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What is microbial
METABOLISM?
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BASIC CONCEPT OF METABOLISM

Metabolism - The series of biochemical reactions by which
the cells breaks down various biomolecules such as nutrients
(carbohydrates, fat, protein) for energy generation and the

use of energy to synthesize cell material (lipids, Catbulisny - B0 '8

polysaccharides, proteins) from small molecules. l e e, 000
L
I. Catabolism Small
Large Energy Molecules
» The breakdown of larger molecules to smaller ones Molecule
» Produce energy (ATP) ..0...
® 9
2. Anabolism ',’::'
> 9 Anabolis
» The synthesis (build up) of complex molecule from Small Aabotsm I
simple molecules Molecules I\/Iilol;gezule

> Require energy (ATP)



Cellular work & energy transfers

m Cells carry out 3 major types of work in order to survive and reproduce.
I. Chemical work — synthesis of complex molecules (e.g. organelles, enzymes, etc.)

2. Transport work — take up nutrients, eliminates wastes, and maintain ion balances (sodium
potassium ion channel)

3. Mechanical work — cell motility and movement of structures within cells, binary fission
= Cells need ENERGY to do work

= Organisms obtain the energy from an energy source present in their environment - convert it to
a useful form (ATP).

ADP + P,
Aerobic respiration Chemical work
Anaerobic respiration ® :>
- Transport work
Fermentation Mechanical work
Phototrophy 6

Chemolithotrophy
ATP



Energy source for microorganisms

All microorganisms can be defined metabolically in terms of
their energy source and electron source.

I. Chemoorganotrophs - Energy source is organic
molecules, that is also the source for carbon and
electrons.The organic compounds can be catabolized
and the energy released is conserved in the ATP.

2. Chemolithotrophs - Energy source is inorganic
molecules that is also the electron source. Carbon
source can be either CO, (autotrophs) or an organic
molecule (heterotroph). E.g.“sulphur” bacteria and
“nitrifying” bacteria.

3. Phototrophs - Energy source is light, the carbon
source can be CO, or organic molecules, and the
electron source can be water (oxygenic phototrophs)
or another reduced molecule such HS (anoxygenic
phototroph). Phototrophs contain chlorophylls & other
pigment that convert light into ATP. E.g. cyanobacteria
(oxygenic), purple and green bacteria (anoxygenic).

Carbon source:

I. Heterotroph — Carbon obtained from organic
compound

2. Autotroph — CO, as carbon source

~/ \/
Energy

source

Chemicals Light
Chemotrophy Phototrophy
Organic / \ Inorganic
chemicals chemicals
(glucose, acetate, etc.) (H,, H,S, Fe®*, NH 4+ €lC.)

Chemoorganotrophs  Chemolithotrophs Phototrophs

(Glucose + 6 0,36 CO, + 6 Hy0) (HoS + %2 0, S0 + H,0)  (light)

| P

ATP ATP ATP

Example: Escherichia Thiobacillus Rhodobacter
coli thiooxidans capsulatus



Major Nutritional Types Of Microorganisms

Nutritional type Carbon Energy Electron source | Representative
source Source microorganisms

Photolithoautrotroph Light Inorganic e- donor  Purple & green sulfur
bacteria, cyanobacteria

Photoorganoheterotroph Organic Light Organic e- donor Purple & green non-sulfur
carbon bacteria
Chemolithoautotroph CO, Inorganic Inorganic e- donor  Sulfur-oxidizing bacteria,
chemicals methanogens
Chemolithoheterotroph Organic Inorganic Inorganic e- donor  Sulfur-oxidizing bacteria
carbon chemicals
Chemoorganoheterotroph Organic Organic Organic e- donor Most nonphotosynthetic
carbon chemicals *often same as C microbes, including
*often same as C source pathogens, fungi, animal, etc

source



PHOTOSYNTHETIC BACTERIA
-
Bacteria that contain light absorbing
pigments capable of converting light
energy into chemical energy.

They are widely distributed occupying
several habitats like soil, lakes, paddy
fields, oceans, and rivers.

Cyanobacteria

Purple bacteria



CHEMOORGANOHETEROTROPH

e.g. Foodborne pathogens
(bacteria, parasites, protozoa)



m Bacterial cell cannot use the energy source (sunlight or chemical
compounds) to run cellular reactions.

® So, food needs to be turned into ATP because that is what actually runs
the metabolic process!




What is the role of ATP in an
organism!?
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ATP:THE MAJOR ~
ENERGY CURRENCY . . . @

|f£‘ff’
OF CELLS S o
IRy [N |

Ribose
H 3 o

OH OH

Adenosine monophosphate (AMP)

Adenosine diphosphate (ADP)

Adenosine triphosphate (ATP)

Ad e n 0 Si n e Tri p h o S p h ate (a) — Bond that releases energy when broken



Cell carry out certain process so that they can
“earn” ATP and carry out other processes in

which they “spend” their ATP —ATP as the
energy currency!!

Characteristic of ATP;

> ATP is a high energy compound with three
phosphate groups linked in a small chain.

> It has a high phosphate transfer potential - can
donate a phosphoryl group to other molecules
and energy is released (ATP becomes ADP).

> The energy released is used to power
endergonic reactions

Endergonic reaction alone

A+B— C+D

Endergonic reaction coupled to ATP breakdown

= ADP + P,

A+B¥C+D

————————

ATP is formed by exergonic reactions and then used to
drive endergonic reactions.

ADP + P,

Aerobic respiration Chemical work
Anaerobic respiration |j> :>

- Transport work
Fermentation Mechanical work
Phototrophy

Chemolithotrophy
ATP

Exergonic reactions. Endergonic reactions.



THE ROLE OF REDOX REACTIONS IN CELL

METABOLISM

m Redox reactions is also known as oxidation and reduction reactions.

