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Chem 352 - Lecture 7
Introduction to Metabolism

Question for the Day: How is metabolism like a flowing river?
Or as Heraclitus (c. 535 - 475 BCE) said
"MNavta xwpel kal 0UBEV HEVel" Kal "Big £g TOV
QUTOV TIOTApSY oUK dv EBaing”

"Everything changes and nothing remains still... and ...
you cannot step twice into the same stream”
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Introduction

‘Metabolism is the sum total of all of
the reactions that take place in a
living cell.
+ Made up of
> metabolites, connected to each other by

> enzyme catalzyed reactions
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Introduction
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“For most metabolism sequences neither the
substrate concentration nor the product
concentrations changes significantly, even though
the flux through the pathway may change
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Introduction

‘Metabolism is divided into two
complimentary sets of reactions.
* Anabolic reactions (anabolism)
» The synthetic reactions, which usually
require an input in free energy.
*+ Catabolic reaction (catabolism)
> The degradative reactions, which usually
lead to a release of free energy.
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Introduction
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Endoplasmic
reticulum
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Cytoskeleton

Mitochondrion

6-1

6-2




6-4
7-2
7-3
7-4

7-1




Metabolic Pathways

Common themes in metabolism:
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Metabolic Pathways

Common themes in metabolism:

® Organisms and cells interact with their environment.
The activities of cells must be geared to the
availability of energy. Organisms grow and reproduce
when the supply of energy from the environment is
plentiful. When the supply of energy from the
environment is limited, energy demands can be
temporarily met by using internal stores or by slowing
metabolic rates as in hibernation, sporulation, or seed
formation. If the shortage is prolonged, organisms die.
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Metabolic Pathways

Common themes in metabolism:
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Metabolic Pathways

Common themes in metabolism:

® The cells of organisms are not static assemblies of
molecules. Many cell components are continually
synthesized and degraded, that is, they undergo
turnover, even though their concentrations may
remain virtually constant. The concentrations of other
compounds change in response to changes in external
or internal conditions.

Chem 352, Lecture 7, Introduction to Metabolism

9

9-2




Metabolic Pathways

Common themes in metabolism:

® The cells of organisms are not static assemblies of
molecules. Many cell components are continually
synthesized and degraded, that is, they undergo
turnover, even though their concentrations may
remain virtually constant. The concentrations of other
compounds change in response to changes in external
or internal conditions.
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Metabolic Pathways

The enzymes arrange the metabolites
into pathways.

B C
A D
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Metabolic Pathways

The enzvmes arranae the metabolites
into pat| 3-Phosphoglycerate

|

A 3-Phosphohydroxypyruvate

l

3-Phosphoserine

Linear l

Pathway
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Metabolic Pathways

The enzymes arrange the metabolites
into pathways.

B C
A D
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Metabolic Pathways

The enzymes arrange the metabolites
in 1_0 a Acetyl CoA
P CoA

Oxalo-
acetate

/' Citrate

Malate
Cyclic

| Pathway v
Fumarate Isocitrate

\ \l(tco2

Succinate a-Ketoglutarate

Succinyl CoA

co,

Metabolism 10
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Metabolic Pathways
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Metabolic Pathways
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Metabolic Pathways

Why pathways are broken down info
little steps.

+ Enzyme specificity allows only for breakage
or formation of a few bonds at a time.

+ Using pathways allows for multiple entry and
exit points for metabolites.

* Pathways allow for finer control of energy
input and output.

+ Reactions are thermodynamically more
efficient if carried out near equilibrium.

Chem 352, Lecture 7, Introduction to Mefabolism 11

Metabolic Pathways

‘Pathways are regulated
+ To control the flow of metabolites through a
pathway

Ai)Bi)Ci)DE—‘)Ei)P‘
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Metabolic Pathways

‘Pathways are regulated
+ To control the flow of metabolites through a

pathway
E E E E E
A—5B—35C—=D—HE—>P
- * Feedback :
H Inhibition 1
A Y ,’
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Metabolic Pathways

