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15t Law of Thermodynamics

Energy can neither be created nor destroyed,
but can be converted from one form to another.

U=Energy=Q-W *——_ Work done on the system
’ by the surroundings

Heat supplied to the system



15t Law of Thermodynamics

Piston

Infused heat into system expands volume (V, > V;)
Gas molecules (system) do work on surroundings

System loses energy in the form of work (—AW).
Energy of heat is converted into the energy of work. W = PAV
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2"d Law of Thermodynamics

Spontaneity of chemical reactions

ASgysiem T ASsurroundings > Spontaneous Process
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Hydrophobic Effect and Entropy

@ = Water

Displaced

X

=0

Less ordered More ordered
Water structure; Water structure;
More entropy Less entropy
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Free Energy

Entropy is difficult to measure

AG = AH -TAS
Gibbs Enthalpy Entropy

e el Temperature
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Free Energy & Entropy

Entropy is difficult to measure

AG = AH -TAS
Gibbs Enthalpy Entropy

e el Temperature

AG = AG° + (RT)(In K,,)
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Free Energy & Entropy

Entropy is difficult to measure

AG = AH - TAS

! N

Gibbs Enthalpy Entropy
Free Energy Temperature

Gas
Actually occursin cells  constant K., = [Reactants]/[Products]

N /| 7/

AG = AG® + (RT)(In K,

/

Standard Temperature
(1.0 M reactants/products; pH = 8.0)



Free Energy & Entropy

Entropy is difficult to measure

AG = AH - TAS

! N

Gibbs Enthalpy Entropy
Free Energy Temperature

Gas
Actually occursincells  constant K., = [Reactants] /[Products]

N\ /|

AG = AG® + (RT)(In K,,)

/

Standard Temperature
(1.0 M reactants/products; pH = 8.0)

AG = 0 at equilibrium AG = -RTIn K,

AG < 0 for spontaneous processes

AG > 0 for spontaneous processes



Energetics of Metabolism

Metabolism Overview

High energy
Nutrients

Digestion
Monomers

ADP, P; |

o

ATP

Growth, Work, co,
Maintenance Waste
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Energetics of Metabolism

Metabolism Overview
| BOND Dissociation energy
High energy kJ/mol
Nutrients
C-H 400
Digestion
Monomers ¢-0 350
ADP, P. \ C-C 350
O-H 450
4
ATP Amount of energy released upon
Growth, Work, co, cleavage of bond (enthalpy AH or heat)
Maintenance Waste
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Energetics of Metabolism

Metabolism Overview

High energy
Nutrients

Digestion

Monomers

ADP, P,

o

ATP

Growth, Work, co,
Maintenance Waste

C,H,,0, + 60, 6CO,+ 6H,0 AG°<<O0
ADP + P, ATP + H,0 AG">0

BOND Dissociation energy
kJ/mol
C-H 400
Cc-0 350
C-C 350
O-H 450

Amount of energy released upon
cleavage of bond (enthalpy AH or heat)

CH,OH

O O O /=N
A0 noon O _N__\__NH,
OH OH 0-P-0-P-0-P-0" ()~ l
e N

HoH T _(|3 _cl) _é HO OH S
Glucose ATP
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ATP hydrolysis

Phosphorylated AG°® kcal/mol
Metabolite
PEP (phosphoenolpyruvate) -15.0
Phosphocreatine -10.0
ATP -7.0
PP, (Pyrophosphate) -7.0
Glucose 6-Phosphate -3.0
ATP + H,O AMP + PP, AG° = -7.0 kcal/mol
PP, +H,O 2P, AG° = -7.0 kcal/mol

ATP + 2H,0 ——> AMP + 2P, AG°®=-14.0 kcal/mol

O O o /=N
_ .y II|3 [l o N_—~ NH,
o-f-0-r=o-p=0""{ 7~ |
Ry g N
0O O 0 S ‘ou N~
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Electron transfer potential and synthesis of ATP

