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11.1 Metabolic diversity and nutritional
types

1. Use the terms that describe a microbe’s carbon source,
energy source, and electron source

2. State the carbon, energy, and electron sources of
photolithoautotrophs, photoorganoheterotrophs,
chemolithoautotrophs, chemolithoheterotrophs, and
chemoorganoheterotrophs

Describe the products of the fueling reactions

4. Discuss the metabolic flexibility of microorganisms



Requirements for Carbon,
Hydrogen, and Oxygen
« Often satisfied together
— carbon source often provides H, O, and electrons
* Heterotrophs

— use organic molecules as carbon sources which often
also serve as energy source

— can use a variety of carbon sources

« Autotrophs

— use carbon dioxide as their sole or principal carbon
source

— must obtain energy from other sources



Nutritional Types of Organisms

« Based on energy source
— phototrophs use light
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Table 11.1  Sources of Carbon, Energy, and Electrons

— chemotrophs obtain Carbon Sources
e n e rgy fI’O m OXI d atl O n Autotrophs CO, sole or principal biosynthetic carbon source |
Of C h e m |Ca| CO m po u n ds Heterotrophs Reduced, preformed, organic molecules from

other organisms

\

* Based on electron Energy Sources |
SO u rce Phototrophs Light |
Chemotrophs Oxidation of organic or inorganic compounds :

— lithotrophs use reduced ;...onsources
InorganlC Su bStanCeS Lithotrophs Reduced inorganic molecules

_ OrganOtrOphS Obtaln L Organotrophs Organic molecules
electrons from organic
compounds



Classes of Major Nutritional

Types

« Majority of microorganisms known
— photolithoautotrophs (photoautotrophs)

— chemoorganoheterotrophs
(chemoheterotrophs)

* majority of pathogens

* Eco

ogical importance
notoorganoheterotrophs
nemolithoautotrophs

nemolithotrophs



I
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Table11.2  Major Nutritional Types of Microorganisms

Nutritional Type Carbon Source

* Photolithoautotroph €0,

Photoorganoheterotroph  Organic carbon

| Chemolithoautotroph o,

Chemolithoheterotroph Organic carbon

} Chemoorganoheterotroph  Organic carbon

|
i

Energy Source

Light

Light

Inorganic chemicals

Inorganic chemicals

Organic chemicals,
often same as C source

Electron Source

Inorganic e” donor

Organic e” donor

Inorganic e” donor

Inorganic e” donor

Organic e™ donor, often
same as C source

Representative Microorganisms

Purple and green sulfur bacteria,
cyanobacteria, diatoms

Purple nonsulfur bacteria, green nonsulfur
bacteria

Sulfur-oxidizing bacteria, hydrogen-
oxidizing bacteria, methanogens, nitrifying
bacteria, iron-oxidizing bacteria

Some sulfur-oxidizing bacteria
(e.9., Beggiatoa)

Most nonphotosynthetic microbes,
including most pathogens, fungi, and many
protists and archaea



. Fueling Reactions

« Despite diversity of energy, electron, and carbon
sources used by organisms, they all have the
same basic needs

— ATP as an energy currency

— Reducing power to supply electrons for chemical
reactions

— Precursor metabolltes for blosynthe3|s

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Energy source
Chemoorganotroph—organic molecules

Chemolithotroph—inorganic molecules
Phototroph—light

Carbon source v/ -
Autotroph—CO, —————— ¥ pPrecursor X Monomers J

—> nd other —» Macromolecules —>»
Heterotroph—organic molecules__.JJm etabolites < sl A

Electron source

Organotroph—organic molecules » Reducing power (electrons) /

Lithotroph—inorganic molecules
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ATP

metabolites —> and other —>» Macromolecules —>»
building blocks

Reducing power (electrons)




r'—

Microorganisms May Change
Nutritional Type

« Some have great metabolic flexibility based
on environmental requirements

* Provides distinct advantage if environmental
conditions change frequently



11.2 Chemoorganotrophic fueling
processes

List the three types of chemoorganotrophic metabolisms

List the pathways of major importance to chemoorganotrophs and
explain their importance

Propose an explanation that accounts for the existence of amphibolic
pathways

10



I Chemoorganotrophic Fueling

Processes

 Also called chemoheterotrophs
* Processes

— aerobic respiration
— anaerobic respiration

— fermentation

11



Chemoorganic Fueling
Processes - Respiration - 1

« Most respiration involves use of an electron

transport chain

* As electrons pass through the electron
transport chain to the final electron acceptor,
a proton motive force (PMF) is generated and
used to synthesize ATP

