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The Energy of Life

« The living cell is a miniature chemical factory where thousands of reactions
occur

- Some organisms convert energy to light, as in bioluminescence 44kt




Energy

Kinetic energy 3t is energy
associated with motion

Heat (thermal energy) ##t is
kinetic energy associated with
random movement of atoms or
molecules

Potential energy # &t is energy that
matter possesses because of its

location or structure

Chemical energy 1t.2#ft is

potential energy available for
release in a chemical reaction




The 1%t and 2" Laws of Thermodynamics

« According to the first law of thermodynamics, the energy of the
universe is constant
o Energy can be transferred and transformed, but it cannot be created or destroyed

« According to the second law of thermodynamics
o Every energy transfer or transformation increases the entropy & (disorder) of the universe

“Chemical
energy
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Metabolism {5y

Metabolism is the totality of an organism’ s chemical reactions

A metabolic pathway fiHER begins with a starting molecule and
ends with a product, and each step is catalyzed by a specific
enzyme

Catabolism (43-f#8) releases energy, and anabolism (& AR )
consumes energy
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Free-Energy Change, AG

« Gibbs Free Energy: G. SfEfEHEE

« AG: G(productsF=#])-G(reactantsfz N4)
- An exergonic reaction MEER M AG<0

- An endergonic reaction EER N AG>0

(a) Exergonic reaction: energy released, (b) Endergonic reaction: energy required,
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Exergonic reaction JBESZ N

« Biochemical reactions

that are energetically
favored DO NOT happen 00

spontfaneously. WHY¢

o Intermediate state HEZ:
much higher free energy
than reactants

Reactants

Free energy —»

o Ea: energy of activation jF

(a2

Products

° Progress of the reaction —>



How Enzymes Speed Up Reactions

Enzymes DO NOT change
free energy of reactants
or products

Enzymes DO NOT affect
AG

Enzymes DO NOT affect
equilibrium

Enzymes catalyze (speed
up) reactions by lowering
the E, barrier

Free energy—»

Course of

reaction E.
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Enzymes

The reactant that an enzyme
acts on is called substrate JE42

The enzyme binds to ifs substrate,
forming an enzyme-substrate

complex E§-IRMESHF

The reaction catalyzed by each
enzyme is very specific S5

The active site HERIE is the
region on the enzyme where the
substrate binds

@ Substrates enter @ Substrates are
active site. held in active

H site by weak

interactions.

Substrates
Enzyme-substrate
complex
© Active site
is available
for new
substrates.

Enzyme

@ Products are

released. € Substrates are
converted to
Products products.



Animation: How Enzymes Work
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Effects of Temperature and pH

 Each enzyme has an
optimal temperature and
pH in which it can function

« Optimal condifions favor
the most active shape for
the enzyme molecule
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Enzymes in the Cell

- Enzymes for cellular respiration are located in mitochondriazgfifk
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ATP (=EERIRTE)
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« Adenosine triphosphate (ATP):

« AITP stores the potential to react with water, a reaction that releases
energy to be used by the cell (ATP->ADP, release energy: 30.5kJ/mol)

Reacts
with H,O

P~P~P- Adenosine | —> (P). + Adenosine | + Energy

ATP Inorganic ADP
phosphate AG =-30.5 kJ/mol




The carbon cycle

Light
energy
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Cellular Respiration ZHiEIFIR

« Stepl: Glycolysis HEf#f# (breaks down glucose into two
molecules of pyruvate and produce ATP; O, not needed)

- Step 2: Pyruvate oxidation AEHEZ %4k, citric acid cyclefr &k
E¥F and Oxidative phosphorylation &Lzl (O, needed)



Glycolysis HELZfF

» Glycolysis breaks down glucose
# & FE info two molecules of

pyruvate A EHER

« Glycolysis occurs in  the
cytoplasm Ziffd)ii and has two
major phases
o Energy investment phase
o Energy payoff phase

» Glycolysis does NOT require O,

Energy Investment Phase

Glucose
)

2 used Y 2 ADP + 2 (P)

Energy Payoff Phase

4 ADP + 4 (P) Y 4 formed

2 NAD* + 4 e+ 4H* v 2 [NADH + 2 H*

;» 2 Pyruvate + 2 H,O

Net
Glucose ——— 2 Pyruvate + 2 H,0

4 ATP formed - 2 ATP used ——— > 2 ATP
2NAD*+ 4e+4H" ——5 2 NADH +2 H*



Pyruvate oxidation REIERE {4

* In the presence of O,, pyruvate WHliiR enters the mitochondrion £&fi{&
where the oxidation of glucose is completed