FAD FADH,
@)
COLE, = X1, '
T \N’&O
R R
@) OH
/O 2e + 2H* /O
_—
\O ~ \H \O S 1H
@) 10 OH 10
Ubiquinone Ubiquinol
Ej)j\ 2e + 2H* lfﬁ)k
R R
NAD* NADH > MED-
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Fatty Acid Oxidation

B-oxidation

B O FAD FADH,

O
N
S FAD s, NH 2e + 2H*
Oxidation KFADHZ :@E ﬁ,& j@[ IK
0 T N™ ~0O
R/\)J\SCOA R R

Hydration l,
O
NAD* 2e + 2H*
NADH
O O
R)% SCoA R R
NAD* NADH

Degradation

Oxidation
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Fatty Acid Oxidation & Reduction

B-oxidation

Oxidation

Hydration l
OH O
R//L\V/M\SCOA
o NAD*
Oxidation NADH
O O

R/Jﬁjf/ﬂ\SCOA

Degradation

B-reduction

O O
RB

a

OH O

SCoA

NADPH ,
NADp+ Reduction

R SCoA

Dehydration

NADPH _
NADP* Reduction

R//\\«/M\SCOA

Synthesis
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Fatty Acid Oxidation

H—O0 —C—cC,,

H H H Q ATP AmMP,PP, H H H Q
| gl of | A1 SRR R I I |
Clz—(li— f—?—C—O cu—?— clz—?—c—s CoA
i H CoASH H H H
C,¢ Fatty acid Fatty acyl CoA FAD
2
Trans A2-enoyl CoA FADH,
H H o
| | Il
c“_f_ c=c|:—c—s CoA
H H |-H,0
3
oy
. - Hydrox | CoA ¢, —~C—C—C—C—SCoA
Fatty acids + glycerol == iydroxyacyl Co 2 I
H H NAD*
4K
: o 3-Ketoacyl CoA NADH
Lipases || \ Ny H OO
CH, 2 = T
| ﬁ cn—cI:— c—?—c—s CoA
CH—O—C—cC, I'_'|' H
| o
C

cOAS
5
H O C

I
H—cl:—c—s CoA  +

Triglyceride

H Acyl CoA
Acetyl CoA y >MED-
ADIPOSE QPATHWAY.COM



Partial Oxidation of Glucose in Glycolysis

Glucose

2 NAD*

2 NADH

2 ADP + 2P,

2 ATP

2 Pyruvate AG<0



Energetics & Glycolysis

Hexokinase

Glucose

IS

G-6P

ATP
ADP

AG = -8.0 kcal/mol

CH,OH
O_OH

OH
HO

OH
GLUCOSE

CH,0-PO,?
O_OH

+ aTP ——> NP + ADP
OH

GLUCOSE-6P

A Ar—r—
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Energetics & Glycolysis

Glucose
ATP _
KADP AG = -7.3 kcal/mol
G-6P
lsomerization \1, AG = -.05 kcal/mol

Fructose-6P



Energetics & Glycolysis

PFK1

Glucose

ATP
ADP

G-6P

Fructose-6P

ATP
ADP

Fructose-1, 6 biP

AG = -8.0 kcal/mol

AG =-0.6 kcal/mol

AG = -5.3 kcal/mol



Energetics & Glycolysis

Glucose

ATP AG =-8.0 kcaI/moI Q O
KADP O,
O OH
G-6P _
AG =-0.6 kcal/mol
o) ,0
Fructose-6P R
ructeseo AG = -5.3 kcal/mol e °
KADP
Fructose-1, 6 biP / Aldolase \
AG = -0.3 kcal/mol
Aldolase / O O
G-3P + DHAP 0=P-0" YN0 «—> HO\)J\/O\P<OH
oR OH HO ~O
G-3P DHAP