12
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Chemoorganotrophic Fueling Processes

Aerobic

Ch emoorg a.niC :ZEE{:Z pi%%phg ATP
Fueling Processes - | | -
Respiration - 2

aerobic respiration
— final electron acceptor is oxygen
anaerobic respiration

— final electron acceptor is different exogenous
acceptor such as

* NO;, SO,%, CO,, Fe3*, or SeO,
— organic acceptors may also be used
« ATP made primarily by oxidative phosphorylation



> Chemoorganic Fueling

Processes Fermentatlon

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

« Uses an endogenous electron acceptor

— usually an intermediate of the pathway used to oxidize
the organic energy source e.g., pyruvate

« Does not involve the use of an electron transport
chain nor the generation of a proton motive force

« ATP synthesized only by substrate-level
phosphorylation

14



Energy Sources

Copyright © The McGraw-Hill Companies, Inc. Permis required for

reproduction

or display.

NH,

Polysaccharides

Oxaloacetate Citrate

Tricarboxylic acid cycle

Succinyl-CoA ‘(CO

\» ATP

Isocitrate

NADH

FADH,

CO

a -Ketoglutarate

« Many different energy

sources are funneled
INto common
degradative pathways

Most pathways
generate glucose or
iIntermediates of the
pathways used In
glucose metabolism

Few pathways greatly
Increase metabolic
efficiency

15



Catabolic Pathways

 Enzyme catalyzed reactions whereby the
product of one reaction serves as the
substrate for the next

« Pathways also provide materials for
biosynthesis

« Amphibolic pathways

16



oy,

Amphibolic Pathways

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

» Function both as catabolic o o
and anabolic pathways |

Gluconeogenic
Glucose 6-phosphate reactions

* Important ones 1 oy i
— Embden-Meyerhof pathway Fucioes & phusphate
— pentose phosphate pathway s
— tricarboxylic acid (TCA) cycle

Fructose 1,6-bisphosphate

Fructose 1,6-bisphosphate

Phosphoenolpyruvate (PEP)

Pyruvate r PEP carboxykinase

kinase

Pyruvate carboxylase

Pyruvate 17



11.3 Aerobic respiration

1. Describe in general terms what happens to a molecule
of glucose during aerobic respiration

2. List the end products made during aerobic respiration

3. Identify the process that generates the most ATP
during aerobic respiration

18



Aerobic Respiration

* Process that can completely catabolize an
organic energy source to CO, using

— glycolytic pathways (glycolysis)
— TCA cycle

— electron transport chain with oxygen as the
final electron acceptor

* Produces ATP (most of it indirectly via the
activity of the electron transport chain), and
high energy electron carriers

19



11.4 From glucose to pyruvate - 1

1.

List the three major pathways that catabolize glucose
to pyruvate

Describe substrate-level phosphorylation

Diagram the major changes made to glucose as it is
catabolized by the Embden-Meyerhof, Entner-
Duodoroff, and pentose phosphate pathways

|dentify those reactions of the Embden-Meyerhof,
Entner-Duodoroff, and pentose phosphate pathways
that consume ATP, produce ATP and NAD(P)H,
generate precursor metabolites, or are redox reactions

20



11.4 From glucose to pyruvate - 2

5. Calculate the yields of ATP and NAD(P)H by the

8.

Embden-Meyerhof, Entner-Duodoroff, and pentose
phosphate pathways

Summarize the function of the Embden-Meyerhof,
Entner-Duodoroff, and pentose phosphate pathways

Draw a simple diagram that shows the connection
between, the Entner-Duodoroff pathway and the
Embden-Meyerhof pathway and the connection
between the pentose phosphate pathway and the
Embden-Meyerhof pathway

Create a table that shows which types of organisms
use each of the glycolytic pathways

21
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The Breakdown of Glucose to
Pyruvate

 Three common routes
— Embden-Meyerhof pathway
— pentose phosphate pathway
— Entner-Duodoroff pathway

22



The Embden-Meyerhof Pathway

* Occurs In cytoplasmic matrix of most
microorganisms, plants, and animals

 The most common pathway for glucose
degradation to pyruvate in stage two of
aerobic respiration

* Function in presence or absence of O,

* Two phases
— Six carbon phase
— Three carbon phase

23



Addition of phosphates
“primes the pump”

Oxidation step —
generates NADH

High-energy molecules —

used to synthesize ATP
by substrate-level
phosphorylation

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Glucose 666060
Glucose is phosphorylated at the expense of one

ATP, creating glucose 6-phosphate, a precursor ATP
metabolite and the starting molecule for the pentose
phosphate pathway. ADP

v/,
TN

\

ALY,
o
Glucose 6-phosphate 'c—-C—C—C—C—C
Isomerization of glucose 6-phosphate (an aldehyde)
to fructose 6-phosphate (a ketone and a precursor

metabolite)

\1/
g

m

Fructose 6-phosphate {c—¢—¢c—C¢—C—=C
ATP
ADP

. O
Fructose 1, 6-bisphosphate is split into two Dihydroxyacetone “g))-
e phosphate (DHAP) 2\
3-carbon molecules, one of which is a precursor m
metabolite. DHAP is readily converted to c
glyceraldehyde 3-phosphate.