® Many metabolic processes involve oxidation-reduction reactions
(electron transfers).

m Redox reaction requires an enzyme to catalyse the reaction.

m Electron carriers are often used to transfer electrons from an electron
donor to an electron acceptor.

® The reaction an result in energy release, which can be conserved and
used to form ATP.



JOXIDATION

> Loss of electrons
> Produce energy (catabolic reaction)

> The substance that loses electrons
(donor) is oxidized, and called the
reducing agent (reductant)

JREDUCTION

» Gains of electrons
» Require energy (anabolic reaction)

» The substance that gain electrons
(acceptor) is reduced, and called the
oxidizing agent (oxidant)

Basic example of redox reaction

Zn(s) + Cu* (aq) — Zn**(aq) + Cu(s)

Metallic zinc is placed in an aqueous solution containing
copper ions (Cu?")

Observation:

Zinc metal disappear, zinc ions (Zn2*) go into solution
Copper ions (Cu?*) are removed from solution, copper
metal (Cu) deposited

Oxidation
Reduction
Overall reaction

Zn — 7n°t + ¢
Cu’t + 2¢-—Cu
/n + Cu®>—7Zn> + Cu

Zn : reducing agent (it loses electrons, donor, oxidized)
Cu?* ion: oxidizing agent (it gain electrons, acceptor, reduced)



Note the decrease in
the blue color of the
aqueous Cu?* soln.

Zn(s) + Cu?*(aq) — Zn**(aq) + Cu(s)



Redox reaction in cells
(Fermentation reaction)

NAD™ + H™ + 2¢ Half reaction of oxidation

CH;CHO + 2H" + 2¢ — CH;CH,OH Half reaction of reduction
NADH + H™ + CH;CHO — NAD" + CH,;CH,OH Overall reaction
Acetaldehyde Ethanol

Biochemical reaction in cells need biological

catalyst (enzymes) to speed up the reactions!!!




Redox reaction in cells
(Aerobic respiration)

The Overall Equation for Cellular Respiration

Oxidation:
Glucose loses electrons
(and hydrogens)

ﬁ
-
“-
Glucose \\ Carbon dioxide
. Sihde
S Electrons ; ATP}
\‘ (and hydrogens)
A )

Reductlon @
Oxygen gains

electrons (and
hydrogens)

CH,,O,+ 60, — 6CO, + H,O + Energy (ATP)



Free energy

AGY -

How do enzymes catalyse reactions?

AB¥

Transition-state complex

Reaction without enzyme

Reaction with enzyme

Enzymes is a biological catalyst
that speed up biochemical
reaction by lowering the
activation energy (E,)

E,— Energy required to bring the
reactants together in the
correct way to reach transition
state

Transition-state complex
resembles both the substrates
and products



Cofactors /| Coenzymes For Redox Reactions

Enzymes that catalyze redox reactions require a cofactor to “shuttle”
electrons from one part of the metabolic pathway to another part.

» E.g. Oxidation of glucose. Electrons is passed to oxygen (final acceptor) by Cofactor Catalytic site Coenzyme
intermediate electron acceptors <
( N

Enzyme component: |
» Protein — Apoenzyme K
» Nonprotein — Cofactor (metal ions, e.g. Mg?*, Fe?*,Zn?*) \ "

— Coenzymes (organic molecules, e.g. NAD*,FAD") \\j/
Cofactor is a small inorganic molecules in which part of the structure can - Apoenzyme
either be reduced (accept a pair of electrons) or oxidized (donate a pair X v 2
of electrons) ... Holoenzyme

ght © 2006 Pearson Education, Inc.. publshing as Bangamin Cummings.

Coenzyme plays a significant role as electron carriers in metabolism

» Most common coenzyme: Nicotamine Adenine Dinucleotide (NAD™), Flavin
Adenine Dinucleotide (FAD™), coenzyme A, etc..

21



Nicotinamide adenine dinucleotide, NAD"

A

AMP

Coenzyme Nicotamine Adenine Dinucleotide (NAD+)

Nicotinamide Nicotinamide
NAD+ (oxidized form) (reduced form) NADH
. . O
“}(h[lﬂi ion, H, I
N - C— NHo,
N
|
ﬂ " The structures and redox states of the NAD
O OH OH SLEE CoenzymeS.
O N
o7 an j]
. . . . .
o7 No—ar ,_O_ NTXy Hydride ion (a proton with two electrons) is

H H ‘ transferred to NAD+ to produce NADH.
H Q H

OH OI] = Nicotinamide is a derivatives of nicotinic agid

NADP* contains a (@) (niacin) one of the B-complex vitamins.
on this 2-hydroxyl



NAD*/NADH CYLING IN REDOX REACTION
5

NAD* reduction steps —>

NAD*  Active Enzyme—substrate
blndlng site 1. Enzyme | reacts with e~ complex
donor and oxidized form
e of coenzyme, NAD™.
[
- e I EEN .,
- . 2. NADH and
- reaction
Substrate product are
W) NAD* + (e~ donon . formed.
A ]
-] |
® 4. NAD"is u
= released. o Product NADH u Actwe
= binding site
- site
.

Substrate
(e™ acceptor)

—

3. Enzyme Il reacts with e~
acceptor and reduced
form of coenzyme, NADH.

Enzyme-substrate —— NADH oxidation steps
complex

Figure 3.12 NAD*/NADH cycling. A schematic example of redox reactions in which two different enzymes are
linked by their requirement for either NAD™ or NADH.



Standard Reduction Potential
(),

Equilibrium constant for an oxidation-reduction
reaction.