Structural Isomers



Energetics & Glycolysis

Glucose
ATP
KADP
G-6P

|

Fructose-6P
ATP
K ADP

Fructose-1, 6 biP

GAP + DHAP
Pi NAD+*
NADH

1, 3-Biphosphoglycerate

AG = -8.0 kcal/mol

AG =-0.6 kcal/mol

AG = -5.3 kcal/mol

AG =-0.3 kcal/mol

AG =-0.4 kcal/mol

GAP

1, 3-BPG



Energetics & Glycolysis

Glucose

ATP
ADP

G-6P

Fructose-6P
ATP
K ADP

Fructose-1, 6 biP

}

GAP + DHAP

Pi NAD+*
NADH

1, 3-Biphosphoglycerate

ADP
ATP

3-PGA

AG =

AG =

AG =

AG

AG =

AG =

-8.0 kcal/mol

-0.6 kcal/mol

-5.3 kcal/mol

= -0.3 kcal/mol

-0.4 kcal/mol

+0.3 kcal/mol

1, 3-Biphosphoglycerate

Substrate Level Phosphorylation

?J)
O—p_ P

O -O/ \O/Adenine

(1, 3-BPG) l ADE
0]
Aof
° T + ATP
OH 0
3-phosphoglycerate
(3-PG)

-
gl , ,
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Coupling of Reactions

GAP + DHAP

P KNAW AG = -0.4 kcal/mol

NADH
1, 3-Biphosphoglycerate

KADP AG = +0.3 kcal/mol

ATP

3-PGA
.  GAP + NAD* + H,0 —<— 3-Phosphoglyceric acid + NADH + H* AG<O0
Il. 3-Phosphoglycericacid +P; «—— 1 3 BPG + H,0 AG >0

NET GAP + NAD* + P; <——— 1,3BPG+NADH +H* AG<O0



Energetics & Glycolysis

Glucose

ATP
ADP

G-6P

Fructose-6P
ATP
K ADP

Fructose-1, 6 biP

}

GAP + DHAP
Pi NAD+*
NADH
1, 3-Biphosphoglycerate
ADP
ATP
3-PGA

v

2-PGA

AG = -8.0 kcal/mol

AG =-0.6 kcal/mol

AG = -5.3 kcal/mol

AG =-0.3 kcal/mol

AG =-0.4 kcal/mol

AG = +0.3 kcal/mol

AG = +0.2 kcal/mol



Energetics & Glycolysis

Glucose

ATP
ADP

G-6P

Fructose-6P
ATP
K ADP

Fructose-1, 6 biP

}

GAP + DHAP
Pi NAD+*
NADH
1, 3-Biphosphoglycerate
ADP
ATP
3-PGA

Isomerization ‘1,
2-PGA

AG = -8.0 kcal/mol

AG =-0.6 kcal/mol

AG = -5.3 kcal/mol

AG =-0.3 kcal/mol

AG =-0.4 kcal/mol

AG = +0.3 kcal/mol

AG = +0.2 kcal/mol



Energetics & Glycolysis

Glucose

ATP
ADP

G-6P

Fructose-6P
ATP
K ADP

Fructose-1, 6 biP

}

GAP + DHAP

Pi NAD+*
NADH

1, 3-Biphosphoglycerate

ADP +P,
ATP

3-PGA

v

2-PGA

V

PEP
ADP + P,

ATP
Pyruvate

PK

AG

= -7.3 kcal/mol

AG =-.05 kcal/mol

AG =

AG =

AG =

AG =

AG =

AG =

AG =

-6.0 kcal/mol

-0.2 kcal/mol

-0.4 kcal/mol

+0.3 kcal/mol

+0.2 kcal/mol

-0.8 kcal/mol

-4.0 kcal/mol

ADP

Pyruvate Kinase

ATP +

O/ N o Adenine

\ 'V 4
y 4 | ¥

>—} Enolate
O
t i
@)
Enol
W OH
O
Pyruvate
o
@)