ATP is consumed to phosphorylate C1 of fructose.
The cell is spending some of its energy
currency in order to earn more in the next part

of the pathway. 6 C phase

c—C

Glyceraldehyde 3-phosphate

\ i A
o2 (::NAD' . NAD'
NADH 1 H! :NADH 1H

Glyceraldehyde 3-phosphate C—C—C—| §

Glyceraldehyde 3-phosphate is oxidized and
simultaneously phosphorylated, creating a high-energy
molecule. The electrons released reduce NAD' to

NADH. AP " 4P,
1, 3-bisphosphoglycerate f /j—c —Cc—-C 1, 3-bisphosphoglycerate
) ADP a ) ADP
ATP is made by substrate-level phosphorylation.
Another precursor metabolite is made. ATP ATP
s
3-phosphoglycerate . \:— 3-phosphoglycerate
oM Tw
2-phosphoglycerate C‘///EC‘\:C 2-phosphoglycerate
Another precursor metabolite is made. H,0 :\\‘ . '/,: H,0
S
Phosphoenolpyruvate c—Cc—C Phosphoenolpyruvate
The oxidative breakdown of one glucose results ADP ABP
in the formation of two pyruvate molecules.
Pyruvate is one of the most important precursor ATP ATP
metabolites.
Pyruvate c—C—C Pyruvate

24



Summary of Glycolysis

glucose + 2ADP + 2P, + 2NAD*

2 pyruvate + 2ATP + 2NADH + 2H*

25



BB e 0.0 lorof Pathway

The Entner-Duodoroff Pathway

« Used by soll bacteria and a few gram-
negative bacteria

* Replaces the first phase of the Embden-
M eye r h Of p at hway Copyright ©® The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Glucose
ATP
. ADP
o Y I d Glucose 6-phosphate

NADPH + H*

g I U Cose 6-phosphogluconate Entner-Doudoroff

H;’O

$\> pathway
m O I e C u I e . 2-keto-3-deoxy-6-phosphogluconate (KDPG)

—1ATP ___ Pynvate  Glyceraidehyde 3-phosphate ______________

( KNAW
— 1 NADPH - R
Reactions of L@ oz
— 1 NADH g|yco|yt|c { l SR TG
pathway

Embden-Meyerhof
pathway.

ADP
g ATP

L Pyruvate



. N
The Pentose Phosphate Pathway

Also called hexose monophosphate pathway

« Can operate at same time as glycolytic
pathway or Entner-Duodoroff pathway

« Can operate aerobically or anaerobically

An amphibolic pathway



Produce
NADPH,
which is
needed for
biosynthesis

0 Glucose 6-phosphate, an intermediate
of the Embden-Meyerhof pathway and
a precursor metabolite, is oxidized. The
reaction provides reducing power in the
form of NADPH.

Oxidation

yright © The McGraw-Hill Compkermission required for reproduction or display.

e 6-Phosphogluconate is oxidized and
decarboxylated. This produces CO, and
more reducing power in the form of

NADPH.
3NADP* 3NADPH + 3H* 3NADP* 3NADPH + 3H*
3 glucose—6—® 3 6-phosphogluconate 3 ribulose—5—®
3H,0 3CO7(5 carbons)
Ribose—5—® Xylulose-5-®
(5 carbons) (5 carbons)

Transketolase

e Sugar transformation reactions

Glyceraldehyde-3- ®
(8 carbons)

(blue arrows) are catalyzed
by the enzymes transaldolase
and transketolase. Some of
the sugars can be used in

Sedoheptulose-?-@ biosynthesis or to regenerate

Transaldolase

L Fructose—6-®

(6 carbons)

N

(7 carbons) glucose 6-phosphate. They also
can be further catabolized to
pyruvate.