Selected Biologically Important
Half Reactions

Table 10.2

Half Reaction
ZH™ + 2e” — H-
Ferredoxin (Fe*") + e™ — ferredoxin (Fe® ")

NADP) + H + 2e™ — NAD(P)H
S+ 2H" + 2e” =5 H;S
Acetaldehyde + 2H" + 2e™ — ethanol

Pyruvate™ + 2H" + 2e” — lactate®”

The standard reduction potential (E;) MEaASUres pu | Fap « 21~ + 26~ — FADH,

the tendency of the donor to lose electrons
» more negative E, = better electron donor

» more positive E, = better electron acceptor

E,is measured in volts.

Each half reaction consist of a molecule that can

accept electrons, no. of electrons, and the
molecule it become after accepting electrons.

Oxaloacetate®™ + 2H" + 2e” — malate®”
Fumarate®™ + 2H" + 2e™ — succinate®”
Cytochrome b (Fe*") + e~ — cytochrome b (Fe?™)
Ubiguinone + 2H™ + 2e” — ubiquinone H;
Cytochrome c (Fe**) + e~ — cytochrome ¢ (Fe?™)
Cytochrome a (Fe®*') + e~ — cytochrome a (Fe?™)
Cytochrome a3 (Fe®") + e™ — cytochrome a; (Fe® ')
NO;~ + 2H' + 2e” — NO;”™ + H;0

NO,™ + 8H" + 6™ = NH," + 2H,0

» These molecules are called a conjugate redox pair | Fe** + e~ > Fe?*

(e.g. NAD+/NADH)

mm) 1O, + 2H” + 2e” 5 H,0

-

—0.42
—0.42
—0.32
—0.27
—0.20
—019
—0.18°
—017
0.03
0.08
010
0.25
0.29
0.35
0.42
0.44

077
0.82




conjugate redox
pair

® Electrons spontaneously move from donors,

Better
electron donors

higher on the tower (more -ve potentials) to
acceptors lower on the tower (more +ve

2H*/H, [-0.42]

NAD*/NADH [-0.32]

potentials).

FAD/FADH, [-0.18]

= E.g. Reduction potential (E,) of NAD+/NADH
conjugate redox pair is more negative than
that of 2 O,/H,0O, electrons flow from
NADH (donor) to the O, (acceptor) — occur
in Electron Transport Chain (ETC)

Fumarate/succinate [0.031]
CoQ/CoQH, [0.10]

Cyt c (Fe®*)/Cyt ¢ (Fe?*) [0.254]

NO,/NO,” [0.421]

= Free energy (AGP) is release and can be used
to synthetize ATP.

Fe3*/Fe?* [0.771]
",0,/ H,0 [0.815]

Better
electron acceptors

E; (Volts)
-0.5 —

-0.4 —
-03— )
0.2 —
0.1 —

0.0

2e”

+0.1 —

+0.2 —

+0.3 —

+0.4 —

NADH + H* + 1,0,
— H,0 + NAD*
(AE; =1.14 V)

+0.5 —
+0.6 —

+0.7 —

+0.8 — 4)

+0.9 —

+1.0 —




Half reaction
donating e~

Hy —2¢e +2H"

Electron
acceptor

H,0 = H,+ 10, — H,0

Electron
donor

10,+2e — 077

Half reaction
accepting e~

Formation Net reaction

of water

Better

Better
electron acceptors

electron donors

conjugate redox

pair E; (Volts)

-0.5 —

2H'/H,[-0.42] _q4

03— )

FAD/FADH, [-0.18] ~%-27 |,
=00

NAD*/NADH [-0.32]

Fumarate/succinate [0.031] 60

CoQ/CoQH, [0.10]  +0.1 —

+0.2 —

Cyt c (Fe®*)/Cyt ¢ (Fe?*) [0.254]
+0.3 —
NO,/NO,” [0.421] =~ *+0:4 7
+0.5 —
+0.6 —

+0.7 —

Fe**/Fe® [0.771] |
1,0,/ H,0 [0.815] | +08— _J

Oxygen in the strongest electron acceptor




ELECTRON TRANSPORT CHAIN

® Electron transport chain (ETC) is a series of
electron carriers with the first electron
carrier having the most negative E_ (standard
reduction potential)

® As a result, the potential energy stored in

first redox couple is released and used to
form ATP.

Approximate Ej (V)

-0.4 -

-0.3 -

-0.2 -

-0.1+

+0.14

+0.2

+0.3 4

+0.4

+0.5 1

+0.6 -

+0.7 1

+0.8 4

@ Complex  Cyt gg,

v

| | I | |

Approximate position in chain



m Electron carriers:
» NAD (nicotinamide adenine dinucleotide)
» NADP (nicotinamide adenine dinucleotide phosphate)
» FAD (flavin adenine dinucleotide)
» FMN (flavin mononucleotide, riboflavin phosphate)
» Coenzyme Q (CoQ) (a quinone, also called ubiquinone)
» Cytochromes (iron is part of a heme group)

» nonheme iron proteins (ferrodoxin)

 Ferredoxin is a Fe-S protein active in photosynthetic electron transport and
several other ET processes. Fe-S carries only one electron a time.

* use iron to transport electrons

* iron is not part of a heme group

28



Where is the location of Electron Transport Chain (ETC)??

Random Name Picker! 2



Where is the location of Electron Transport Chain (ETC)??