Energetics & Glycolysis

Glucose

ATP
ADP

G-6P

Fructose-6P
ATP
K ADP

Fructose-1, 6 biP

}

GAP + DHAP
Pi NAD+*
NADH
1, 3-Biphosphoglycerate
ADP
ATP
3-PGA

v

2-PGA

V

PEP
ADP + P,

ATP
Pyruvate

AG = -8.0 kcal/mol

AG =-0.6 kcal/mol

AG = -5.3 kcal/mol

AG =-0.3 kcal/mol

AG =-0.4 kcal/mol

AG = +0.3 kcal/mol

AG = +0.2 kcal/mol

AG =-0.8 kcal/mol

AG = -4.0 kcal/mol
AG =-18.9 kcal/mol

HO OH
O

Glucose

O —
O/ N

1
1

Yo

O

Glucose + 2ADP +2P; + 2NAD* =——p

Pyruvate

2 Pyruvate + 2ATP + 2NADH



Anaerobic Respiration

Glycolysis is anerobic

Glycolysis GAP + DHAP
P; NAD*
NADH
O NADH NAD* O 1, 3-Biphosphoglycerate
/\kn/ o &—i) W)J\ —
Lactate O
@) dehydrogenase OH
Pyruvate Lactate Glucose + 2ADP +2P; =—> 2 [actate + 2TP

SMED-
SPATHWAY.COM



The Warburg Effect Aerobic Glycolysis

Normoxic Hypoxic
- Cancer Cell

The Warburg Effect

T s <—> Ribose 5-P

!
F1, 6BP et / Nucleitides
! .~

Glycerol <—$

Capillary

3-PG —> ——> Serine T) Glycine

One Carbon
3 Metabolism

4 \//GID

Growth Pyruvate

Factor

T Lactate
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Pyruvate Dehydrogenase

Pyruvate + COASH + NAD* =—> Acetyl CoA + CO, + NADH
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TCA Cycle

2+4=6

Glycolysis

1

Pyruvate (3C)
PDH 4 co,
Acetyl CoA (3C)

”L\‘<:YC0ASH
OAA

/v 6C
Malate \
6C
b ’{ TCA

4C co,
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TCA Cycle

2+4=6

Pyruvate (3C)
PDH 4 co,
Acetyl CoA (3C)

”L\‘<:YC0ASH
OAA

/v 6C
Malate \
6C
b ’{ TCA

4C co,
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TCA Cycle

N
+

R o P

(@)

Ul g O

Pyruvate (3C)
PDH 4 co,
Acetyl CoA (3C)

”L\‘<:YC0ASH
OAA

/v 6C
Malate \
6C
b ’{ TCA

4C co,
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TCA Cycle

N
+

Ul O

= = o &

> U1 g O

Pyruvate (3C)
PDH 4 co,
Acetyl CoA (3C)

”L\‘<:YC0ASH
OAA

/v 6C
Malate \
6C
b ’{ TCA

4C co,
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TCA Cycle

N
+

PR R, b

Oa o)
I

SN SN I i)

Pyruvate (3C)
O PDH (;o2

M Acetyl CoA (3C)
J\<' CoASH
AA 6C

N Malate \
6C
’{ TCA

ONO- A\
O CoASH COz
4C ;?
O VL ac
OW‘L O_
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TCA Cycle

N
+

ol O
|
PR R, b
I
SN SN I i)

O

Ny

Pyruvate (3C)

PDH co2
Acetyl CoA (3C)

