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Definition

* Metabolism

« Catabolism (Catabolic reactions)
 Anabolism (Anabolic reactions)
e Metabolites

 Pathway

* Cycle



M etabolism

e Sum up all the
chemical processes

that occur within a cell

Glucose + 60,

Uncontrolled Multistep
combustion pathway
W

> S

O I

- gt
= an

6CO, + 6H.0O




C cell )
macromolecules
Proteins
Polysaccharides
Lipids

Nucleic acids

Energy-
containing
nutrients

Carbohydrates
Fats
Proteins

/ Precursor \
molecules
Amino acids
Sugars
Fatty acids

Nitrogenous bases

N B

Energy-
depleted
end products

Co,
H,0
NH;




Catabolism and Anabolism

Rubber carotenoid Steroid
pigments hormones
Phospholipids Isopentenyl-

" Bile
pyrnphusphatd.' Cholesterol -’a cids

Triacylglycerols > Fatty acids

Mevalonate Vitamin K Cholesteryl
Starch Alanine  Phenyl- esters
: -‘alanme .
Glycogen - Glucose i Pyruvate > Acetoacetyl-CoA Eicosanoids

Sucrose Serine "Lnuv:int

Isoleucine Fatty acids " Triacylglycerols

(a) Converging Y o “\ \
catabolism Citrate CDP-diacylglycerol s> Phospholipids
Oxaloacetate . .
‘ (b) Diverging
anabolism
I‘*cnz
“I";._ cul

(c) Cyclic pathway



pyruvate

carboxylase Acetyl-CoA
PEP carboxykinase

¥ ;
Phuspht:enulgjmmte _i Oxaloacetate Gltmi

Citrie
acid

Malate eycle ., Ketoglutarate

N

. "\ Succinyl-CoA
F yruva

the citric acid cycle in anabolism.
C acid cycle are drawn off as
rnthetic pathways. Shown in red

timme that ranlanich danland acals






~ANABOL | SM

* Anabo
reactio

IC reactions are classifiec

thebio

ogical molecules needed

living or ganisms.

as biosynthetic

ns because they are used to synthesize all

oy the cells of

 Biosynthetic reactions form the network of
pathways that produce the componentsrequired
by the cell for growth and survival.

 Thesereactionsare fueled by theenergy stored in
high-energy bondsin ATP.



Anabolism

Anabolism

NADPH Electrons for NADP*, H*
biosynthesis provided

Simpler by oxidation of NADPH
compounds Complex Nutrients
(CO,, urea, » (Carbohydrates,

ammonia, lactic
acid, ethanol)

Proteins, Lipids)
ATP ADP, Pi T

Energy requirement
provided by ATP hydrolysis

. Jd 6 egige slaa=ly
Srepge sldaxly L




ANABOL | SM

- . | ! ... &

: | glycoproteins | lipoproteins Q—}
nucleic acids polysaccharides and
other carbohydrates

pyrimidines, purines, glucose and J

ino acid fatty acids, & other
ribose, deoxyribose, other sugars 2o e constituents

& phosphates

Figure 3.18 Micrabiology: A Clinical Approach (© Garland Science)
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ATP reguirement

e
" T ®
P = . > A,}"
( 0 \ 0
Motor protein Protein moved

(a) Mechanical work: ATP phosphorylates motor proteins

Membrane
protein

/
Solute Solute transported

(b) Transport work: ATP phosphorylates transport proteins

S
5

> @+

N

Pl
o
= " i B
Reactants: Glutamic acid Product (glutamine)
and ammonia made

(c) Chemical work: ATP phosphorylates key reactants



ATP need

tissue

liver

kidney
heart
brain

skeletal
muscle

protein
synthesis

20%

6%

3%

5%

17%

Na*/K* ATPase

5-10%

1-5%

50-60%

5-10%

Ca*? ATPase

5%

15-30%

significant

5%

other

gluconeogenesis (15-40%),
substrate recycling (20%),
proton leak (20%),

urea synthesis (12%)

gluconeogenesis (5%)