‘Pathways are regulated
+ To control the flow of metabolites through a
pathway

E, E, E; E, Es

A—B—C——>D—E—>P
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Metabolic Pathways
‘Pathways are regulated
+ To control the flow of metabolites through a
pathway
E, E, E; E, Es
A—B—>C—D—E—P
Feed-forward
Activation
Chem 352, Lecture 7, Introduction o Metabolism 12
Metabolic Pathways 12-5
‘Pathways are regulated
+ To control the flow of metabolites through a
pathway
E E. E E E
A—b5B—2C—=D—E—>P
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: 13-1
Metabolic Pathways
Pathways are regulated
+ Allosteric regulation responds to immediate
conditions within the cell,
> And have short term response times.
+ Reversible covalent modifications typically
respond to extracellular signals,
> And have longer term response times.
Chem 352, Lecture 7, Infroduction fo Mefabolism 13
Metabolic Pathways 13-2

Pathways are regulated
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Metabolic Pathways

Pathways are regulated
+ Allosteric regulation responds to immediate
conditions within the cell,
> And have short ferm response times.

+ Reversible covalent modifications typically

respond to extracellular signals,
> And have longer term response times.
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Metabolic Pathways

Metabolic pathways represent the
frontline for evolution.

+ Genetic changes affect enzyme activities,
which in turn, affect the flow of material
through metabolic pathways.
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Metabolic Pathways

Metabolic pathways represent the
frontline for evolution.

ig T
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Metabolic Pathways

Metabolic pathways represent the

frontline for evolution.
+ Genetic changes affect enzyme activities,
which in turn, affect the flow of material
through metabolic pathways.
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Metabolic Pathways

Metabolic pathways represent the
frontline for evolution.
+ Genetic chaFgge"
which in turs
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Metabolic Pathways

Metabolic pathways represent the
frontline for evolution.
+ Genetic changes affect enzyme activities,

which in turn, affect the flow of material
through metabolic pathways.
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Major Metabolic Pathways

Other Starch
«arbohydrates Glycogen
/;..Km,..,..mm.n
Pentose Glycogen degradation (12.5)
phosphate  Glucose
e
RNA "
oW Ribose’
m.dg.,.,m;l deoribese | iyotis ()

Nudeatides Catabolic
byimidine PYIOVOte . Pathways
catabolim(189) | B Faty =

Acetyl Con < uplds
P adds <
anssatm s
18.8)
wrcadd Amineacd
ric aci . Citric acid degradation Proteases (6.8)
rea, NHy st o7 Amino
s \ el }—ﬁ-m ———— Proteins
[
e N ’

Chem 352, Lecture 7, Introduction to Mefabolism 15

15

Major Metabolic Pathways
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Major Metabolic Pathways

+ In many organisms, the various pathways are
regulated through compartmentalization.

Plasma membrane —
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Spontaneity of Metabolic Reactions

‘The spontaneity (favorability) of a
chemical reaction can be determined
from its Gibbs Free Energy (AG)

AG = AGY + AT LEotE
[reactants]

Chem 352, Lecture 7, Introduction fo Mefabolism 18
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Spontaneity of Metabolic Reactions

Clicker Question:
A chemical reaction is spontaneous when the the AG is

Equal fo O
Greater than O
Less than 0

O 0w P

None of the above
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Spontaneity of Metabolic Reactions

Under conditions of constant
temperature and pressure there are two
contributions to the free energy change

* Enthalpy, H
+ Entropy, S

AG=AH-TAS

Chem 352, Lecture 7, Introduction to Mefabolism 20
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Spontaneity of Metabolic Reactions

Under conditions of constant
temperature and pressure there are two

contributions to the free energy change
+ Enthalpy, H
+ Entropy, S

AG=AH-TAS

Change in heat content
for the system

Chem 352, Lecture 7, Introduction to Mefabolism 20
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Spontaneity of Metabolic Reactions

Under conditions of constant
temperature and pressure there are two

contributions to the free energy change
+ Enthalpy, H
+ Entropy, S

AG=AH-TAS

Change in heat content Change in disorder
for the system for the system
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Spontaneity of Metabolic Reactions

‘The actual conditions within the cell
must be considered when determining

a AG value.
A+B — C+D

AG=AG° + RTInGi}{gB
[c][p]

Q= [7J is the mass action ratio

[AllB]

Chem 352, Lecture 7, Introduction fo Mefabolism 21
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Spontaneity of Metabolic Reactions

‘When Q = Keq a reaction is
reversible.

‘When Q < Keq a reaction is
spontaneous and irreversible.

‘When Q > Keq a reaction is non-
spontaneous and irreversible
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ATP

Adenosine Triphosphate (ATP) is one of
the molecules used by a cell to store
chemical energy.
+ This energy is released by the hydrolysis of
the two phosphate anhydride bonds.

