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Microbial Biochemistry

Microbial biochemistry is the study of the chemical processes that occur within microorganisms
and of the transformations they perform in their environments. Microbes are the smallest but
most biochemically versatile living systems on Earth. They have evolved an extraordinary
diversity of metabolic strategies, enabling them to inhabit environments ranging from deep-sea
vents to human tissues. Through their metabolism, microorganisms play fundamental roles in
global biogeochemical cycles, the maintenance of life, and numerous industrial and medical

applications.

This course provides an integrated overview of the biochemical foundations of microbial life.
It examines the major metabolic pathways that convert nutrients into energy and cellular
components, emphasizing the unity and diversity of microbial metabolism. The study begins
with the catabolism of carbohydrates, lipids, proteins, and nucleic acids—the central processes
by which microorganisms obtain energy and building blocks. It then explores specialized
metabolic adaptations such as nitrogen fixation, sulfur oxidation, and hydrocarbon
degradation, which illustrate how microbes have evolved to utilize virtually any chemical

compound as a source of carbon or energy.

Beyond understanding the biochemical mechanisms, this module emphasizes their ecological,
physiological, and industrial significance. Microbial biochemistry is not only central to the
comprehension of cell function and environmental processes but also underlies advances in
biotechnology, renewable energy, and bioremediation. By mastering the principles presented
in this polycopié, students will acquire the conceptual and methodological foundation
necessary to interpret microbial metabolism in natural ecosystems, applied research, and

industrial systems.
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Chapter 1: Introduction to
Microbial Biochemistry:
Fundamental Principles and

Diversity

‘ Learning Objectives: Upon successful completion of this chapter, you will be able to:

e Understand the definition and significance of microbial biochemistry.

o Differentiate between anabolism, catabolism, and amphibolic pathways in microbial
contexts.

o Explore the structural and metabolic diversity of bacteria and archaea.

e Grasp the mechanisms of nutrient uptake and transport unique to microbes.

o Learn the fundamental principles of microbial bioenergetics, including ATP, free
energy, and redox potentials.

o Examine the intricate regulatory mechanisms governing microbial metabolism.
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1.1 Defining Microbial Biochemistry: Scope and Significance
1.1.1 The Molecular Lens on Microbial Life

Microbial biochemistry is a specialized branch of science dedicated to unraveling the intricate
chemical reactions and processes occurring within microorganisms. This field delves deeply
into the physiology, biochemistry, and genetics of microbes, aiming to elucidate the molecular
underpinnings of their growth, metabolism, and complex interactions with their diverse
environments and host organisms. It seeks to answer fundamental questions regarding the
composition and operational mechanisms of life at a molecular level, thereby revealing the
hidden complexities of microbial existence. By examining the structure of enzymes, the flow of
metabolites through pathways, and the logic of regulatory networks, microbial biochemistry
provides the essential framework for understanding how these seemingly simple organisms

perform the vast and complex chemistry that sustains them.
1.1.2 A Foundational Science for Biotechnology and Medicine

The importance of microbial biochemistry extends far beyond academic curiosity, serving as a
foundational pillar for numerous scientific and applied disciplines. Its insights are critical for
advancing bacteriology, virology, pathology, industrial microbiology, biotechnology, and
genetics. By understanding the unique metabolic pathways and regulatory networks of
microbes, researchers can identify novel drug targets for combating pathogenic infections,
engineer microbial pathways for the industrial production of valuable compounds such as
antibiotics and solvents, and develop innovative biotechnological solutions for challenges like
environmental remediation. The study of prokaryotes, in particular, offers an unparalleled
introduction to general biology. Because many core metabolic processes are highly conserved
throughout evolution, the relative simplicity of the prokaryotic cell provides a powerful and

tractable model for understanding life's most fundamental principles.
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Focus On: The Unparalleled Metabolic Versatility of Prokaryotes

conceivable habitat on Earth. This includes environments characterized by extremes of temperature,
pH, salinity, pressure, and nutrient availability. In stark contrast, eukaryotic organisms, including all
multicellular life forms, display a comparatively restricted metabolic versatility. This profound difference
underscores a crucial evolutionary principle: the foundational biochemical mechanisms for diverse
energy and carbon acquisition evolved very early in the history of life, predating the major divergence

of life's domains.