"L\‘<:YC0ASH
AA 6C

N s WY

e
O:ETQEN/H\O_ R\\

6C
TCA
co,
CoASH co, SC
s il 4
4C

B-oxidation

. . FAD
Oxidation l< FADH,

Hydration l
OH O
R//L\«/M\SCOA
o NAD*
Oxidation NADH

O O

R/Jijf/u\SCOA

Degradation

>H 1ED-
|
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TCA Cycle

Pyruvate

v

Acetyl CoA

)\qv CoASH
NADH
OAA Citrate
NAD*

Malate

H,0 Isocitrate
NAD*
Fumarate co, ‘{‘
NADH
FADH, o-Ketoglutarate
FAD CoASH

] CO, NAD*
_ Succinatey Succinyl
Oh My Such Good Apple Pie CoA NADH
GTP GDP + P,

Acetyl CoA + 3 NAD* + FAD + GDP + P, =2 CO, + 3 NADH + FADH, +
GTP + CoASH >



Glyoxylate Cycle

0
e /I.LS/COA
-0
Y\H/U\O' 4 Acetyl CoA
o O (1) e 0
NADH  Oxaloacetate e
— O @ 53
NAD* 0 '\5) OH Occurs in bacteria, yeasts (fungi), and protists.
0 - -0”N0
o /___\Citrate Involved in the synthesis of sugars through combining
(l)VI ICIH 2 J two molecules of acetyl CoA to generate succinate when
alate o | OH other sugars such as glucose are unavailable.
A :
|, ! " (@)
e ¥ 9) - - 8
S Succinate is a precursor source for gluconeogenesis.
0O -0 '\ 3/ @) O
\n/§o aat
)LS/COA % 5
O Q Isocltrate
Acetyl CoA Glyoxylate _ O\”/\)J\O_
@)
Succinate
2 Acetyl CoA + NAD* + 2H,0 — Succinate + 2 CoA + NADH + H+ s MED-

“PATHWAY.COM



Electron Transport & Fate of Reducing Power

Innermembrane

space Reaction

NOTES
Canter ENZYME

Inner membrane NADH-Q

Lowest electron affinity in chain; uses NADH
1 | oXIDOREDUCTASE Y

Low pH

SUCCINATE-Q

ADP +P, y
g e 2 OXIDOREDUCTASE | Enzyme is part of TCA cycle; uses FADH,

NADH + H*
Matrix

Q-CYTOCHROME C | Oxidizes coenzyme Q and reduces
3 OXIDOREDUCTASE | cytochrome ¢

Inner membrane

4 CYTOCHROME C Catalyzes the reduction of O, to H,0;
space H*

H* OXIDASE Blocked by cyanide, carbon monoxide, azide

H:=H"+ 2e"
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Standard Reduction Potentials

AG® = -nFAE® where n = # electrons transferred; F = Faraday (23.0 kcal mol! V)

Standard Reduction Potentials (Half Reactions)

Voltmeter | =
N 4 Oxidant Reductant wransferred | E” (Volts)

NAD* + H* NADH 2 -0.32 Lowest electron affinity
FAD FADH, 2 -0.22
Pyruvate Lactate 2 -0.19
Fumarate Succinate 2 +0.03
: Fe* Fe*? 1 +0.77
ig m 2— i:g 2:.: H, %0, + 2H H,0 2 +0.82 Highest electron affinity

E° represents the partial reaction:

g —
Oxidant + e- = Reductant *pATHWAYCDM

Note that negative reduction potentials indicate that the oxidized form of the substance has a reduced affinity
for electrons relative to the standard Ho,.



Standard Reduction Potentials

AG® = -nFAE® where n = # electrons transferred; F = Faraday (23.0 kcal mol! V)

Standard Reduction Potentials

Voltmeter | . NADH
v Oxidant Reductant wransferred | £ (Volts) l
I ]
NAD* + H* NADH 2 -0.32 i 1 AG° <0
FAD FADH 2 -0.22 AG° <0
2 Energy n i_
Pyruvate Lactate 2 -0.19 AG° <0
Fumarate Succinate 2 +0.03 v
10MA . 1.0 M H*
Salt Bridge 2
1LOMA in1atm H, s Nl i z $Ea Pathway Progression

E’° represents the partial reaction:
s MED-
Oxidant + e- = Reductant “PATHWAY.COM

Note that negative reduction potentials indicate that the oxidized form of the substance has a reduced affinity
for electrons relative to the standard Ho,.



Chemiosmotic Synthesis of ATP

ACID H*H*H*H* — 1 — i ATP synthase

Proton
AV

Motive force

ALKALINE = = = = =
MATRIX ﬁ

ATP Y ADP+P.




Uncoupling Chemiosmotic Synthesis of ATP

o
NS,
OH

oMo

ACID H*H*H*H* -l > ATP synthase

Proton
Motive force

AV

ALKALINE = = = = =
H o
MATRIX ﬁ %
\ 4 0
ATP ADP +P ©:
o
O/’Nto—

DNP: The Uncoupler
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