[actinomyasin ATPase (40-50%), ]
proton leak (15% max)

a single cortical action potential
was estimated to require
108-10° ATP, BNID 111183)

proton leak (50%),
nonmitochondrial (14%)



METABOL ISM

o |sused to supply carbon and energy for living
functions.
e Growth, ...
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« ATP consists of iorrie W
adenosine (adenine + N S
ribose) and a o /ol o po. A0
triphosphate group. S X N S

» The bonds between o o o K& 9
the phosphate groups T oH O
are high energy e
bonds. m—
* ATP Is very reactive. | | ;
° ATP IS not a Storehouse Of i Phosphate "?- Phosphate "'i-- Phosphate — Ribose E
energy — used as soon as | i 1 ; y
it’s available. j { o :

i
B ATP
14



Or ganism classification

e Energy sources
* Phototroph vs. Chemotrophic

e Carbon source
» Autotroph vs. Heterotroph

 Aerobic vs. Anaerobic vs. Fermentation
e Electron acceptor

« Anoxygenic vs. oxygenic
e electron donor



Ener gy sources

* Phototrophs are the organisms that carry out
photon capture to acquire energy

e Chemotrophs: derive their energy from oxidation
of a fuel.

16



Energy (ATP) production: Phosphorylation

1-Substrate Level Phosphorylation
e Direct transfer of phosphate
o Glycolysis

2-Oxidative Phosphorylation

e Electron transfer
e Chemiosmosis

3-Photophosphorylation
e Light energy to chemical energy

17



ADP ATP

i

O 0 HOO

Il "_\ f o
H-C=C-C-0O H-?mC-CHO'

H H

phosphoencolpyruvate pyruvate

S S
¢-o-p &-o0-H
H-C-O-H M H-C-O-H
H-C-O-P H-C-O-P
H

1,3 bisphospho- 3 phospho-
glycerate glycerate



7 2- Oxidative Phosphorylation

B Electron transport chain

ATP synthase

Intermembrane space @

Inner
mitochondrial
membrane

Mitochondrial matrix 2 free 2 electrons  1/2 of
hydrogen exiting ETC an O,

ions molecule 19



3-Photophosphorylation

®
a5 e * @ e “aor. . : e

light @ light
X - e e ko
a4 s _ farmdaxln ATP synthase
€ ... CASC)  soeaEBRS
;>\ & ....--.

chloroplast stroma

> %
\
>
._;.

---------------
------------------------------------------------------

oxygen-evolving complex

thylakoid lumen
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Electron %
transport .
. chain

Excited e

electrons G Energy for

(2 e) production

of ATP
Light Electron carrier

(a) Cyclic photophosphorylation

Copyright @ 2001 Banjamin Curmmings, an imprinl of Addison Weslay Langman, Inc.



Electron
transport ]

0 chain

Excited Energy for
electrons production
(2 e) of ATP

L : NADP*
Light

HE 4 B

(b) Noncyclic photophosphorylation
Copyrghl © 2001 Bamgamin Cummings, an imprint of Addison Wesley Longman, Inc.



fﬂi‘“‘nﬁﬁ

7
=

.ﬂ&;
Carbon cycle

ASSIMILA TION
nght-mdependent nght-dependent
ﬂcﬂonf ‘*‘:h
Carbon GLUCOSE Hydrogen Oxygen
O \‘yc’e/ O
“Glycolysis”, “Terminal
Cltnc acid cycfe oxidation"
e

DISSIMILATION
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Carbon source

* There aretwo processes by which carbon can
be obtained:

e Autotrophy — carbon is obtained from inorganic
substances (e.g. plantsusing CO, to make sugar)

e Heterotrophy — carbon is obtained from other
organic molecules

24



Autotroph

Light

.
3-PGA

CALVIN

CYCLE ]
Stroma

ellular
respiration

Cellulose
@ Starch

Other organic 25
LIGHT REACTIONS CALVIN CYCLE compounds




-

3P-Q0000-@ 6 ®
Ribulose diphosphate 3-phosphoglyceric acid

é (—6ATP?
ey e
3 -ATP | &

g | 1,3-diphosphoglyeeric acid

CALVIN-BENSON :
CYCLE '\ e®

Egﬁm'd s t.?-lE deh e
Hhﬂsﬂﬁ:rﬂ?ﬂ ,phr:mhaﬂje

i
&

Output
1000-@
Glyceraldehyde 3-phosphate
1000-®
Glyceraldehyde 3-phosphate

o

Copyright © 2001 Banjamin Cummings, an imprint of Addison Waslay Longman, Inc.
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Autotroph and Heterotroph