This deep metabolic adaptability is a direct consequence of their evolutionary trajectory. As unicellular
organisms in constant, direct contact with their chemical surroundings, prokaryotes evolved
sophisticated biochemical machinery to exploit a vast array of resources for survival. Eukaryotes, on
the other hand, embarked on a path of increasing organismal complexity, specializing in tissue
differentiation and multicellular organization while retaining a more conserved, core metabolism. This
represents a fundamental evolutionary trade-off between biochemical complexity and structural
complexity. This metabolic prowess is precisely why microbes are the primary drivers of global
biogeochemical cycles, such as those involving nitrogen, sulfur, and carbon. Their ability to utilize a
wide spectrum of inorganic and organic compounds as sole energy and carbon sources renders them
indispensable for maintaining planetary habitability and presents immense potential for

biotechnological applications.

Atmosphere:
5 X 1023

\Deep continen
subsurface: 3

Oceans: 1X 1022 : >

% 5 3 - o, 3 ¥ Other habitats
Upper ocean oy : =l Groundwater 5 X 10%7 |
sediment: 5 X 1028 gt ) \ Phyllosphere 2 X 1026

Cattle 4 X 10%*

y 3

Deep ocean Sea surface: 2 X 107 Termites 6 X 1023
sediment: 4 X 10%° B Pigs 7 X 1073

Figure 1. Bacterial and Archaeal Habitats and Abundance. Numbers indicate the number
of microbial cells in each habitat
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1.2 The Chemical Logic of Life: Anabolism, Catabolism, and Amphibolic Pathways
1.2.1 Metabolism: A Network of Ordered Reactions

Metabolism is the fundamental property of living organisms that allows them to harness energy,
maintain order, and build the cellular components required for growth and reproduction. In
microorganisms, metabolism is especially versatile, enabling adaptation to highly variable
environments. Far from being a random assortment of chemical reactions, metabolism is a
highly integrated network of pathways governed by thermodynamic laws, enzyme catalysis, and

tight regulation.

At its core, metabolism is divided into two complementary but interconnected processes:
- Catabolism — the degradative reactions that release energy and generate precursor
metabolites.

- Anabolism — the biosynthetic reactions that consume energy and reducing power to build

cellular macromolecules.

Bridging these two processes are amphibolic pathways, which can function in both directions

depending on cellular needs.
1.2.1 Thermodynamic Foundations of Metabolism:
Metabolism must obey the laws of thermodynamics:

- First law (energy conservation): Energy cannot be created or destroyed, only
transformed. Microbes cannot produce energy de novo; they capture it from their
environment and conserve it in usable forms like ATP.

- Second law (entropy): Energy transformations increase disorder. To maintain cellular

organization, energy must be continuously supplied.

The spontaneity of a biochemical reaction is determined by the change in Gibbs free energy
(AG): AG = AH - TAS

- AG < 0 — exergonic reaction (spontaneous).

- AG > 0 — endergonic reaction (requires energy).
At equilibrium, the relationship between free energy and the equilibrium constant is:

G°’ =-2.303 RT log Keq
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This principle explains why some reactions proceed spontaneously, while others must be

coupled to ATP hydrolysis or other exergonic processes.
1.2.2 Catabolism: Harvesting Energy and Building Blocks

Catabolism is the degradative branch of metabolism, in which complex nutrients are broken

down into simpler products. Its main functions are:

- Energy conservation: Capture of free energy in ATP.
- Reducing power: Generation of NADH and FADH2 for electron transfer.

- Precursor supply: Production of intermediates for biosynthesis.
Catabolism generally proceeds in three stages:

Stage 1: Breakdown of Macromolecules. Large nutrient macromolecules are broken down
into their fundamental building blocks. For instance, proteins are hydrolyzed to their
constituent amino acids, polysaccharides are cleaved into monosaccharides like glucose, and

lipids are broken down into glycerol and fatty acids.

o Proteins — Amino acids (Protein + nH20 — Amino acids (proteases))

o Polysaccharides — Monosaccharides (e.g., glucose) ((CéH1005)n + nH20 —
nCeH1206 (amylases))

o Lipids — Glycerol + Fatty acids (Triacylglycerol + 3H20 — Glycerol + 3 Fatty acids
(lipases))

