H

t—}/ . /—-\ =—=1 A. Glycolysis
(Glucose]
B. Reduce pyruvate
2 2
o, OHH to lactate/
ey ﬁ " oxidize NADH
> NAD*



Fermentation (1)

1. Which has more energy: 2. Why can drinking lots of
a molecule of pyruvate, ora | alcohol lead to weight gain?
molecule of lactate? Why?

*(Ei\? 2ADP+P\.J'2% P! "%1‘\? 2W*L"2% oo

O, A . O, i
t_f/' Glycolysis >2_o‘,c-c—E-H KH/' Glycolysis >2_o,°-0-3-H

OH Pyruvate  — Pyruvate
G /[ O\ O\
2D 2@ 2w _
2
o, ohfl
GG H H H O H
AL D H-C-C-OH < 2H-C-C-H
‘ Lactat; | H H

H
Ethanol | Acetaldehyg




Theoretical maximum ATP Yield of
Cellular Respiration

Electron shuttles MITOCHONDRION
QARSI span membrane 40), 12 NADH
AN
G o o
2 NADH

|6 NADH—_| 2 FADH,

Glycolysis Citri Oxidative
:> 2 aL::ic phosphorylation:
electron transport
Glucose Pyruvate cycle i
chemiosmosis

|

| +2ATP + 2 ATP + about 32 or 34 ATP |
by substrate-level by substrate-level by oxidative phosphorylation, depending
phosphorylation phosphorylation ~ on which shuttle transports electrons

. from NADH in cytosol ,

Maximum per glucose:

Including the cost of active transport of phosphate 1ons and ADP, the
actual yield 1s closer to 30