« Autotroph (Photosynthesis) vs. Heterotroph

Sun:
Light is the initial energy source for most communities

[ Autotrophs: ] Heterotrophs:

Synthesizes own organic molecules Ingests organic molecules

27



ALL ORGANISMS

|
|
Chemotrophs

(use chemical compounds
as energy source)

28



Anoxygenic ver sus
oxydenic phototrophs




Anoxyagenic ver sus

oxydenic phototrophs




Celular Respiration (heterotroph)

 The oxidation of food molecules
to obtain energy from nutrients =~ =TT
Into adenosine triphosphate / “
(ATP) . n

*Oxidation  (Nutrients) and R
reduction reactions always ~ ©xidation Reduction
occur together.

*Energy Is transferred from one
atom to another via redox
reactions.
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Oxidation of nutrients

Aerobes: Use molecular oxygen as the
final electron acceptor

 Almost 20 times more energy is released
than if another acceptor is used (anaerobes).

Anaerobes: Use other molecules as final
electron acceptor

* [norganic acceptor except O,: Anaerobic respiration
e Endogenous organic molecules. Fermentation

ln some occasions. Fermentation IS regarded as
Anaerobic respiration

32



Comparison of Aerobic Respiration, Anaerobic Respiration, and Fermentation

Aerobic Respiration Anaerobic Respiration

Oxygen required Yes No

Type of phosphorylation Substrate-level and oxidative  Substrate-level and oxidative

Final electron (hydrogen) acceptor Oxygen NO5~, SO,°~, CO5%7, or
exogenous organic molecules

Potential molecules of ATP produced  36-38 2-36

Fermentation

No

Substrate-level

Endogenous organic
molecules

2

Copyright © 2006 Pearson Education, Inc., publishing as Benjamin Cummings.
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Nutrients

* Glucose
e Fatty acids

e AMIno acids



Aerobic respiration

*Glycolysis, p-oxidation, Trans-
amination

*Krebscycle

*Electron transport chain



LS

Glycolysis

=

o All living organisms use glycolysis.
 Begins after stores of phosphagens (ATP, creatine
phosphate, arginine phosphate — cephalopods) are
depleted

* begins rapidly after initiation of activity or exposure to
hypoxia/anoxia

e Glucose ® 2 moles ATP per mole glucose
» Glycogen ® 3 moles ATP per mole glucose

36
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1 2 3 4 H-C=0=P=0
i
C=0 O
H H H o -
A H-C=0 H-C-OH . g S /' HO=C=H  Dihydroxyacetone-
H=C=0OH ATP ADP H==0H C=0 ATP ADP | 1. H phosphate
| HO-C-H HO-CH B
CH=O == - '
H\ v \ A ! E‘.DH H *(l: e HO-C=H Fructose Triose 5
s bisphosphaie phosphaite
'\ Hexokinase Phosphoglucose Phasphofructo- HC-OH b .
HO \-_—I:_,/I OH H - C-DHQ s H-C-DH C' ki H-&-DH - aldoase isomerase
- p -Pa i I
H DH H C O=P=0 H-C 0 i Q0 H=C=0=P=0 I-.I
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o 1
Glucose Glucose-6-phosphate Fructose-6-phosphate  Fructose-1,6-biphosphate Hooig Glyceraldehyde-
H-C-0-p=0  3-phosphate
’ ]
H o
H
2% ,J_~ =0
He {_"'CIHL. Glyceraldehyde-
Hc J-P‘U J-phosphate
H D'
Glyceralgehyde NAD" + of
F-phospiang
I;k.'.rly:.lrl_lwll.!‘jl,l
NADH + H™
3 . [ Bl
0\} ‘D_ ATP ADP C'{‘ ’Q H:’D‘ 'DQ. ,’D O‘:‘ /.D" ATP ADP "':'3_
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Amino aclids transamination

a-ketoglutarate and glutamate play central roles in

. amino acid catabolism
e EXCess proteins can serve

. e o il
as fuel like carbohydrates .
and fats. s g

o0~ coo”