Outer mitochondrial
membrane

Inner mitochondrial
membrane

--------------------------- ;e Intermembrane
space of matrix

space (outer

compartment)
Matrix (inner :’i
compartment)
NADH dehydrogenase
(most negative E) Cytochromes a and a,
(least negative E)
B FMN Bl Cytochrome c,

B Coenzyme Q I Cytochrome ¢
I Cytochrome b

Mitochondrial ETC — in eukaryotes

(a)

; ) Outer membrane
Cristae E: /

Cell wallﬁ{

Plasma membrane
with ETS

Most negative Ey

Least negative E;

Bacterial ETC — In prokaryotes

(b)



What are the processes that
generate ATP in prokaryotes??
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CATABOLIC PATHWAY

(CELLULAR RESPIRATION)

Aerobic respiration
Anaerobic respiration
Fermentation




CATABOLIC PATHWAY

Cellular respiration is a catabolic pathway that breaks down
glucose and produces ATP.

|. Aerobic = electron donor is oxidized with O,

2. Anaerobic = O, substitute as the terminal electron
acceptor

3. Fermentation > Partial degradation of sugar without
O, organic compound as electron acceptor

When O, is available, respiration will take place instead of
fermentation, therefore, more ATP is produced

The catabolic pathway results in energy release through:
|.  Glycolysis (Embden-Meherhof-Parnas pathway)
2. Krebs cycle (Citric acid /Tricarboxylic acid cycle (TCA))

3. Electron transport chain (Oxidative phosphorylation)

RESPIRATION

FERMENTATION

@ FE

3] Etectrons |
Q)

S




Overview of the Three Main Catabolic Pathways ...

Copyidt € The MoGraw-Hil Canpanies. Inc. Pamission reculr od for repeodiuction o display
AEROBIC RESPIRATION ANAEROBIC RESPIRATION FERMENTATION

! i £
i
AR5W,_ 3 —E® @ ° @ oW,/ E

Yields 2 ATPs are ~ are ~~ AT?"/

~ e

Yields 2 GTPs - FADM: AP

e

Using as clectron acceptor

{Soj~, NO, CO,*)

\ ATP \ ATP

34

38 ATPS 2-36 ATPS 2 ATPS



Aerobic Respiration

= Electrons released by
oxidation of glucose are
passed down to the
Electron Transport
Chain with oxygen being
the final electron
acceptor

Oxidation:
Glucose loses electrons
(and hydrogens)

—————————————————~{
S
S
‘\ Carbon dioxide
\ vJ‘f\"‘Lz
\ ¥y L
< ,
\ Electrons 4 ATP o
“ (and hydrogens) aanl
‘Q,
Reduction: @
Oxygen Oxygen gains

electrons (and
hydrogens)

CH,0, + 60, =» 6CO, + H,O + Energy (ATP)
(38 ADP + 38 Pi) = (38 ATP)



m Aerobic respiration is the most efficient way to extract energy
from glucose.

®m Microbes used 4 different mechanism to build ATP:
|. Glycolysis
2. Transition Reaction

3. Kreb’s Cycle

4. Electron Transport System



|. Glycolysis: Splitting Of Sugar
= Oxidation of Glucose into 2 molecules of
Pyruvic acid / Pyruvate

= ) ATPs are used and 4ATPs are generated
® End Products of Glycolysis:

» 2 Pyruvic acid oH
>2 NADH, e
>2 ATP (net gain) é/ 1] S\L

IF‘].'ru'.fa:B'
2 406 4 P 2% o, &%
ADP & P

C-C=C-H

Glycolysis

o H
0 H
E:I:'E:H

2wsy 2woh) -

Pyruvabe




Glucose c-c—c-—Cc-CcC
Glucose is phosphorylated at the expense of one

I /TP, generating glucose 6-phosphate, a precursor ATP
metabolite and the starting molecule for the pentose
phosphate pathway. ADP \\\‘,
T \\:

Glucose 6-phosphate 'Cc-C—C—C—C—C
Isomerization of glucose 6-phosphate (an aldehyde)

to fructose 6-phosphate (a ketone and a precursor S
metabolite) E@:—
Fructose 6-phosphate ic-c—Cc—Cc—C c
ATP is consumed to phosphorylate C1 of fructose. ATP
The cell is spending some of its energy "
currency in order to earn more in the next part ADP :\,: e
of the pathway. T 2@5 6 C phase
Fructose 1, 6-bisphosphate '¢—C—C—C—C—=C
) o Dihydroxyacetone ~5a%-
Fructose 1, 6-bisphosphate is split into two ~POs)= | 3 C phase
L phosphate (DHAP) ~__~
3-carbon molecules, one of which is a precursor m
metabolite. DHAP is readily converted to e 9@
® glyceraldehyde 3-phosphate. Sl
G ch O Iys I s Glyceraldehyde 3-phosphate C—C—C—;@E Glyceraldehyde 3-phosphate
Al - —nNaD* a M - —nNAD*
Glyceraldehyde 3-phosphate is oxidized and { {
simultaneously phosphorylated, generating a high- NADH + H* NADH + H*
energy molecule. The electrons released reduce
NAD™ to NADH. “ P " » “ P
1, 3-bisphosphoglycerate 5\ Ij—c —c—c—f’:— 1, 3-bisphosphoglycerate
A — aoP i o A _— aop
ATP is made by substrate-level phosphorylation.
Another precursor metabolite is made. ATP ATP
3-phosphoglycerate C —C—C—:: :E 3-phosphoglycerate
1y, AT
2-phosphoglycerate G‘Z}EC\S ; 2-phosphoglycerate
i i N 1 s
Another precursor metabolite is made. H,0 3 @,: H,0
Phosphoenolpyruvate c —JC‘—C Phosphoenolpyruvate
The oxidative breakdown of one glucose results ADP ADP
in the formation of two pyruvate molecules.
Pyruvate is one of the most important precursor ATP ATP

metabolites.
Pyruvate c—c—Cc Pyruvate



Substrate —level phosphorylation

* The synthesis of ATP by direct transfer of phosphate group from energy-rich
substrate to a molecule of ADP

* Substrate-level phosphorylation occurs in glycolysis and TCA cycle

* The phosphate is coming from a high energy molecule and given to ADP to form
ATP rather than adding the inorganic phosphate to ADP as in oxidative
phosphorylation (occur in ETC)