Erythrose-4-®
(4 carbons) Xylulose 5

Transketolase

Glyceraldehyde-3- @

Fructose-6- @

; Fructose-6-(P) <LFructose 1,6- bIS®J Pyruvate

EMP reactions

(6 carbons)

Sugar
trans-
formation
reactions

Produce
sugars
needed

for
biosynthesis

Sugars can
also be
further
degraded

28



Summary of Pentose Phosphate
Pathway

glucose-6-P + 12NADP* + 7H,0O

6CO, + 12NADPH + 12H* P,

29



11.5 Tricarboxylic acid cycle - 1

1. State the alternate names for the tricarboxylic acid
(TCA) cycle

2. Diagram the major changes made to pyruvate as it is
catabolized by the TCA cycle

3. Identify those reactions of the TCA cycle that produce
ATP (or GTP) and NAD(P)H, generate precursor
metabolites, or are redox reactions

4. Calculate the yields of ATP (or GTP), NAD(P)H, and
FADH, by the TCA cycle

30



11.5 Tricarboxylic acid cycle - 2

5. Summarize the function of the TCA cycle

6. Diagram the connections between the various
glycolytic pathways and the TCA cycle

7. Locate the TCA cycle enzymes in bacterial, archaeal,
and eukaryotic cells

31



11.6 Electron transport and oxidative
phosphorylation - 1

1.

Compare and contrast the mitochondrial electron
transport chain (ETC) and bacterial ETCs

Describe the chemiosmotic hypothesis

Correlate length of an ETC and the carriers in it with
the strength of the proton motive force (PMF) it
generates

Explain how ATP synthase uses PMF to generate ATP

32



11.6 Electron transport and oxidative
phosphorylation - 2

5. Draw a simple diagram that shows the connections
between the glycolytic pathways, TCA cycle, ETC, and
ATP synthesis

6. List uses for the PMF generated by bacterial cells in
addition to ATP synthesis

7. Calculate the maximum possible ATP yields when
glucose is completely catabolized to six molecules of
CO, during aerobic respiration

33



Electron Transport and Oxidative
Phosphorylation

Only 4 ATP molecules synthesized directly
from oxidation of glucose to CO,

Most ATP made when NADH and FADH,
(formed as glucose degraded) are oxidized In
electron transport chain (ETC)

34



Electron Transport Chains
camine Teccm i companes, s Pamisin st im0 @ MMitochondrial electron
transport chain (ETC) = a
series of e carriers,
operating together to

Gy transfer e- from NADH and

-0.3 4

-0.2

~0.1

= m FADH, to a terminal e’

2 oo N acceptor, O,

8 +0.4 4 Complex Cyti?, . .

o v « E flow from carriers with
r05- more negative reduction
potentials (E,) to carriers

> with more positive E,

T I I I I

Approximate position in chain

35



u Electron Transport Chain

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

 Each carrier is reduced dockmtoers
and then reoxidized

2H*/H, [-0.42]

CO,/methanol [-0.38]

NAD*/NADH [-0.32]
CO,/acetate [-0.28]

 Carriers are constantly Sis [027

Pyruvate/lactate [-0.19] —0-2
FAD/FADH, [-0.18]

recycled SoLRSL017 01+

* The difference in " o
reduction potentials .

Cyt ¢ (Fe*)/Cyt c (Fe®*) [0.254]

electron carriers, NADH m_
NO,/NO,” [0.421] | +0-4 =

and 02 IS Iarge1 NG, N, o] |
resulting In release of -
great deal Of energy NO57/"N,[0.74] | +0.7

Fe*/Fe?* [0.771
FeFe 107711
1,0,/ H0 [0.815]

-0.4 —

=03 =1

+0.9 —
Better

electron acceptors o= 36




Electron Transport Chain...

* In eukaryotes the e transport chain carriers
are in the inner mitochondrial membrane,
connected by coenzyme Q and cytochrome c

« E"transfer accompanied by proton movement
across inner mitochondrial membrane

4H* 4H* i
Intermembrane space ATP synthase

-
JL )
; =
(| 2 =\
<= — %‘
f == = -
—_—r

Succinate Fumarate

37

ADP + P; ATP



Bacterial and Archaeal ETCs

* Located in plasma membrane

« Some resemble mitochondrial ETC, but many
are different

— different electron carriers
— may be branched

— may be shorter

— may have lower P/O ratio

38



Paracoccus denitrificans

e Facultative, solil bacterium
« Extremely versatile metabolically

e Under oxic conditions, uses aerobic
respiration

— similar electron carriers and transport
mechanism as mitochondria

— protons transported to periplasmic space
rather than inner mitochondrial membrane

— can use one carbon molecules instead of
glucose

39



HCHO

CHZOH

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Periplasm
Cytoplasm

40



Electron Transport Chain of E. coli

rmission required for reproduction or display.