* Nitrogen Is removed —— g

producing carbon skeletons
and ammonia.

e Carbon skeletons oxidized

« Ammonia is highly toxic, T |
but soluble. o g I

L
3ills Fir Lirireg, leces
o y .
| D7D e
Agustic anim Amphiblans, Insects, repliles
manmmals birgls



Fates of carbon

§ Alanine i
skeleton of Cysteine
. . Glycine 4 .
amino ClCldS Serine Leucine
Threonine Lysine
Tryptophan | | Isoleucine Phenylalanine
Glucose \“ “ | Leucine Tryptophan
\ l Tryptophan Tyrosine
Phosphoenol- rate ‘ l
RIS Acetyl CoA Acetoacetyl CoA
[Asparagm \
araie Oxaluacetate
Aspartate
Phenylalanine Fumarate Citrate
Tyrosine A
' . ' o Y
I Arginine
> , - Glutamate
Isoleucine 2 > Su CCIIIYI a-Keto- ._
Methionine CoA T glutarate ° m GJEP:?S]IHE
Threonine istidine

= Proline
Valine \ froune




Lipids (fats)

Lipase

Glycarol

Fatty acids

Beta oxidation

Krebs
cycle

Copyright @ 2001 Banjamin Cummings, an imprint of Addison Wesley Longman, Inc.
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The p-Oxidation Pathway

Each pass removes one acetyl moiety in the form of acetyl-CoA.

[a) B o
€ 35] B—CH; —CH 3 —CHy; —C—5-Col

g Palmitoyl-CoA

Formation of each

H—{H_,—ET e Gl gl

trans -4«
acetyl-CoA b,

] gl Lol a

requires removal Mirten r
of 4 H atoms {2 e~ e

1 k" raxy-
pairs and 4 H™}) L

Mg aayad pl-Caf an
b sty HADH & HY

A=t H:r—i—ﬂl:— =% Col

B-Hatoacy|-Cof
sidCol | - canSH
acalpltranideaia

el |

(Cya) H—':H:—li—l-fiﬂ + ﬂ'l.n-'j-r—l-{“
[a]

1: |qi A.I:Tr'm
|miyristayl-Cof)
Figurs 17-8
Lebrerger Prigcipdes ol Bacheoiing, Sth Edison
© 10013 W H, Fessivan and Companrg

Acetyl -Cod

(k)

Cra i Aietyl -Cof
Ciz —= fucetyl -Coh
Cio = Acetyl -Col

Ca — Acetyl -Col
Cs = Agetyl -Coh
Ca —a fgetyl -Col

Acatyl Col

Palmitate (C16)
undergoes seven passes

through the oxidative
sequence



’ Aerobic M etabolism

 Pathways are available to use carbohydrates, fats, and
proteins.

* When oxygen is available, a second oxidative stage of
cellular respiration takes place.

* All substrates eventually feed into the Krebs Cycle
occurs in mitochondrial matrix), which feeds electrons
In the form of NADH or FADH, = reducing equivalents)

Into the electron transport system of the inner
mitochondrial membrane.

e The ETS generates ATP.

42



Producing Acetyl-CoA

® T h e 3 'Car b O n Cagpright © The MeGraw-Hi cgum.rn: ParmISsIon raguIred for reRrEALENEN oF cSPIRY.
pyruvate loses a - H - o
carbon producing an CHy,—C —COOH Pyruvic acid
acetyl group.
ylgroup A
N CoA
NADH | i
COE*‘/
o)

H Acetyl-CoA
CH3 C S CoA

43
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Acetyl-CoA | ~ A 1. The cycle begins with 2C acetyl-CoA
o0 condensing with 4C oxaloacetic acid
\_/ to form 6C citric acid. CoA is released
to react again with pyruvic acid.