« Before the citric acid cycle can begin, pyruvate must be converted to
acetyl Coenzyme A (acetyl CoA, Z.BtHiEFA), which links glycolysis to the
citric acid cycle FEERIE

CYTOSOL MITOCHONDRION

=
CH,

Pyruvate

NAD* [NADH|+H* Acetyl CoA

h Transport protein A



The Citric Acid Cycle

s e e Pyruvate (from glycolysis,
r—1 l{/ 2 molecules per glucose)
2% 54218 WD 00

* The citric acid cycle, also called the Krebs
cycle, completes the break down of
pyruvate to CO,

« The cycle oxidizes organic fuel derived

CITRIC

from pyruvate, generafing 1 ATP, 3 NADH, ! ACID
and 1 FADH, per furn
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Oxidative phosphorylation SE{{iRER(L,

- NADH and FADH, fransfer electrons to the electron transport chain E-F1%
HEE, which powers ATP synthesis via oxidative phosphorylation&E LBk
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@ Electron transport chain (2] Chemiosmosis

° Oxidative thosphoryIation ®



Electron Transport
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A WARN

Chemiosmosis (¥, =Fi215
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2| ADP_EA R ATP.

« Oxidation of NADH -> pump 10 H*-> 3 ATP

« Oxidation of FADH, -> pump 6 H* -> 2 ATP
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Cellular Respiration

GLYCOLYSIS * PYRUVATE

OXIDATION y ’v CITRIC
| ACID
Glucose wap Pyruvate Acetyl CoA CYCLE

MITOCHONDRION

Substrate-level Substrate-level

OXIDATIVE
PHOSPHORYLATION

(Electron transport
and chemiosmosis)

Oxidative



Accounting of ATP production

Electron shuttles
span membrane

CYTOSOL

GLYCOLYSIS PYRUVATE ; |TR|C OXIDATIVE
OXIDATION ACID PHOSPHORYLATION
Glucose mp 2  ==mmdp 2 Acetyl CoA (Electron transport

Pyruvate \ CYCLE and chemiosmosis)

)

Maximum per glucose:




Fermentation: & &

« Fermentation: Two common types are alcohol fermentation (&%)
and lactic acid fermentation (%)

2ADP+2P; 2

?—.
Glucose ?zo
CH,
2 Pyruvate
2D 2 I\,Z@
+2 H*
N :
H—(|3—OH -« c::=o
CH, CH,
2 Ethanol 2 Acetaldehyde

(a) Alcohol fermentation

2 ADP + 2 (B) 2

C

Glucose o
|
/‘\ (i-:=o
c=0
— 2 N
+ 2 H* 3
<::=o \ 2 Pyruvate
H—(|:—0H < j
CH,
2 Lactate

(b) Lactic acid fermentation



Animation: Fermentation Overview
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Fermentation vs. Cellular Respiration

Use glycolysis (net ATP = 2) to oxidize glucose

The processes have different mechanisms for oxidizing NADH:

o Fermentation: an organic molecule (pyruvate or acetaldehyde) acts as a final electron
acceptor

o Cellular respiration: electrons are transferred to the electron transport chain

Fermentation: 2 ATP per glucose molecule

Cellular respiration: 30 ATP per glucose molecule;



Glucose

CYTOSOL * Glycolysis

Pyruvate

O, present:
Aerobic cellular
respiration

No O, present:
Fermentation

MITOCHONDRION
Acetyl CoA

CITRIC |
ACID

CYCLE



The Versatility of Catabolism

Proteins - Carbohydrates Fats
Glycolysis accepts a wide range / / ¥ /
of carbohydrqies ﬁ;}bk{,té% Amino Sugars Glycerol  Fatty
acids | | acids

Proteins must be digested to
amino acids; amino groups can Elveeel
feed glycolysis or the citric acid
cycle

Fats are digested to glycerol H i
(-> glycolysis) and fatty acids g NHs
Hilg (-> acetyl CoA)

1g fat can produce more than !
twice as much ATP as 1g

carbohydrate | U CITRIC '\ OXIDATIVE
— ACID =9
oYeLE J PHOSPHORYLATION
\s 4

=
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