Copyright © The McGraw-Hill Companies, In

Low aeration,

stationary MW o
phase . . \
Different array b % TV Upper branch —
of cytochromes o\ L - .
used than |n Periplasmic ¢ S NN\ Statlonary phase
space - { J .
itochondrial »\ ' and low aeration

Cytoplasm

NADH dehydrogenase
NADH + H*

Lower branch —
log phase and
high aeration

High aeration, ‘ »‘ AN N
log phase o+ "

(bo branch)



Oxidative Phosphorylation

* Process by which ATP is synthesized as the
result of electron transport driven by the
oxidation of a chemical energy source

42
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Chemiosmotic Hypothesis

 The most widely accepted
hypothesis to explain oxidative
phosphorylation

— protons move outward from the
mitochondrial matrix as e” are
transported down the chain

— proton expulsion during e
transport results in the
formation of a concentration
gradient of protons and a
charge gradient

— the combined chemical and
electrical potential difference
make up the proton motive
force (PMF)

XXX
% %% %%%%

(cytoplasm)

Intermemobr: ace
(periplasm)
-
% % P
‘‘‘‘‘‘ XY ie e X
Q i il &
Q e R |
S350
¥

Mitochondrial matrix
(cytoplasm)

Net reaction:
QH, + 2Cyt ¢ (oxidized) + 2H* (matrix side)

Q + 2Cyt ¢ (reduced) + 4H" (intermembrane
space side)

43
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Electron donors Light
A
4
Electron Photosynthesis
transport

\

Proton motive force

AN

ADP + P, == ATP Bacterial Active
flagella transport
rotation

44



ATP Yleld Durlng Aerobic Respiration

Copyright © The McGra

Glucose

+ GLYCOLYSIS

Fructose 1, 6-bis PO,

\/

2 Glyceraldehyde 3 PO,

» 2NADH — —» 5ATP
Oxidative phosphorylation

» 2ATP

L
4
>

2 Pyruvate

Y

2 Acetyl-CoA

2 turns of
TCA cycle

Substrate-level phosphorylation

K—» 2NADH ; » 5ATP

Oxidative phosphorylation

6NADH T —» 15ATP
Oxidative phosphorylation

—3 2FADH » 3ATP
2 Oxidative phosphorylation

—» 2ATP (GTP)
Substrate-level phosphorylation

Total aerobic yield 32ATP

 Maximum ATP yield can

be calculated

— Includes P/O ratios of
NADH and FADH,

— ATP produced by
substrate level
phosphorylation

The theoretical maximum
total yield of ATP during
aerobic respiration is 38

— the actual number closer
to 30 than 38 .5



Theoretical vs. Actual Yield of
ATP

« Amount of ATP produced during aerobic
respiration varies depending on growth
conditions and nature of ETC

« Under anaerobic conditions, glycolysis only
yields 2 ATP molecules

46



Factors Affecting ATP Yield

 Bacterial ETCs are shorter and have lower
P/O ratios

« ATP production may vary with environmental
conditions

* PMF In bacteria and archaea iIs used for other
purposes than ATP production (flagella
rotation)

* Precursor metabolite may be used for
biosynthesis

47



11.7 Anaerobic respiration

1. Compare and contrast aerobic respiration and anaerobic
respiration using glucose as carbon source

2. List examples of terminal electron acceptors used during
anaerobic respiration

3. Defend this statement: “The use of nitrate (NO3-) as a
terminal electron acceptor is dissimilatory nitrate reduction.”

4. Predict the relative amount of energy released for each of
the common terminal electron acceptors used during
anaerobic respiration, as compared to energy released
during aerobic respiration

5. List three examples of the importance of anaerobic
respiration

48



Anaerobic
Respiration

» Uses electron
carriers other than O,

* Generally yields less
energy because E, of
electron acceptor is
less positive than E,
of O,

Table 11.3

Aerobic

‘ Anaerobic

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Some Electron Acceptors Used

in Respiration

Electron
Acceptor

0,

NO;

NO;

Co,

Co,

Fe3+

HAsO,*~

Se0,>”

Fumarate

Reduced
Products

H,0

NO,

NO,”, N,O, N,

H,S

CH,
Acetate

H,S

Fe2+

HAsO,

Se, HSeO;

Succinate

Examples of
Microorganisms

All aerobic
bacteria, fungi,
and protists

Enteric bacteria

Pseudomonas,
Bacillus, and
Paracoccus

Desulfovibrio and
Desulfotomaculum

Methanogens
Acetogens

Desulfuromonas
and Thermoproteus

Pseudomonas,
Bacillus, and
Geobacter

Bacillus,
Desulfotomaculum,
Sulfurospirillum

Aeromonas,
Bacillus, Thauera

Wolinella

49



An Example...
» Dissimilatory nitrate reduction

— use of nitrate as terminal electron acceptor, making it
unavailable to cell for assimilation or uptake