6. A final oxidation Oxaloacetic acid (4C) Citric acid (6C) 5 An jsomer of citric acid is
by NAD* yields NADH  Q-Q-Q-O OOO0O0O0O [ xidized by NAD*, yielding
and returns the cycle 5C ketoglutaric acid, NADH,
to its start point. NAD+ and a molecule of CO..
- NADH
H,0 — I\ NADH | ~ C02
SEab KREBS ic aci
u-Ketoglutaric acid (5C)
[F i) 00000
~|FADH, CYCLE
5. Another oxidation
by FAD yields FADH.. o
\__ FAD
Succinic acid (4C)

NAD+

o000

NADH

3. Oxidation by NAD* occurs again,
yielding 4C succinic acid, NADH,
and CO..

is formed directly with
each cycle.

CO,

GDP

4. One molecule of ATP I G:TF
ADP

W



T

A

*

e

Krebs Cycle

 End Products of aerobic metabolism:
e Carbos and fats = CO, and water
* Proteins/amino acids = CO, + water + HCO5 + NH,*

*CO, removed at lungs or gills

« Ammonia incorporated into nitrogenous waste
products and excreted

45



=

ELECTRON TRANSPORT CHAIN

e Electronsaretransferred to a final electron
acceptor.
| n aerobic respiration, the final acceptor is oxygen.

| n anaerobic respiration, the final acceptor isan
Inor ganic oxygen-containing molecule.

* Aselectronsaretransferred along the electron
transport chain, protons are pumped out of the cell.

» This causesthe proton concentration outsidethe cell to
be higher than inside the cell, causing a concentration
gradient to form.
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Mitochondrial Electron Transport Chain

low
intermembrane hlmn:"cmmmﬁun
space

H g 2H
bl I.l:.i LY 1L

-
L [
e W e g ®,
) h L/

|
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Outer membrane
of mitochondrion

Electron transport

coupled to H* transport
across membrane Downhill movement of H*
through protein channel is

coupled to ATP synthesis

Glucose

Inner membrane
GLYCOLYSIS

Pyruvic
acid

2e+2H*+0

CO,



Producing ATP- Chemiosmosis

Copyright B MoGraw-Hill Companies, Inc, Pemission required for reproduction or disglay,

* A strong gradient
with many G

protons outside

Inside Is set up. i

........................
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Overview of Aerobic Respiration

glucose

2 ATP ATP Glycolysis
& =

2MNADH 2 pyruvate

Krebs
Cycle

8 NADH, 2 FADH;

e Electron Transfer
*X¥9 Phosphorylation

E Brooks/Cole, Cengage Learning

4ATP NS

(2 net) E#

V7

6 COs -
2ATP \ATP
& =

=
AT:}

X

e

WK

M&Mm

32 ATP

Cytoplasm

A The first stage, glycolysis, occurs in the
cell's cytoplasm. Enzymes convert a glucose
molecule to 2 pyruvate for a net yield of 2 ATP.
During the reactions, 2 NAD* pick up electrons
and hydrogen ions, so 2 NADH form.

Mitochondrion

B The second stage occurs in mitochondria.
The 2 pyruvates are converted to acetyl-CoA,
which enters the Krebs cycle. CO2 forms and
leaves the cell. 2 ATP form. During the reactions,
8 NAD+ and 2 FAD pick up electrons and hydro-
gen ions, so 8 NADH and 2 FADH2 also form.

C The third and final stage, electron transfer
phosphorylation, occurs inside mitochondria.
10 NADH and 2 FADH2 donate electrons and
hydrogen ions to electron transfer chains.
Electron flow through the chains sets up Ht
gradients that drive ATP formation. Oxygen
accepts electrons at the end of the chains.



aerobic respiration

* 02/H20 coupling is the most oxidizing, more

energy In aerobic respiration.

* Therefore, anaerobic is less energy efficient.



