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All major types of nutrition and metabolism evolved among prokaryotes:
they are the ultimate biochemists

The prokaryotes exhibit some unigue modes of nutrition as well as every type
of nutrition found in eukaryotes.

Major Modes of Nutrition:

Prokaryotes exhibit a great diversity in how they obtain the necessary resources
(energy and carbon) to synthesize organic compounds.

= Some obtain energy from light (phototrophs), while others use
chemicals taken from the environment (chemotrophs).

= Many can utilized CO, as a carbon source (autotrophs) and others
require at least one organic nutrient as a carbon source (heterotrophs).
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Depending upon the energy source AND the carbon source, prokaryotes have
four possible nutritional modes:

1. Photoautotrophs: Use light energy to synthesize organic
compounds from CO, — Includes the cyanobacteria. (Actually all
photosynthetic eukaryotes fit in this category.)

2. Chemoautotrophs: Require only CO, as a carbon source and
obtain energy by oxidizing inorganic compounds. This mode of
nutrition is unique only to certain prokaryotes.

3. Photoheterotrophs: Use light to generate ATP from an organic
carbon source. This mode of nutrition is unique only to certain
prokaryotes.

4. Chemoheterotrophs: Must obtain organic molecules for energy
and as a source of carbon. Found in many bacteria as well as most
eukaryotes.
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Metabolic Menu
For Chemotrophs

Potential Microbial Metabolic Processes:

e- donor

e- acceptor

C source

Organisms

Autolithotrophy

H, 0, COy Hydrogen oxidizers

HS-.8".8,0,7 0, CoO, Sulfur oxidizers

Fe 0, CoO, [ron oxidizers

Mn ™ 0, COy Manganese oxidizers

MH, " NOy O, CO, Mitrifiers

HS.8".8,0,7 Ny CO, Denitrifying/S-oxidizers

H, NO,. COy Hydrogen oxidizers

H, S180,7 CO, Sulfate Reducers (SRBs)

H, Co, Co, Methanogens & Acetogens
Heteroorganotrophy

Org.( 0, O C Aerohic Heterotrophy

Org.( NOy Chrg.C Denitrifyers

Org.( Ss0y? Org.C Sulfate Reducers (SRBs)

Org.( Org.C Crg.C Fermenters
Methylotrophy

CH,(C-17%) 0,.50,* CH,.CO..C0  Methane (C-1) oxidizers




Oxidation and Reduction are Coupled Reactions
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Redox Rxns: Ho=>2e  +2H"
Electron-donating half reaction

%02 -+ 29_—)‘02_

Electron-accepting half reaction

oH" + 0~ - H,0

Formation of water

Electron - Electron
donor—H, + %O, - H,0 acceptor

Net reaction



Examples of reactions
with H, as e~ donor

(1) H, +fumarate®” — succinate®”

AGY = -86kJ

(2) Hy+NO,S~ — NO,” +H,0
AGY = -163 kJ

1
(3) H,+ 30, > HO
AGY = -237 kJ

Couple

> Fumarate/succinate (+0.03) 2 e~
(2) Cytochrome b, /yeq (+0.035) 1 &
Fe3*/Fe?* (+0.2) 1 &7, (pH 7)
Ubiquinoneyy g (+0.11) 2 &~

S

Cytochrome ¢, /oq (+0.25) 1 €~

N\

Cytochrome a,, /g (+0.39) 1 e~
—> NO3;7/NO,™ (+0.42) 2 e~

Ey' (V)
— —0.50

— -0.40
— -0.30
— -0.20
— -0.10
— 0.0

— +0.10
— +0.20
— +0.30
— +0.40
— +0.50
— +0.60
— +0.70

— +0.80

— +0.90



Thermodynamics: The Chemical Fuels and Oxidants of Life

€- Source
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Nicotinamide adenine dinucleotide (NAD)

Two hydrogen The I\.IAD+
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Flavin nucleotides, components

Specialty redox of flavoproteins
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Acetyl-coenzyme A (acetyl-CoA)

Specialty energy
molecule &
organic C carrier
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CH, =C—C00"