* Reaction is catalyzed by kinases

Table 104  Phosphate Transfer Potential of Common Phosphorylated Compounds’

Phosphorylated Molecule AG®" of Hydrolytic Removal of Phosphate (KJ/mol) Phosphate Transfer Potential

High-Energy Phosphorylated Compounds

| } - Phosphoenolpyruvate? —619 619
=

(P) p mmm) 1, 3-bisphosphoglycerate’ -493 493
o+ ADP ATP (hydrolysis to AMP) —456 456
- ATP (hydrolysis to ADP) —305 30.5

(:u:';::'::; r’; y compound “Y" Low-Energy Phosphorylated Compounds

transfer compound) Glucose 6-phosphate —13.8 13.8

Glycerol 1-phosphate -92 92




2. Transition reaction

= Pre-Krebs (connects Glycolysis to Krebs = Acetyl-CoA is a thioester (high energy
Cycle) compound)

= Pyruvates are decarboxylated, then attached

to coenzyme A > acetyl-CoA = Sulfur atom replacing an oxygen of the usual

, , carboxylic ester
= Occur twice with the end products: /

> 2 Acetyl-CoA = The hydrolysis of thioesters release enough
energy to drive another reaction.
> 2 CO,

> 2 NADH,

The overall reaction of the pyruvate
dehydrogenase complex

Pyruvate

O CoA-SH dehydrogenase CO, O
_ U - \ complex /(
CH;—C —COO~ "“"f____::—{‘PP - —::%__1\ - CH,
— PP,
Pyruvate NAD" Mg™ lipoic NADH + H' Acetyl-CoA 40

acid




3. Krebs cycle

Se.rciles of chemical reactions that begin and end with citric
aci

Also known as Tricarboxylic Acid cycle (TCA cycle) or
Citric acid cycle.

» Occurs twice

> Results in the oxidation of the last 4 carbon atoms

> Acetyl-CoA binds with oxaloacetic acid to form citric acid

» Citric acid then progresses through a series of reactions
ultimately resulting in the reformation of oxaloacetic acid

End products:
> 2ATP

> 6 NADH,
> 2 FADH,

> 4 CO,

.

jm‘?/Kreb;Ex\m
jm“&%(i’i(x*m[:
m gy B

Single cycle: 2xCO, ; 1xATP ; 1 xFADH, ; 3 x NADH + H*
Two cycles: 4 x CO, ; 2 xATP ; 2 x FADH, ; 6 x NADH + H*



KREBS CYCLE
CITRIC ACID CYCLE.pdf

e Malate Is oxidized,
generating more NADH

From glycolysis

T
c—o
| ruvate
(I: =0 Py o
CH,
MNADT

MNADH + HT

Pyruvate is decarboxylated (i.e., it loses a
carbon in the form of CO,). The two
remaining carbons are attached to
coenzyme A by a high-energy bond. The
enargy In this bond will be used to drive
the next reaction. Acetyl-CoA is a
precursor metabolite.

and regenerating COs
oxaloacetate, which is e
CoA
needed to accept the two 1
carbons from acetyl-CoA i —S—CoA Acetyl-CoA e The two remaining carbons of
and continue the cycle. | pyruvate are combined with the
Oxaloacetate Is also a CHy Tfour carbons of oxaloacetate. This
precursor metabolite. oOxaloacetate Citrate forms the 6-carbon molecule
coo— _ citrate.
] (|:D-O
MNADH + H*T c=0 /—’"—\
| [ 2] CHz
He HO—E—E00"
MAD T s o e’ Rearrangement of atoms
e (|:H2 to form isocitric acid.
Malat R e
alate
cCoo
| Isocitric acid
HO—CH 6-carbon o0
[ 4-carbon stage |
HC stage CH
| | =
®O00 HE—COO™
o TCA Cycle o
HzO
e’ Fumarate cCoOO—
reacts with H-O |
to form malate. (l‘l.:H
HC
|
oo™
Furmnarate o Another carbon is
FADH o remowved, yielding the
2 n:lzocr— (|:=O 5-carbon precursor
metabolite
FAD (|3Hz oo «-ketoglutarate. In
&) succinate Is oxidized to CH, (6 ) o-ketoglutarate J;he o s NADH is
fumarate. FAD serves as I | MNAD™ + CoA ormed.
the electron acceptor. cCoo™ CHz

Succinate NADH + HT

CH
@ cCoA is cleaved from the high-energy ~ATP ADP | co,
molacule succinyl-CGoA. The enargy ar or G\
released is used to form GTP, which GTP GDP O 5—CoA
can be used to make ATP or used +
directly to supply energy to P Succinyl-CoA

procasses such as translation.

9 The last carbon of glucose is
released as carbon dioxide. More
MNADH Is formed for use by an ETC,
and the 4-carbon precursor
metabolite succinyl-CoA Is formed.
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" |tis composed of a series of electron carriers
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Cyt ¢ (Fe®*)/Cyt ¢ (Fe?*) [0.254]

» Arranged in 4 complexes that are linked by
coenzyme Q (Con) and cytochrome c (Cyt ).

NO;/NO, [0.421] 047
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» Series of redox reactions occur — each carrier is
reduced and then reoxidized.

+0.6 —

+0.7

Fe**/Fe? [0.771]

» The electrons flow from carriers with more negative fore b B

reduction potentials to those with positive o
P Ote ntl a'l S 4 @ * eIectranezt:ce:eptors +1.0 -

v" Transfer electrons from NADH & FADH, to O,
resulting in H,O

v O, is the final electron acceptor

® The difference in reduction potentials between O,
and NADH is large (E’, = |.14V) — release high
energy for ATP production.

= ATP is synthesized by oxidative phosphorylation. g N ﬁ(@
” @D
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The electron carriers are
organized into four complexes
that are linked by coenzyme
Q (CoQ) and cytochrome c
(Cyt ¢).