 Denitrification

— reduction of nitrate to nitrogen gas

50



11.8 Fermentation

1. Compare and contrast aerobic respiration, anaerobic
respiration, and fermentation of glucose

2. List the pathways that may function during fermentation
if glucose is the organism’s carbon and energy source

3. Create a table that lists some of the common
fermentation pathways and their products, and gives
examples of their importance

4. Compare the use of ATP synthase during respiration
and fermentation

51



T Fermentation

o OXI d atl O n Of N A D H Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
produced by glycolysis  Sveev=s Glucose

« Pyruvate or derivative

Glyceraldehyde - 3 - @

used as endogenous NAD* == NAD*
electron acceptOr NADH + H* NADH + H*
. 1,3 -bisphosphoglycerate

* Substrate only partially T

oxidized
. . Pyruvate

« Oxygen not needed Feonal A \

» Oxidative phosphorylation A | BB 1
does not occur K NAD
— ATP formed by Y

substrate-level
phosphorylation o



| Alcoholic A
Homolactic :
fermentation
fermenters .
GAADH
e Oxaloacetate

Heterolactic
fermenters

Acetaldehyde o,
a-Acetolactate
CO, Co,

NADH

<T

COs

= COASH

Food
spoilage

[9)
W Acetaldehyde

(5 )
(o2 755

Acetyl@ Acetyl-CoA
ADP  CoA Pi
ATP o

Acetoacetyl-CoA

wk{
Butyryl-CoA —rr Bu
NADH

CoA Pi CoA
NADH Butyraldehyde

Yogurt,
sauerkraut,
pickles, etc.

o,

Acetone

l

Isopropanol

NADH

1. Lactic acid bacteria (Streptococcus, Lactobacillus), Bacillus, enteric bacteria
(Escherichia, Enterobacter, Salmonella, Proteus)

2. Yeast, Zymomonas
3. Propionic acid bacteria (Propionibacterium)
4. Enterobacter, Serratia, Bacillus

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

C_~

2,3-Butanediol

NADH

Alcoholic
beverages,
bread, etc.

tyryl-(P)

ADP
ATP

5. Enteric bacteria
6. Enteric bacteria
7. Clostridium

8. Enteric bacteria 53

9. Enteric bacteria
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Mixed Acid Fermentation Products

Table 11.4 of Escherichia coli

FERMENTATION BALANCE
(M PRODUCT/100 oM GLUCOSE)
Acid Growth Alkaline Growth
(pH 6.0) (pH 8.0)
Ethanol 50 50
Formic acid 2 86
Acetic acid 36 39
Lactic acid 80 70
Succinic acid 11 15
Carbon dioxide 88 2

L Hydrogen gas 75 0.5



11.10 Chemolithotrophy

1. Describe in general terms the fueling reactions of
chemolithotrophs

2. List the molecules commonly used as energy sources
and electron donors by chemolithotrophs

3. Discuss the use of electron transport chains and
oxidative phosphorylation by chemolithotrophs
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Chemolithotrophy
« Carried out by chemolithotrophs

* E released from energy source which is an
Inorganic molecule

— transferred to terminal e~ acceptor by ETC
« ATP synthesized by oxidative phosphorylation

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Inorganic energy
and

electron source
!E ox phos

PMF —==>>  ATP

e ( )  ATP ADP+P,

Carbon source \ \/4

(often CO,)
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Table 11.5 Representative Chemolithotrophs and Their Energy Sources

Bacteria

Alcaligenes, Hydrogenophaga, and Pseudomonas spp.
Nitrobacter

Nitrosomonas

Thiobacillus denitrificans

Acidithiobacillus ferrooxidans

Electron Donor
H,

NO, ™

NH,"

S% H.S

Fe?*,S% H,S

Electron Acceptor
0,

0,

0,

NO;~

0,

Products
H,O

NO; ", H,0
NO,~, H,0
S04, N,

Fe’*, H,0, H,S0,

57
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Energy Yields from Oxidations Used

Table 11.6

by Chemolithotrophs
AG®’
Reaction (kcal/mole)’
| H, +30,—>H,0 ~56.6
Energy NO,” + 30, — NO;~ —174
SO urces | NH,* + 120, 5 NO,™ + H,0 + 2H* —65.0
$° + 130, + H,0 — H,S0, —-118.5
| $,05° + 20, + H,0 - 250,> + 2H" —223.7
2Fe** + 2H* + 30, - 2Fe** + H,0 =il