O ngh energy Low energy N e N\ HCOH Low energy H|gh energy
. - ter bond > ester bond
0—P—0O- anhydride bonds es OHCH anhydride
Il
o) o— HCOH | ?
Phosphoenolpyruvate ~O— I|3~0 P~O H HCOH O HaC— C O"’ﬁ O~
CH2 O_' i a
Acetyl phosphate
Glucose 6-phosphate
Adenosine triphosphate (ATP)
Compound G% kJ/mol
High energy
Phosphoenolpyruvate -51.6
(ﬁ ﬁ) (”) 1,3-Bisphosphoglycerate| -52.0
H H Acetyl phosphate —-44.8
3 ADP =31.8
Acetyl -Mercapto- Pantothenic acid
ethylamine Low energy
AMP -14.2
Acetyl-CoA Glucose 6-phosphate -13.8




Two Ways to Make ATP: Quick & Dirty or
Turbo-Charged
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'7 1 Cellular Locations for Energy Pathways
‘ in Eukaryotes and Prokaryotes

EUKARYOTES PROKARYOTES

External to mitochondrion In cytoplasm
Glycolysis Glycolysis
Fermentation Fermentation

Citric acid cycle

Inside mitochondrion On inner face
Inner membrane of plasma membrane
Pyruvate oxidation Pyruvate oxidation
Respiratory chain Respiratory chain
Matrix

Citric acid cycle




Glucose

_ZATP Two ATP molecules used for
/_ i e each glucose molecule.

Fructose-1,6-bisphosphate

Glycolysis: short form

Y
2 Glyceraldehyde-3-phosphate

2 NADT In aerobic respiration,
® the NADH is reoxidized.

2 NADH

2 1,3-Diphosphoglycerate

-E 4(Four ATP molecules are generated.]

2 Pyruvate
2 NADH In anaerobic respiration, the NADH is
reconverted to NAD*.
2 NAD"

2 Lactate



Change iln free energy, AG (in kcal /mol)
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Glucose

ATP
ADP

-

Glucose 6-phosphate

£

Fructose 6-phosphate

ATP
ADP

o

Fructose 1, 6-bisphosphate

!

!

Glyceraldehyde Dihydroxyaceto
—phosphn,;'e ,;:ho:ghute -

2P 2 NAD+
» 2 NADH

2 (1, 3-Bisphosphoglycerate)
— 2 ADP
2 ATP

2 (3-Phosphoglycerate)

2 (2-Phosphoglycerate)
2 HoO

2 (Phosphoenclpyruvate)
2 ADP
2 ATP

2 (Pyruvate)

Glycolysis aka
Embden-Meyerhof

The short form!

4 ATP /2 Net
2 NADH+H
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Fig. 4-5 Entner-Doudoroff Pathway of Glycolysis. The Entner-Doudoroff pathway is one
of several types of glycolysis. Compared to the Embden-Myerhof pathway, less ATP is generated
when this metabolic pathway is used.
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NAD* + CoA Pyruvate™ (three carbons)

C,
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4
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- Xalacefatﬁz_ Citrate®"
R
NAD* | Aconitate
Malate<~ \
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Overall |
reaction: Pyruvate™ + 4 NAD* + FAD— 3 CO, + - + FADH
(1) Substrate-level GDP + P,—> GTP |
phosphorylation GTP + ADP—~ GDP + ATP

- 15 ATP
(2) Electron transport 4 NADH —12 ATP
phosphorylation FADH =2 ATP
(3) Sum: CAC plus glycolysis —> 38 ATP per glucose

(o)
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Pyruvate

ooo W mmm Citric Acid Cycle
&)~ B~ [NaoH aka TCA cycle
@@ —coa Acetyl-CoA

QM The short form!
D Oxaloacetate Citruleusw

2 ATP (via GTP)
8 NADH+H
2 FADH,

All Carbon to CO,

a-Ketoglutarate @9 QDD




Electron Transport

i - —0.40— Substrates
Chains and their
i : +
Relative Potential -0.30 — Ni\D /NADH
—0.20 — Flfvoprotein
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@]
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The heme part of a cytochrome, the elegant porphyrin ring!

~O0C COO~
S ?Hz H, Cl 2
CH, CH,
\ I(‘:I /
Habw, # \C/ N\ 7 \C/CH3
The iron can carry i
a single electron. N—C
AN
CH
Vi
N—C
\

The heme is attached to protein of cyto- CH,
chrome molecule through these groups.