Electrons flow from NADH
and FADH, down the
reduction potential gradient
to oxygen (final electron
acceptor)
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Oxidative phosphorylation

Involves two processes:

Electron transport chain
v" NADH and FADH

v" Electron falls to oxygen (final electron

2.
v

acceptor) and reduced to water.

Chemiosmosis

As electrons flow through the ETC,
protons are moved across the
membrane, generating proton motive
force (PMF) / proton gradient — high
potential energy.

PMF can drive the production of ATP

when the protons tflow back into the
to lasm through the ion channel in
e ATP synthase.

'I;]he flow of protc(;jn is elz(ergﬁnic ?nd
the energy is used to phosphorylate
ADP to ixl' . PROSPRETY

are oxidized and the
electrons are transzferred to the electron
carrier (Complex | — V) in the ETC.

Periplasmic space

NADH dehydrogenase Cytochrome b-c, Cytochrome
complex complex oxidase complex

Cytoplasm

FADI; H*
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Maximum
theoretical ATP
yield from aerobic
respiration

Glucose

+ GLYCOLYSIS

Fructose 1, 6-bis PO,

Y
2 Gmcem'deh}fdea PD4 2 % 2.5 — 5 ATP
= 2NADH = S5ATP
ya Oxidative phosphorylation
= 2ATP
Y Substrate-level phosphorylation
2 Pyruvate
= 2NADH 2x2.5=5ATP P SATP
Oxidative phosphorylation
2 Acetyl-CoA
Ay 8 X25=ISATP _
Oxidative phosphorylation
2x1.5=5ATP
—»= 2FADH = 3ATP
?.éi";i{g; ¢ Oxidative phosphorylation
= 2ATP (GTP)

Substrate-level phosphorylation

Total aerobic yield 32ATP

Figure 11.17 Maximum Theoretic ATP Yield from Aerobic Respiration. To calculate the theoretic

maximum yield of ATP, P/O ratios of 2.5 for the oxidation of NADH and 1.5 for FADH, are assumed.

The phosphorus to
oxygen ratio (P/O) is used
as a measure of the
number of ATP molecule
generated per oxygen

P/O ratio:
NADH - 2.5/ (3)
FADH2 - 1.5/ (2)



Anaerobic Respiration

= |dentical to aerobic respiration except O, is not the
final electron acceptor in the electron transport
chain.

» Other acceptor: Nitrate, sulfate, CO,, metals, etc

= Microbes that can carry out anaerobic respiration will
perform aerobic respiration instead if oxygen is
available (facultative anaerobes).

= | ower ATP yield because the final electron acceptor
such as NO;™ has less positive reduction potential

than O,.

» The difference in reduction potential between NADH
and NOj" is smaller compared to NADH and O,

> So, less energy is available to make ATP.

Better
electron donors

2H'M, [-0.42]

NAD*/NADH [-0.32]

FAD/FADH, [-0.18]

Fumarate/succinate [0.031]
CoQ/CoQH, [0.10]

Cyt ¢ (Fe**)/Cyt ¢ (Fe?) [0.254]

NO,;/NO,” [0.421]

Fe**/Fe? [0.771)]
1,0,/ H,0 [0.815]

Better
electron acceptors
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-0.5 —

-0.4 -

034 )
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+0.1 —

+0.2 —

+0.3 —

+0.4 —

+0.5 —

+0.6 —

+0.7 —

+0.8 J

+0.9 —

+1.0 -

2e”

NADH + H* +,0,
— H,0 + NAD*
(AE;=1.14V)



Table 11.3

Aerobic

Anaerobic

Some Electron Acceptors Used

in Respiration

Electron
Acceptor

0,

NO;

NO;

SO,

co,
co,

SD

FEJ-I-

HAsO,2~

Se0,””

Fumarate

Reduced
Products

H,O

NO,

NO,™, N,O, N

H.5

CH.
Acetate
H.5

Fe’’

HAsO,

Se, HSeO,~

Succinate

Examples of
Microorganisms

All aerobic
bacteria, fungi,
and protists

Enteric bacteria

Pseudomonas,
Baocilius, and
Paracoccus species

Desulfovibrio and
Desulfotomaculum

Methanogens
Acetogens

Desulfuromonas
and Thermoproteus
species

Pseudomonas,
Bacilius, and
Geobacter species

Bacilius,
Desulfotomacuwium,
Sulfurospirillum
species

Aeromonas, Bacillus,
Thauero species

Wolinello species
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The anaerobic ETC is
more complex than
the aerobic ETC.

Periplasm

) () (
1Y
b\

Figure 11.18 Paracoccus denitrificans Electron Transport Chain Used During Anaerobic Respiration.  This branched ETC is made of both membrane
and periplasmic proteins. Nitrate is reduced to diatomic nitrogen (N,) by the collective action of four different reductases that receive electrons from CoQ and

cytochrome c. Locations of proton movement are indicated. Four protons are pumped into the periplasm by complex |, two by nitrate reductase (Nar), and two by
complex lll. However, two protons are used by nitric oxide reductase (Nor) to reduce nitric oxide to nitrous oxide. Thus six protons, net, are used to create a PMF.

Abbreviations used: flavoprotein (FP), nitrite reductase (Nir), and nitrous oxide reductase (Nos).
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Glycolysis Glucose

Fermentation

Glyceraldehyde - 3 - ®
NAD* NAD*

= Some microbes do not respire

+ +
» Lack of electron transport chain or NADH + H NADH + H

» They repress the synthesis of ETC components under anoxic 1,3 -bisphosphoglycerate
conditions

= However, NADH must still be oxidized back to NAD™ to
continue the glycolysis.