1 The AG®' for complete oxidation of glucose to CO, is —686 kcal/mole. A kcal
is equivalent to 4.184 kJ.

« Bacterial and archaeal species have specific
electron donor/acceptor preferences

* Much less energy is available from oxidation of
Inorganic molecules than glucose oxidation due to
more positive redox potentials



Three Major Groups of
Chemolithotrophs
Have ecological importance

Several bacteria and archaea oxidize
hydrogen

Sulfur-oxidizing microbes

— hydrogen sulfide (H,S), sulfur (SY), thiosulfate
(S,05%)

Nitrifying bacteria oxidize ammonia to nitrate
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Sulfur-Oxidizing Bacteria
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(a) Direct oxidation of sulfite N
ok sulfite oxidase o SO +26 7 I = N
/)

(b) Formation of adenosine 5-phosphosulfate 0 0 N N
28032' + 2AMP —3 2APS + 4e” 1O —%— Q— ’IDI— O—CH, o
2APS + 2P, —» 2ADP +2S0,” 0 0
2ADP —» AMP + ATP
OH OH

250, + AMP + 2P, — 280, + ATP +4e” (c) Adenosine 5’-phosphosulfate

*ATP can be synthesized by both oxidative
phosphorylation and substrate-level
phosphorylation
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-I Reverse Electron Flow by

Chemolithotrophs
Calvin cycle requires NAD(P)H as e source for fixing
CO,

— many energy sources used by chemolithotrophs have
E, more positive than NAD*(P)/NAD(P)H

* use reverse electron flow to generate NAD(P)H

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

Periplasm

2H*
H
Reverse electron flow Forward electron flow
source
to make ATP

-
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Metabolic Flexibility of
Chemolithotrophs

« Many switch from chemolithotrophic
metabolism to chemoorganotrophic
metabolism

« Many switch from autotrophic metabolism (via
Calvin cycle) to heterotrophic metabolism



11.11 Phototrophy - 1

1. Describe in general terms the fueling reactions of
phototrophs

2. Differentiate phototrophy from photosynthesis

3. Describe the light and dark reactions that occur during
photosynthesis

4. Summarize the structure and function of the light-
absorbing pigments used by oxygenic and anoxygenic
phototrophs
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11.11 Phototrophy - 2

1. Defend this statement: “Oxidative phosphorylation and
photophosphorylation by chlorophyll-based
phototrophs differ primarily in the energy source driving
the process.”

2. Distinguish cyclic photophosphorylation from noncyclic
photophosphorylation.

3. Compare and contrast oxygenic photosynthesis,
anoxygenic phototrophy, and rhodopsin-based
phototrophy

4. List two examples of the importance of chlorophyll-
based phototrophy
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Table 11.7 Diversity of Phototrophic Microorganisms

Eukaryotes Multicellular green, brown, and red algae; unicellular
protists (e.g., euglenoids, dinoflagellates, diatoms)

P h O t O t r O p h y Bacteria Cyanobacteria, green sulfur bacteria, green nonsulfur

bacteria, purple sulfur bacteria, purple nonsulfur
bacteria, heliobacteria, acidobacteria

Archaea Halophiles

* Photosynthesis

— energy from light trapped and converted to chemical
energy

— a two-part process

« light reactions: light energy is trapped and converted to
chemical energy

 dark reactions: energy produced in the light reactions is
used to reduce CO, and synthesize cell constituents ~



B

Light Reactions in Oxygenic

Photosynthesis
° P h Ot O Synth etl C Chcl:‘c;:)rs: j;r:al\:;e(;a;v:(illt Zc::w;):)nri‘eys, Inc. Permission required for reproduction or display.
eukaryotes and Light
cyanobacteria $
] Chlorophyll
* Oxygen is generated |sasteriochiorophyi -
and released into the 4& —
environment — PuF ——=3p- G

(often COy)

« Most important
pigments are
chlorophylls
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Table 11.8 Properties of Chlorophyll-Based Photosynthetic Systems

Green Bacteria, Purple Bacteria,

Property Eukaryotes Cyanobacteria Heliobacteria, and Acidobacteria |
Photosynthetic pigment Chlorophyll a Chlorophyll @' Bacteriochlorophyll
Number of photosystems 2 2? 1
Photosynthetic electron donors H,0 H,O H,, H,S, S, organic matter
O, production pattern Oxygenic Oxygenic’ Anoxygenic
Primary products of energy conversion ATP + NADPH ATP + NADPH ATP
LCarbon source Cco, Cco, Organic or CO, J