Stage 2: Convergence to Key Intermediates. The diverse collection of building blocks
generated in Stage 1 is further degraded and converted into a more limited set of simpler
metabolic intermediates. For example, amino acids, glucose, and glycerol are processed to yield
pyruvate, which is then converted to acetyl-coenzyme A (acetyl-CoA). Fatty acids are also
broken down into two-carbon units that appear as acetyl-CoA. This stage represents a powerful

convergence, funneling a wide variety of nutrients toward a common intermediate, acetyl-CoA.

o Carbohydrates: glucose — pyruvate via glycolysis (CeH1206 + 2NAD* + 2ADP + 2Pi
— 2C3H40s3 + 2NADH + 2ATP)

o Lipids: fatty acids undergo B-oxidation (Palmitate (Ci6) + 7CoA + 7NAD* + 7FAD —
8 Acetyl-CoA + 7NADH + 7FADH2)

e Amino acids: deaminated to enter glycolysis or TCA (e.g., alanine — pyruvate).
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Stage 3: Complete Oxidation and Energy Conservation. This final stage involves the
complete oxidation of acetyl-CoA units within the tricarboxylic acid (TCA) cycle. This oxidative
process is coupled to the reduction of electron carriers like NAD+ to NADH. The subsequent
oxidation of NADH through the membrane-bound electron transport chain, using oxygen as
the terminal electron acceptor, is coupled to the synthesis of large amounts of ATP in a process

called oxidative phosphorylation.

o Acetyl-CoA is oxidized in the TCA cycle: Acetyl-CoA + 3NAD* + FAD + GDP + Pi +
2H20 — 2CO2 + 3NADH + FADH:2 + GTP

o NADH and FADH2 donate electrons to the electron transport chain (ETC), reducing O2
(aerobic) or alternative acceptors (anaerobic).

o Aerobic respiration: ¥2 O2 + 2e™ + 2H* — H20

The ETC establishes a proton motive force (PMF) that powers ATP synthase, yielding up to ~34
ATP by oxidative phosphorylation. In total, aerobic catabolism of one glucose yields ~38 ATP

in bacteria.
Proteins Polysaccharides f
l Y Y
Amino acids Monosaccharides ;
|
z'
Glycolytic
pathways Q '/
NADH /
/
Y /
Pyruvate /|:> NADH
”
= NADH _~ EADH,
¥

T
Acetyl-CoA <

Oxaloacetate Citrate
\ NADH
: FADH,
Tricarboxylic acid cyde Isocitrate

a-Ketoglutarate
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Figure 2. Pathways Used by Chemoorganotrophs to Catabolize Organic Energy Sources.
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1.2.3 Anabolism: The Biosynthetic Enterprise:

Anabolism is the constructive side of metabolism. It consumes energy (ATP) and reducing

equivalents (NADPH) to assemble the building blocks of life: proteins, nucleic acids, lipids, and

polysaccharides.

Key Features:

1. Energy dependence — driven by ATP hydrolysis ATP + H20 — ADP + Pi (AG®’
=-30.5 kJ-mol™1)

2. Reducing power — NADPH provides electrons for reductive biosynthesis.

3. Precursor metabolites — 12 central intermediates supply carbon skeletons for

biosynthesis.

Examples of Anabolic Pathways:

Amino acid biosynthesis: requires carbon skeletons (e.g., a-ketoglutarate,
oxaloacetate) and nitrogen assimilation: a-ketoglutarate + NHs + NADPH —
Glutamate + NADP*

Fatty acid synthesis: iterative condensation of malonyl-CoA units, reduced by NADPH.
Nucleotide synthesis: ribose-5-phosphate (PPP) provides the sugar backbone, while
purine/pyrimidine rings are assembled from amino acids and CO2.

Polysaccharide synthesis: glucose-6-phosphate is converted into activated sugar

nucleotides (e.g., UDP-glucose) for cell wall and glycogen biosynthesis.

1.2.4 Amphibolic Pathways: Dual Roles in Microbial Metabolism

Some pathways operate in both catabolism and anabolism: amphibolic pathways.

Glycolysis <> Gluconeogenesis
TCA cycle — both oxidative (energy) and biosynthetic (precursors for amino acids,
heme).

Pentose phosphate pathway (PPP) — provides NADPH and ribose-5-phosphate.