Electron transport chain in aerobic bacterium

Periplasm
B ©® _® 5 @
@ @ @) @ Cytochrome ¢
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W
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cell membrane. charge separation electrons pass to
develops. O, to form H;0.
Cytoplasm \ J




Abbreviated electron transport
chain of an “iron-oxidizing™ bacterium

Periplasm
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OH- @ \

HO > + Electrons react with O, .
OH" to remove H fromthe | OH

cytoplasm, creating

Cytoplasm negativity.




Qutside of cell

]

Protons pass through
channel formed by F,

polypeptides...

ATP Synthase
Structure & Function

Cell membrane

.F; uses energy
derived from this

proton flow to
synthesize ATP.

:

Cytoplasm



g F1 Subunit Topview

_ ATP Synthase acts as
C'r a rotary motor turning
“ b In 120 degree steps.

ATP

Figure 2 How rotation of the v subunit drives
catalysis. During ATP synthesis, rotation of the ~
subunit causes sequential changes in the 2
subunits. A rotation of 1207 changes the
subunit that binds ADP and P, to a form with
tightly bound ATP. The subunit with tightly
bound ATP then changes to a form thal releases
ATP, and the third subunit prepares to bind
another ADP and P,



'-i.Table 9 2 ATP Y1eld from e Aeoh OXIdd’[lOH
" of Glucose by Eucaryotlc Cells .

Glyu}lytlc Pathway

Substrate-level phosphorylation (ATP) 2 ATP®

Oxidative phosphorylation with 2 NADH 6 ATP
2 Pyruvate to 2 Acetyl-CoA

Oxidative phosphorylation with 2 NADH 6 ATP
Tricarboxylic Acid Cycle

Substrate-level phosphorylation (GTP) 2 ATP

Oxidative phosphorylation with 6 NADH 18 ATP

Oxidative phosphorylation with 2 FADH, 4 ATP
Total Aerobic Yield 38 ATP

L el e

“ATP yields are calculated with an assumed P/O ratio of 3.0 for NADH and 2.0 for FADH ..




Fermentation — Key Features

(1) Substrate-level phosphorylation is the rule*.
(2) Always anaerobic (even when some O, might be around).

(3) No externally supplied terminal electron acceptor.

Many types.... 2 major themes
(1) NADH+H* gets oxidized to NAD*

(2) Electron acceptor is usually Pyruvate or its derivative.

*Rules are always meant to be broken!



Pasteur Effect: ~20X more biomass when aerated

Respiration Glucose

Air ‘
f

2 Pyruvate

/oé};/f! \ e 1 + 2 Acetaldehyde
oL e 4_)
SR 0, H,O0 L._ J 2 Ethanol

Yeast, aerated Yeast, anaerobic



Glycolysis Glucose

Glyceraldehyde -3-®
~ NAD NAD =

NADH + H NADH + H o
4 1,3-bisphosphoglycerate

Pyruvate
Fermentation NADH + H y

pathways NAD

Lactate X NADH+H ,
NAD

Y

Figure 9.9 Reoxidation of NADH During Fermentation. NADH
from glycolysis is reoxidized by being used to reduce pyruvate or a
pyruvate derivative (X). Either lactate or reduced product Y result.



Figure 9.10 Some Common Microbial Fermentations.
Only pyruvate fermentations are shown for the sake of
simplicity; many other organic molecules can be
fermented. Most of these pathways have been simplified
by deletion of one or more steps and intermediates.
Pyruvate and major end products are shown in color.
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Pyruvate
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Acetaldehyde

=-Acetolactate

NADH AcetyI-CoA Format g CO,
{ COANADH COZ |
Malate Acetyl- ® Acetaldehyde Acetoin

ADP NADH
H,0 - ATP NADH
Y Acetate Ethanol A
Fumarate L 2,3-Butanediol

Acetoacetyl-CoA

NADH
CU;@‘“F

Succinate Acetone Butyryl-CoA
NADH -
A CoA Ood
- Butyraldehyde Butyry1-®
Y ’ NADH ADP
Propionate Isopropanol ATP
Butanol Butyrate

1. Lactic acid bacteria (Streptococcus, Lactobacillus), Bacillus

2. Yeast, Zymomonas
3. Propionic acid bacteria (Propionibacterium)

4. Enterobacter, Serratia, Bacillus

5. Enteric bacteria (Escherichia, Enterobacter, Salmonella, Proteus)

6. Clostridium

Ethanol




2 ADP +2®), < 0-

|
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CH,

/ \ 2 Pyruvate
2 NAD* 2 NADH 2 CO,
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(a) Alcohol fermentation