Pyruvate
> Use the pyruvate or its derivatives as the electron acceptor Fermentation NADH + H*
pathways NAD*
= Fermentation
NADH + H*

Partial degradation of sugar without O, (only glycolysis) Lactate X

NADH is oxidized to NAD * \(g NAD*
O, is not needed

The electron acceptor is either the pyruvate or the its derivatives
No ETC - reduce ATP yield. Reoxidation of NADH during fermentation

SV

YV V.V V V VY

Substrate-level phosphorylation in glycolysis is the only source of ATP



Fermentation

= Fermentation is a metabolic process by which organic molecules such as glucose are broken
down anaerobically to release energy.

= Products: lactic acids, carbon dioxide, alcohol, etc..
" |t occurs in yeast and bacteria.

" Fermentation pathways are useful as tools in biochemical identification of bacteria
" |n industry, fermentation is used for food production

* Examples of fermentation pathways
» Alcohol fermentation (Saccharomyces cerevisiae)
» Lactic acid fermentation (Lactobacillus)
» Mixed acid fermentation (E. coli)
> 2,3-Butanediol fermentation (Enterobacter aerogenes)
» Propionic acid fermentation (Propionibacterium)
» Acetone, butaraldehyde and butanol (Clostridium acetobutyricum)



Fermentation
Glucose
pathway (or other sugar)
0
~
9]
o
-
o,
vy
Butyric acid
L acti Homolactic acid y Butyric-butylic butanol,
:gi c'jc : Pyruvic Acid . Isopropyl
fermentation fermentation alcohol, acetone,
and CO,
Ethyl alcohol Butanediol
and CO, and CO,

Acetic acid, e .
succinic acid, Propionic acid,

ethyl alcohol, acetic acid, 52
COs,, and H, and CO,




Fermentation Glucose
products

Pyruvic acid
Aspergillus s -
i i Escherichia = :
Organisms  Propionibacterium Lactobacillus Saccharomyces Clostridium NADH
Pt Streptococcus gce Acetobacter ] : ,J
CO,, propionic acid Lactic acid CO,, ethanol Acetone, Acetic acid |’NA6’ ]

isopropanol

| l

Fermentation
products

s L.[‘-' \,, .

Cheddar cheese, Nail polish remover, 53
Swiss cheese yogurt, soy sauce Wine, beer rubbing alcohol Vinegar

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



Alcohol fermentation

i/ 4
“Substrate level > ADP 2 ATP . 4 @
phosphorylation” ? . £ il
|=° \\ /7
CHg Pyruvate
2 NAD* 2 NADH 2 Pyruvate Decarboxylase

“Decarboxylation”
! !
; Alchohol CH, @
@ dehydrogenase 2 Acetylaldehyde
“reduction”
54

Glucose — 2 Ethanol + 2 Carbon Dioxide
CH,0,—-2CHOH+2CO,

E.g. Saccharomyces cerevisiae



Lactic acid fermentation

“Substrate level
phosphorylation”

2 NAD* 2 NADH 2 Pyruvate

(I)_
i
H—C—OH No intermediate;
| Lactate pyruvate accepts
dehydrogenase electrons from NADH
2 Lactate “reduction”’
55
E.g. lactic acid bacteria Glucose — 2 Lactic Acid

(Lactobacillus, Lactococcus, Leuconostoc, Streptococcus Cih,0, —2C;H,O;



Mix acids fermentation

Fermentation Pathways: Mixed acid fermentation

Pyruvic Acid + NADH —> Lactic Acid + NAD
Acetic Acid + Formic Acid
Ho + CQO9p

Carbonic Acid

E.g. Escherichia coli, Salmonella, Proteus

The methyl red (MR) test can
detect whether the mixed acid
fermentation pathway occurs
in microbes when given
glucose.

A pH indicator is used that

turns the test solution red if
the pH drops below 4.4.
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Butanediol fermentation

Fermentation Pathways: Butanediol fermentation

2 Pyruvic Acid > Acetolactic acid + CO»

\—a Acetylmethylcarbinol + CO,,

(Acetoin)

+ NADH

> 2.3-Butanediol + NAD

E.g. Enterobacter, Serratia, Erwinia, Bacillus
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Catabolism Of Organic Molecule Other Than Glucose

® Organic molecule that can be fermented:
» Sugar (glucose, lactose, fructose, mannose, galactose,)
» Amino acid (Trytophan, proline, arginine, isoleucine, etc.)
> Lipid (triglyceride- hydrolyzed to glycerol and fatty acid)

» Organic acid (acetate, lactate, propionate, citrate)



Breakdown of nutrient by
enzymes:

* Carbohydrate to sugar monomer
* Lipid to fatty acid & glycerols
* Proteins to amino acids

Serine, cysteine,

Threonine 52
and glycine

Carbohydrates

‘ Glycolysis f;j:line ¢ /’
| V¥
PEP ————> Pyruvate

Asparagine

-
Aspartate Citrate
TA NADH and FADH, \
__—[" (reducing power ~7/
Oxaloacetate Malate fo:);eropic . ,
production =
of ATP) aKetoglu

'__/ : ¢
Succinyl-CoA<|
Glu

™=
Malate g/

Vo

Succm'ate

Fumarate

T
T

P

Tyrosine and phenylalanine

Ficure 19.9 Asummary of catabolism, showing the central role of the citric acid cycle.

¥

|
R, e

4

Succinyl-CoA

—

Threonine, valine,
isoleucine, and methionine

Tyrosine, lysine,
phenylalanine,
and tryptophan

v/

Acetyl-CoA

Isoleucine
and leucine

Inner mitochondrial
membrane

L,,-——Milochondrion

Cytosol

a-Ketoglutarate

Proline, arginine,
glutamine, and histidine

t

ote

that the end products of the catabolism of carbohydrates, lipids, and amino acids all appear.
(PEP is phosphoenolpyruvate; a-KG is a-ketoglutarate; TA is transamination; —»—— is a mul-

tistep pathway.)