Precursor metabolites (examples):

Pyruvate — alanine, leucine, valine

Oxaloacetate — aspartate, lysine, threonine
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- Erythrose-4-phosphate — aromatic amino acids
- Ribose-5-phosphate — nucleotides
- Acetyl-CoA — fatty acids, sterols

Case study: E. coli on succinate — Succinate enters the TCA cycle, but the cell still needs
glucose derivatives. E. coli reverses glycolysis (gluconeogenesis) to make glucose-6-phosphate,

showing glycolysis’ anabolic role.
1.2.5 Regulation of Metabolism
Microbial metabolism must be carefully regulated for efficiency.

- Metabolic channeling: localization of enzymes/metabolites in compartments.

- Allosteric regulation: effectors activate or inhibit enzymes (e.g., ATP inhibits
phosphofructokinase).

- Covalent modification: reversible phosphorylation, methylation, adenylation.

- Feedback inhibition: end product inhibits pacemaker enzyme of its pathway.

- Gene regulation: enzyme synthesis is transcriptionally controlled.

Key Concepts: The Adenylate Energy Charge as a Global Metabolic

To preserve metabolic homeostasis, cells must constantly balance energy-producing (catabolic)
processes with energy-consuming (anabolic) ones. A central parameter that reflects this
energetic balance is the adenylate energy charge (EC), defined by the relative proportions of
ATP, ADP, and AMP. The EC value ranges from O, when all adenylates are present as AMP, to 1,
when they are entirely in the form of ATP. Actively growing cells typically maintain a high and
stable EC between 0.8 and 0.95.

The adenylate energy charge acts as a global metabolic rheostat, providing an integrated, real-
time indicator of the cell's energetic state. It coordinates catabolic and anabolic pathways
through allosteric regulation of key enzymes. When EC is high, signaling energy abundance,
ATP-generating catabolic enzymes (e.g., in glycolysis or the TCA cycle) are inhibited, while ATP-
consuming anabolic enzymes are stimulated. Conversely, when EC drops, reflecting elevated
AMP and ADP levels, catabolic pathways are activated to replenish ATP, and anabolic processes
are downregulated.

This simple ratio therefore establishes a powerful feedback mechanism that prevents the cell
from synthesizing macromolecules when energy is scarce, and from overproducing ATP when
biosynthetic demand is low. It represents a classic homeostatic loop operating at the scale of
the entire metabolic network, enabling cells to maintain stability and efficiency in the face of
environmental fluctuations.




Microbial Biochemistry

1.3 Bacterial Cell Structure: Organization, Composition, and Functional

Complexity

Understanding bacterial structural organization, from boundaries such as membranes, walls,
and capsules to internal components like ribosomes, nucleoids, and inclusions, is therefore
central to microbiology. Despite their microscopic size, bacteria exhibit remarkable

biochemical sophistication.

For decades, bacteria and archaea were grouped as “prokaryotes”, cells lacking nuclei and
membrane-bound organelles. However, molecular phylogenetics, pioneered by Carl Woese
through SSU rRNA analysis, revealed that Bacteria and Archaea form two distinct domains of
life. Today, many microbiologists avoid the blanket term “prokaryote,” preferring to describe
features specific to Bacteria or Archaea, while acknowledging their shared organizational

strategies that contrast with eukaryotic cells.
1.3.1 Bacterial Diversity: Size, Shape, and Arrangements
1.3.1.1 Cell Shapes and Arrangements

Bacteria display a wide range of morphologies:

Cocci (spheres): Occur singly, in pairs (diplococci), chains (Streptococcus), clusters

(Staphylococcus), tetrads (Micrococcus), or cubical packets (Sarcina).

o Rods (bacilli): Straight or slightly curved, sometimes forming chains; short rods are

termed coccobacilli.

o Spirals: Vibrios (comma-shaped), spirilla (rigid helices), and spirochetes (flexible

helices).

o Filamentous forms: e.g., Streptomyces (antibiotic producers) and cyanobacteria

(photosynthetic, with heterocysts for nitrogen fixation).

o Complex forms: e.g., Myxobacteria, which aggregate into multicellular fruiting
bodies.
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Figure 3. Cocci and Rods Are the Most Common Bacterial Shapes. These images are color-
enhanced scanning electron micrographs. (a) Staphylococcus aureus. (b) Legionella pneumophila, the cause
of Legionnaires’ disease.