2 Lactate

(b) Lactic acid fermentation



Proprionic Acid Fermentation

Pyruvate  cH,—co—cooH

= HOOC—CH;—CO—COOH  OAA
. [H]‘k) /®\ @1(2 [H]

Lactate cH;—CHOH—COOH HOOC—CH,;—CHOH—COOH  Mal

@j‘mo

HOOC —CH=CH—COOH Fum

1
Pi+(a
@ot in

@jr 2 M)

HOOC—CH,—CH,—CO0H  SuCC

® \
CH3—CH>—COOH k
HOOC—CH,—CH,—CO~SCoA
Succ CoA -
@ J @ Bea{ -Coenzyme
CH3—CH,—CO~SCoA —= \@) HDOC—(I:H—CO ~SCoA
Prop CoA CHy MM CoA i

CoA-Transferase

Fig. 8.3. Methylmalonyl-CoA pathway of propionate formation.

Enzymes: (1) lactate dehydrogenase; (5) fumarate reductase (leading to
(2) methylmalonyl-CoA carboxy- regeneration of ATP by proton
transferase; (3) malate dehydrogenase; translocation); (6) CoA transferase;

(4) fumarase; (7) methylmalonyl-CoA mutase.



(@) Mixed acid fermentation (for example, Escherichia coll) Typical products (molar amounts)

Glycolysis

Glucose > Pyruvate

Methyl Red Test



(b) Butanediol fermentation (for example, Enterobacter)

Glucose

Glycolysis

> Pyruvate —

—> 2,3-Butanediol + CO,
—> Ethanol

—> Lactate

--> Succinate

--> Acetate

S 002 = H2

Typical products (molar amounts)

Acidic : neutral

1:6
CO5: H,
o)

1

Voges-Proskauer Test



Clostridial Fermentations

CH3y —CHOH—CH:—CO~SCoA

4 H]
2 CH,—CHO - —
Acetaldehyde z CoA
i, 4 [H]
2 |CH3*CH20‘P‘1|
Ethanol
|CH3—CH,—CH—~CH20H |
Butanol
2 [H]%
2 [H]
CH3—CH,—CH; —CHO rJ
Butyraldehyde CoA

Pyruvate

1

2P,
2 [cH3—C0~SCoA | ——
Acetyl-CoA 2Coa 2GDE) o
i Acetyl~CoA,
Cnﬁ.i‘ Thiclase Acetate

~ CH; —CO—CH;—COOH

CH3—C0O—CH ;—C0~SCoA
Acetoacetyl-Coh

[3-Hydroxy-
2 [H1N butyryi-CoA-DH

Acetoacetate
ICH;-CO-CHal
{3- Hydroxybutyryl -Cod Acelone

2 [H]
HL0 Crotonase

CH3 —CH=CH—CO~SCoA |CH3—CHOH—-CH; |
Crotonyl-Cob 2 - Propancl

2 [H] {Sm‘yry-‘—m-mf Acety|~CoA

Acetate
CH3;—CH; —CH;—C0~SCoA ;L |CH3—CHz—CH2=COOCH |

Butyryl-CoA Butyrate

Fig. 8.4. The formation of acetate, ethanol, n-butanol, butyrate, acetone,
and 2-propanol during clostridial fermentations.



’ \ Sodium extruding
decarboxylase

Hco,~  Propionate”

‘Na*
/(-\ ATP
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(a) The unusual fermentations of succinate and oxalate



_ Oxalate®”
H* |
- /— Formate/Oxalate

antiporter

Out

H+

ATPas
HCO5™

(b) The unusual fermentations of succinate and oxalate



Stickland reaction: Clostridium using amino acids
for substrate-level phosphorylation

...two glycine molecules
[Alanine is oxidized, and... ] are reduced.

@Er— CH COO- el
Alanine
+NH; NH,*
NAD*
( ) ,— COO" _
SeBhl Glycine
— COO~
O -
= 5 NAD CH;— COO"
CoA
oy, ] : NADH NH,*
Y
g ] CH,— COO~
@B |- Glycine
/'@ D
High energy Y :
bond between X BB Phosphate group is
the acetyl CH;—C il transferred from acetyl
group and O~P—0O" phosphate to ADP.
coenzyme A. (|3_
AN
Overall:
Alanine + 2 glycine + ®+—>

3 acetate + CO, + 3NH,* +ZATP =