+ ATP is one of the ways that the energy
released from catabolism is used to meet the
energy requirements of anabolism

Chem 352, Lecture 7, Introduction fo Mefabolism 23
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TABLE 10.1 Standard Gibbs free energies of hydrolysis for ATP, AMP, and
pyrophosphate.

AG? yarotysis]
Reactants and products (kJ mol ')
ATP + H,0 — ADP + P, + H® —32
ATP + H,0 — AMP + PP, + H® 45
AMP + H,0— Adenosine + P; 13
H0—2P, -29

23-3

ATP

[T
@ 4
Ad Co—Fotto—tro—d,

TABLE 10.1 Standard Gibbs free energies of hydrolysis for ATP, AMP, and
pyrophosphate.

N

AG? hyarolysis!
Reactants and products Hydrolysis of  (kJmol ')
ATP + H,0—ADP + P; + H®  Phosphate Anhydride -32
ATP + H,0—AMP + PP, + H® Phosphate Anhydride 45
AMP + H,0 — Adenosine + P; Phosphate Ester 13
PP + H0—2P; Phosphate Anhydride -29

pate) = HPO,*

HP,0,"
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ATP

Adenosine Triphosphate (ATP) is one of
the molecules used by a cell to store
chemical energy.
+ This energy is released by the hydrolysis of
the two phosphate anhydride bonds.

+ ATP is one of the ways that the energy
released from catabolism is used to meet the
energy requirements of anabolism
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ATP

Adenosine Triphosphate (ATP) is one of
the molecules used by a cell fo store
chemical energy.
+ This energy is released by the hydrolysis of
the two phosphate anhydride bonds.

+ ATP is one of the ways that the energy
released from catabolism is used to meet the

energy requirements of anabolism
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ATP

-Adenosine Triphosphate (ATP) is just
one of the molecules used by a cell
to store chemical energy.

+ The other ribonucleotide triphosphates are
also used for this same purpose.

» Guanosine triphosphate (GTP)
» Cytidine triphosphate (CTP)
» Uridine triphosphate (UTP

Chem 352, Lecture 7, Introduction fo Mefabolism 24
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ATP

Question:

In a rat hapatocyte, the concentrations ATP, ADP and Pi are
3.4 mM, 1.3 mM and 4.8 mM, respectively. Calculate the Gibbs
free energy for the hydrolysis of ATP in this cell. How does
this compare o the sfandard free energy change?

Chem 352, Lecture 7, Introduction fo Mefabolism 24
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ATP

Question:

In a rat hapatocyte, the concentrations ATP, ADP and Pi are
3.4 mM, 1.3 mM and 4.8 mM, respectively. Calculate the Gibbs
free energy for the hydrolysis of ATP in this cell. How does
this compare to the standard free energy change?

Standard Gibbs free energies of hydrolysis for AT, AMP, and

Chem 352, Lecture 7, Introduction fo Mefabolism 24
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ATP

*Adenosine Triphosphate (ATP) is just
one of the molecules used by a cell
to store chemical energy.

+ The other ribonucleotide triphosphates are
also used for this same purpose.

» Guanosine triphosphate (GTP)
» Cytidine triphosphate (CTP)
» Uridine triphosphate (UTP
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ATP

The hydrolysis of ATP can be used
to drive unfavorable reactions

c00®
@ |
H;N—C—H
s ATP
cH
(Ha i
N ADP
o To®
Glutamate
y-Glutamyl phosphate
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(K mol™)
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26-2

TABLE 10.3  Standard Gibbs free en-
ergies of hydrolysi for common
‘metabolites

S i

26-3

High-energy
compounds

40

N
°
I

Low-energy
compounds

T
S
£
2
|2
]
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2
3
2
[

26-4

TABLE 10.3  Standard Gibbs free en-
ergies of hydrolysi for common
| metaboiites
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ATP

‘Nucleotidyl group transfer
+ Used to activate substrates in ligase

Acetate o
i
Hye—Cc—0%

o o\ o o o
ol I\H M { < i

[

PRIV i M e———
o e Ve | e
WE-con
e o
Eneyme-bound
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ncermediste

mF W

o 3) &3 H
1
me—toscn { o Lo} —0— naenosine

Acetyl CoA Amp s-con 09
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ATP
‘Nucleotidyl group transfer