Why Bacterial Metabolism Is Important?

m Scientists learned how to make different

types of culture media by understanding
bacterial metabolism.

» MacConkey Agar
v Selective & differential medium

v Differentiate Gram —ve bacteria based on

their ability to ferment lactose (source of
fermentable carbohydrate)

v'Bile salt & crystal violet inhibit the Gram
+ve bacteria

MacConkey’s Agar

Lactose

| fermenting

colonies

PINK

Non-lactose
fermenting
colonies

COLORLESS
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IMViC Test

Biochemical test for identification of bacteria

Biochemical tes N

Indole test

Methyl red (MR) test

Voges-Proskauer (VP)
test

Citrate utilisation test

To determine the ability of certain
bacteria to decompose amino acid
tryptophane to indole.

To test for mixed acid fermentation.

To test if the bacteria has butanediol
fermentation

2 pyruvate + NADH - 2CO, + 2,3-
butanediol.

The test looks for the ability of a
bacteria to utilise citrate as a sole source
of carbon

Positive: Formation of pink to red
colour in the reagent layer on top of
the medium

Negative: No colour changes

Positive test: red colour change
Negative test: no colour change.

Positive test: colour change to pink
(e.g Klebsiella spp.)
Negative test: no colour change.

Positive: Growth with colour change
from green to intense blue
Negative: No growth and no colour
change



Triple Sugar Iron (TSI) Test

Oxidase test

To test the ability of bacteria to utilise
lactose or sucrose (or both) under
aerobic/anaerobic condition.

To test whether the bacteria have
cytochrome c and cytochrome c
oxidase (aerobic respiration)

Ferment glucose: Red slant, yellow
butt

Ferment glucose and
lactose/sucrose: yellow slant and butt
Non-fermenter: red slant, butt no
colour changes

Positive test result: Dark blue-
purple colour change within 10-30 sec.
(E.g. Aeromonas, Campylobacter)
Negative test result: No colour
change or colour change after more
than 30 sec.
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Bacterial
fermentation
Consumtion of tylose and arabinose.
Lactohacilius pevfoaceficus .
alow use of glucose and cellobiose.
Lactic acid bacteria——11 [ 5otnbncilius caser Good fermentation of lactoge.
Convetsion of cellulose ditectly ta ethanol and acetic . Good use ofn-glucose, d-xylose, and l-arabinnse.
. Lactobaciilus xploms B . .
(Mosfridim thermocelhm actd. Can use cellobiose, if nuttients are supplied.
Bioethanol concentrations are generally less than J gL, Usefial for homolactic fetmentation,
g . Lactobacillus perfosus ' i ari
Wattwe strams are bl to ferment xylose to banethanol £ St stk ate ceshlenlp protute JRe g o
b i sulfite waste liquors.

succite, and acstic acids,

Bacherichia col Wit sivari ababarr i i Consumption of cellobiose more rapidly than ghucose,
' iylose, or arabinoge,
j j j ' Lacfobacill fr

(enetically engneeted strains can produce hiethanol actobacilius plantanm i Rpes dpa i et

Nﬁﬁ?ﬁ Stfﬂlﬂﬂ f&pﬂl}r fﬁﬂﬂﬁﬂt WIDSE and EEHDhiDSE. Production of lactic acid from E.gﬂﬂlll‘t-'l.lfﬂl tesidies.
Kebstelln oxploca Genetically enginested stains can fement cellulose and y Capable of fetmenting glucose and fructose.

. | Aypmomores mobilis . . .
prociice oethnl pedominsntly (renetically enginesred straing can ferment xylose.




Why Bacterial Metabolism Is Important?

® Understanding bacterial metabolism also can lead us to use bacteria for a good cause.

» Microbial metabolism produces product that can be useful to human. E.g. Fermented
product

> Yeast, lactic acid bacteria - fermentation




Why fermentation is important for food production?

Preserving food

Lowering of pH levels, restricts the growth of competing

microorganisms

» Leuconostoc and lactic Streptococci - pH 4.0

» Some of the Lactobacilli and Pediococci - pH 3.5

Improve shelf life of selected food products

No heat required during preparation

Flavor modification and nutritive value improvements

» Lactococcus lactis subsp. diacetylactis covert milk citrate to
diacetyl and give richer buttery flavour to the finished
product (e.g. cultured buttermilk, sour cream)




Importance of fermentative pathways to food production

»> Yogurt
= Starter culture
v’ Lactobacillus bulgaricus
v’ Streptococcus thermophilus
" |actic acid increase

* pH decrease

* Facilitate coagulation of milk

* [actose fermentation produces the flavor of yogurt
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Importance of fermentative pathways to food production

» Sauerkraut (Sour cabbage)
= Starter culture
v" Leuconostoc
v' Lactobacillus
" |actic acid increase

* pH decrease

* Other pathogenic organisms are killed
* Fermentation produces the unique flavor of sauerkraut



Fermented food
products
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Why Bacterial Metabolism Is Important?

= We know how to inhibit or stop bacterial growth by
controlling their metabolism.

» Nutrient availability plays important role in the
growth control

» Enzyme for metabolic reaction can be denatured
heat, low pH

» Oxygen is required for aerobic respiration




SUMMARY

v'Basic concept of metabolism- catabolism & anabolism, endergonic &
exergonic reaction

v’ ATP as the major energy currency

v'Redox reaction — cofactors, standard reduction potential

v’ Catabolic pathway — Aerobic and anaerobic respiration, fermentation
v’ Glycolysis

v'Krebs cycle

v’ Oxidative phosphorylation & substrate level phosphorylation

70

v’ Fermentation
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