Alternative ener gy generating patterns

Anaerobic respiration

Organic compound

Electron Carbon flow
Proton ﬂr.jw
ATP —=— motive
force

Biosynthesis




Anaerobic Respiration

e Final electron acceptor : never be 02

 Use of another compound than O, as final electron acceptor in
the ETC

« Examples

 Nitrate reducer : final electroon acceptor is sodium nitrate (NaNO3)
* Nitrate ion NO;- [Pseudomonas, E coli, Bacillus]

* NO2-
* N20
e N2

« Sulfate reducer: final electron acceptor is sodium sulfate (Na2 SO4)
« Sulfate ion SO,= to H,S

» Methanogens

» Methane reducer: final electron acceptor is CO2
 Carbonate ion CO,=to CH,
» Methanogens
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==

FERMENTATION

* Fermentation iIs the enzymatic breakdown of
carbohydrates in which the final electron acceptor
IS an organic molecule.

 During glycolysis, all the NAD+ becomes saturated
with electrons (NADH). When this happens,
glycolysis will stop.

Glucose

2 Pyruvate

co,
o,

2 Acetaldehyde

J y

2 Ethanol «




A5
-

Fer mentation Summary

e Anaerobic

» Cytoplasm

e Partial Oxidation

« Small amounts of ATP generated via substrate level phosphorylation
 Organic intermediaries as final electron acceptors

 End products
 Acid: Lactic Acid, Acetic Acid, Butyric Acid, Acetone
 Alcohol: Ethanol, Isopropyl
» Gas: CO2, H2
» Contaminants
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= Fermentation ™

b
z - 2 ATP

(b) Alcohol termeantation
Copyright @ 2001 Banjamin Cummings. an imprint of Addison Wesley Longmah, Inc.



L actic acid fer mentation

*Pyruvate Is used as the electron acceptor resetting
the NAD+ for use In glycolysis.

Reduced N N Oxidized
NAD |A L+ HT A | NAD
D D
H,C—C—C—OH  H,C—C—C—OH
Pyruvic acid I!i

Lactic acid
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Energy Sources in Working Muscle

Anaerobic Aerobic
£ ATP Pyruvate-
- lactate C02+H2°
g
[=1]
o
s ADP+P, ey o
= i 2
Carbohydrates Fatty acids,
carbohydrates,

branched-chain amino
acids
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... Fermentation

3- Mixed acid fermentation
P.A -----> [actic acid
acetic acid
H2 + CO2
succinic acid
~ethyl alcohol
%. E.coli and some enterbacter
utylene-glycol F.
A --—--->2 3, butylene glycol
e%. Pseudomonas
5- Propionic acid F.
P.A -----> 2 propionic acid
eg. Propionibacterium

e
4-
P
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Anaerobic Processes

Anaerobic Respiration
e Lactic Acid
 Lactobacillus

. . - H NADH, NADY H
* Mixed Acid =0 =0 | z I E
e Enterobacteriaceae =0 4 H =—tH—=0 H—g_HH
 Butanediol AT A "

L KlebSIGHa Fyruvale on Pyruvic Acid Lactic Acid
e Enterobacter

 Butyric Acid

Lactic Acid Fermentation

 Clostridia ] o )
e Butanol-Acetone E:D c—o H
 Clostridia H }\_D 4+ H =—PH CoOm——y, g
o . . . hydrogzn ien g
Propionic Acid | A\, A\ /e
» Corynebacteria Pyrusate ion Pyrvis Acid
H
_H

Ettwl
Aleabal



2D fferent microor ganisms use different
fermentation pathways

Glucose
(or other sugar)

[@]

pyruvate
homolactic butanediol alcoholic mixed acid propionic butyric-butylic
fermentation fermentation fermentation fermentation fermentation fermentation
sthanol s:f::trl::ca ;i:cild propionic acid bl;:::;cn:‘iid
butanediol ethanol acetic acid
lactate co co, co co isopropanol
2 2 2 acetone
, co,

Figure 3.15 Microbiology: A Clinical Approach (© Garland Science)
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