+ Used to activate substrates in ligase
reactions
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Thioesters as High Energy Compounds

‘The thioester group also has a high
energy for hydrolysis

: H,0 HS-CoA :
H;C —C —S-CoA H,c—C—0® + H®
Acetyl CoA Acetate

Chem 352, Lecture 7, Introduction fo Mefabolism 28
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Thioesters as High Energy Compounds

‘The thioester araun alsa has a high

TABLE 10.3  Standard Gibbs free en-
energy f ergies of hydrolysis for common

metabolites

o Metabolite 0
I @ I
H;C —C —S-CoA o  |—c—0° + H®
.
Acetyl CoA s Acetate
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Thioesters as High Energy Compounds

‘The thioester aroup also has a high

TABLE 10.3 Standard Gibbs free en-
energy f ergies of hydrolysis for common

metabolites

o Metabolite o
I @ I
H;C —C —S-CoA o  |—c—0° + H®
.
Acetyl CoA s Acetate
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Thioesters as High Energy Compounds

-The thioester group also has a high
energy for hydrolysis

e H,0 HS-CoA :
H;C —C —S-CoA H,c—C—0® + H®

Acetyl CoA Acetate
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Thioesters as High Energy Compounds 28-5
‘The thioester group also has a high
energy for hydrolysis
Tooe ?oo@
CH, CH,
Hy | + GDP + Py, —— | + GTP + HS-CoA
CH, c||-|2
c=o0 coo®
S-CoA Succinate
Succinyl CoA
Chem 352, Lecture 7 Tfroduction fo Metabolisn 28
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Thioesters as High Energy Compounds
‘The thioester group also has a high
energy for hydrolysis
0 H,0 HS-CoA e
H;C —C —S-CoA H,c—C—0® + H®
Acetyl CoA Acetate
Chem 352, Lecturs 7 Tfroduction fo Metabolisn 28
2
Reduced Coenzymes 9
Reduced coenzymes (NAD+, NADP, FAD,
FMN, ubiquinone) provide another way
to store chemical energy.
+ They can be used to store the free energy
that is released in oxidation reactions.
+ The electrons released in these reactions are
transferred to the coenzyme, usually in the
form of a hydride (H:-) ion.
Chem 352, Lecture 7 Tiroduction fo Metabolisn 29

Reduced Coenzymes

Reduction potentials can be used to
measure the ability of a molecule to
serve as a reducing agent in an
oxidation/reduction reaction

Aoxidized + Breduced — Areduced + Boxidized

(8 is the reducing agent in this reaction)

Chem 352, Lecture 7, Introduction to Mefabolism 30




Reduced Coenzymes

Reduction potentials can be measured
with an electrochemical cell.
+ The oxidation and reduction are separated by
a wire.

Voltmeter

The reduction of Cu®* by Zn

Zn + Cu?* < Zn* + Cu

20— 22 +262 ® 4262 — o

Chem 352, Lecture 7, Introduction fo Mefabolism 31
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Reduced Coenzymes

The change in the reduction potential
for an oxidation/reduction reaction
(AE®) can be used to determine the
change in Free energy for the

reaction.
AE“=E"

electron acceptor

E

zlsmmndmnr
AG® =-n7 AE®
n=number of electrons transferred
.7 = Faraday's constant (96,586 JV 'mol ")
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Reduced Coenzymes

Standard reduction potentials, Eo’, are usually
measured with respect to the reduction
potential for of 2 H+(aq) — Ha(g)

Chem 352, Lecture 7, Introduction fo Mefabolism 33
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Reduced Coenzymes

Standard reduction potentials, Eo’, are usually
measured with respect to the reduction

potential for of 2 H+(aq) — Ha(g)

ez O~
- \

[
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Reduced Coenzymes

Standard reduction potentials, Eo’, are usually
measured with respect fo the reduction
potential for of 2 H+(aq) — Ha(g)
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33-4

[r—

Errr——r

34-1

34-2

Problem:
L Determine the standard free energy change for the oxidation
of NADH + H¢ by Oz

1/20; + NADH + H+ — H:O0 + NAD+

34-3

Problem:

+ NADH + H — H.0 + NAD*

34-4

Reduction half-reaction
Cytochrome by (microsomal), FE + ¢2 —F&

Fumaste + 2HO + 268 — Sucinse
Uniquinoe (@) + 2HO + 265 — QHs

Cpochrome b miachondrtan, £ + 9 — KO
Cpichrome e, RO + €0 rE
Crichrome e, 19 + €9 KO

cpactiomea, KO+ 0=

Cytochrome s RO + 8 — 1O
Plastocyanin, Cu™* + ¢ —Cu®

NOP 4 2 + 20~ NOP + O
Protosystem 1 (P700)

O+ eor®

1,0, + 2HO + 26 =0




TABLE 10.4
half-reactions

Reduction half-reaction

ActylCo + €Oy + HO + 269 — Pymate + Con
Fenrodania (spnach), K + ¢8 — R
2H® + 265 = Hy (atpH 7.0)
aKetoghtarate + CO3 + 2HO + 260 ksocitraie
+2m0+
NADP® + 2HO + 269 NADPH + HE
NAD® + 2H® + 2 — NADH + H®
Lipoic 2cd + 2HO + 269 — Dinydrolipor i
. +2H0 + 20

FAD + 2HO + 269 — FADH,

FMN + 2HO + 265 — FMNH,
Acctaldehyde + 2 HO + 26 — Eitanol
Pyruvate + 2H® + 20 — Lactate
Oxaloacetate + 2 HS + 2¢© — Malate

34-5

Problem:

Determine the standard free energy change for the oxidation
of NADH + H* by Oa.

1/202 + NADH + H+ — H:0 + NAD*

34-6

NAD® + H® + 262 — NADH

34-7

Cofactors in electron transport

NADH o5 —+ @ [{&8] oy ene oo Gy 0;
Sucinate — FAD —Fe-s

" = )
o2 runane
s /

Complex il
0 Succinate-ublquinone
oxidoreductase

%10, + 2H®
"o

34-8

NAD® + H® + 262 — NADH

34-9




34-10

Problem:

L Determine the standard free energy change for the oxidation
{of NADH + H+ by O2.

1/20; + NADH + H+ — H0 + NAD*

34-11

35-1

Problem:

IDetermine the standard free energy change for the oxidation
of succinate to fumarate by Oa.

Succinate + 1/2 0z — Fumarate + H.0

35-2

Problem:

IDetermine the standard free energy change for the oxidation
of succinate to fumarate by O2.

Succinate + 1/2 0; — Fumarate + H:0
AG® = -n. AAE®

35-3

Cofactors in electron transport

NADH — FMN «Haaa[t‘;": oG GteCta a0y

Succinate — FAD —Fe-s —
Path of
ctron
flow

e ©)
T

Complex it
Succinate-ublquinone
oxidoreductase

40,4 2HO
Ho




35-4

Problem:
IDetermine the standard free energy change for the oxidation
of succinate to fumarate by O2.

Succinate + 1/2 0; — Fumarate + H.0
AG® = -nAE°

35-5

TABLE
haltreactions
Reduction half-reaction

Cytochrome by (microsomal), F + €9 — &
Fumarate + 2H® + 2 — Succinate
Uniinons (@) + 2HO + 269 — Qi
Cpochome b miachondetat, O + 9 — KO
Cyuachome e, RO + €
p— 4

Crochromea, KO+ 0RO

Cyuchmome s, i+ 01
Plsocynia G + €@ Cu*

NOP + 2H® + 269 =NOS + HO
Photosysim 1 (P700)

O o—®

1501+ 200 + 28~ 10

35-6

Reduction half-reaction

ActylCo + €Oy + HO + 269 — Pyanate + Con
Femsdoxia spinach, R + ¢ — RS
2H® + 265 = Hy (a1 pH 7.0)
aKetoghutarate + CO3 + 2HO + 260 ksociraie
+2H® + 20

NADP® + 2HO + 265 — NADPH + H©
NAD® + 2H® + 2 — NADH + H®
Lipoic scd + 2HO + 269 — Dinydrolipok e

. +2HO + 20 i

FAD + 2HO + 29— FADH,

FMN + 2HO + 269 — FAINH,
Acctaldehyde + 2H® + 26 — Eihanol
Pyruvate + 2HO + 260 — Lacute
Oraloacetae + 2 H® + 269 — Malate

35-7

Problem:
IDetermine the standard free energy change for the oxidation
of succinate to fumarate by O2.

Succinate + 1/2 0; — Fumarate + H:0
AG® = -n. AAE®
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