1 Members of the cyanobacterial genus Prochlorococcus have divinyl chlorophyll a and b.
2 A recently discovered cyanobacterium lacks photosystem Il
3 Some cyanobacteria can function anoxygenically under certain conditions. For example, Oscillatoria can use H,S as an electron donor instead of H,0.
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The Light Reaction in Oxygenic
Photosynthesis

* Chlorophylls

— major light-absorbing
pigments
— different chlorophylls

have different
absorption peaks
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Bacteriochlorophyll a

oh
=0
H. O
CH, — 7
H\C/ Y C|H3 | N Chlorophyll b
| |
C
C i N CH
Y/ \C/ c— 3
N Nees ~C,H
C/\ 5 }3 25
/) 1/ \\\\
Pyrrole H— Mg P
rngs \}C\N . \N——C Bacteriochlorophyll a
H
H C,_\c< W c/ I \\C\CH
3
HH/C/ \C/ \C/ Chlorophyll a
Hot  / \
C
—0n p-—C—&
/| N\
B H 4 o
C\ 0=—=C
@)
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- The Light Reaction in Oxygenic

Photosynthesis
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HaC
CHa CHa CHa HyC
N N B R B R = R B
CHa CHa CHa CHa
CHa

-Carotene (a carotenoid)

Bt e Vo o o e i s
0] 0 =
HO
HO : : OCOCHj4

Fucoxanthin (a carotenoid)

COOH COOH
| I

Ghg CH, CH, CHs
| | |
CchH CH30H2 CHchS CH3CH2
7 N\
(0] \ / 4 /
i ; ; |
H H H

Phycocyanobilin

Accessory pigments
— transfer light energy to chlorophylis
— e.g., carotenoids and phycobiliproteins

— accessory pigments absorb different wavelengths of
light than chlorophylls
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Organization of Pigments

« Antennas

— highly organized arrays of chlorophylls and
accessory pigments

— captured light transferred to special reaction-
center chlorophyll

« directly involved in photosynthetic electron
transport

* Photosystems

— antenna and its associated reaction-center
chlorophyll

 Electron flow - PMF — ATP
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Oxygenic PhotosyntheS|s
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Noncyclic
electron flow —
ATP + NADPH
made (noncyclic
photophos-
phorylation)

Cyclic electron
flow — ATP
made (cyclic
photophos-
phorylation)

Redox potential (volts)

i 1 -

-1.2 -
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o
|

I I I I

& 2 o <

(V) IN o ©
I I I I

2
o
I

+ 0.2 H

+ 0.4

+ 0.6

+ 0.8

+ 1.0

1,0, + 2H*

E Reaction center

PS I

(Noncyclic)

OEC

P*700

I\

A or FeS

P*680 FeS

A \ \‘
Fd
Pheo.a -~ \(Pyridine nucleotide

-~ = \ reductase (FAD)
o \
- < NADP*
Oyt b s PS| NADPH + H*

+ # ADP +P, 2 photons

FeS
Cytf—>PC 2¢e
Antenna
P700
’((2 photons

e
\eL

P680
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Chloroplast

0

(

ADP + P, ATP

Thylakoid Stroma

Stroma

Pyridine
nucleotide ‘
Photons Cytochrome Photons reductase o gTrlmpthase
bf complex 2NADP* | 2NADPH . Y

Photosystem |

Thylakoid lumen
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The Light Reaction In
Anoxygenic Photosynthesis

* H,O not used as an electron source;

therefore O, Is

not produced

* Only one photosystem involved

 Uses bacterioc
to generate rec

nlorophylls and mechanisms
ucing power

« Carried out by

ohototrophic green bacteria,

phototrophic purple bacteria, and

heliobacteria
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Reduction potential (volts)

+0.5
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BPh

Q Succinate
Fumarate, *
P

Cyt
b/C1

FeS

NAD*

.-~ Reversed electron

L Reaction center
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H+

ATP
|| synthase
4

ADP + P, ATP
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Reduction potential (volts)
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+0.5

P840
A \\\\

Bchl 663
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. Bacteriorhodopsin-Based

Phototrophy

« Some archaea use a type of phototrophy that
Involves bacteriorhodopsin

— a membrane protein
— functions as a light-driven proton pump
« A proton motive force is generated

* An electron transport chain is not involved
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Rhodopsin-based phototrophy

Light

:

Bacteriorhodopsin photo phos

(archaeorhodopsin) —— > PMF ————"> ATP

or proteorhodopsin

Carbon source
(probably always
organic)