1.3.1.2 Size Range

Bacteria exhibit an extraordinary range of sizes, spanning from the minute to the truly gigantic.
At the lower extreme are species such as Mycoplasma, which measure only about 0.3 pm in
diameter, placing them among the smallest known free-living cells. These tiny bacteria lack a
rigid cell wall and survive as obligate parasites or commensals, relying on host environments
for many essential metabolites. In the intermediate range lies Escherichia coli, a rod-shaped
bacterium typically measuring approximately 1 um in width and 3 um in length. E. coli serves
as a classic model organism in microbiology and molecular biology, representing the size and
structure of many well-studied bacteria. At the other end of the spectrum are the so-called
“giant bacteria,” which can be visible to the naked eye. Epulopiscium fishelsoni, found in the
gut of surgeonfish, can reach 600 pum in length and 80 um in diameter, while Thiomargarita
namibiensis, a sulfur-oxidizing bacterium discovered in Namibian sediments, can exceed 750
um in diameter. These dimensions rival or surpass those of many eukaryotic cells, challenging
traditional definitions of microbial size. To accommodate their large volume, such bacteria
often develop special adaptations, including highly folded membranes, large vacuoles that
reduce effective cytoplasmic volume, or specialized metabolic strategies that ensure efficient
nutrient uptake and waste removal. This remarkable diversity in bacterial size highlights the
evolutionary flexibility of prokaryotic life and underscores how morphology is tightly linked to

ecological niche and metabolic capacity.

[ 12
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1.3.1.3 Determinants of Size and Shape

Cell geometry influences surface-to-volume ratio (S/V), which dictates nutrient exchange and
growth efficiency. Rods typically have higher S/V ratios than cocci, supporting faster uptake.
Exceptionally large bacteria overcome diffusion limits with invaginated membranes and storage

vacuoles, while also reducing predation by protists.
1.3.2 Cellular Organization in Prokaryotes

Prokaryotic cells, including Bacteria and Archaea, generally measure 0.2—2.0 pm in diameter
and 1-10 pm in length, though exceptions can be much larger. Despite lacking membrane-
bound organelles, they achieve internal organization through nucleoids, ribosomes,
cytoskeletal proteins, and compartments such as inclusions or microcompartments. Their high
surface-to-volume ratio, combined with compact genomes and versatile biochemistry, enables

rapid adaptation to diverse environments.
1.3.2.1 Chemical Composition and Dimensions

A typical prokaryotic cell is chemically complex, with its dry mass composed of roughly 55%
proteins, 20% RNA, 10% lipids, 5% polysaccharides, and about 3% DNA, while the remainder
consists of metabolites, cofactors, and inorganic ions. Proteins constitute the largest fraction
and encompass structural components, metabolic enzymes, and membrane transporters that
sustain cellular function. RNA, largely in the form of ribosomal RNA, reflects the central role
of protein synthesis in microbial physiology, whereas DNA, though accounting for only a small

fraction of the mass, carries the entire genetic blueprint of the organism.

The cytoplasm itself is a crowded, gel-like medium with a viscosity approximately ten times
greater than that of water, a property that arises from macromolecular crowding and strongly
influences diffusion and biochemical interactions. Carbohydrates are present mainly as
structural polymers in the cell wall peptidoglycan and in the glycocalyx, where they contribute

to rigidity, shape, and protection.

Lipids typically represent about 10% of the dry weight and are dominated by phospholipids
such as phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin, which assemble into
the plasma membrane bilayer. In archaea, however, membrane lipids differ fundamentally:
instead of fatty acids, they possess isoprenoid chains linked to glycerol by ether bonds, a unique

adaptation that provides enhanced stability in extreme environments such as high
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temperatures, high salinity, or acidic conditions. This biochemical composition underpins the
structural and physiological versatility that allows prokaryotes to thrive in virtually every

ecological niche on Earth.

Plasma Extracellular

Ribosomes Cell wall membrane vesicle
%\( 7 /)/
/

Capsule

Pili Nucleoid Inclusion Flagellum/
Archaellum

Figure 4. Structure of a Typical Bacterial or Archaeal Cell.

1.3.2.2 The Cytoplasm and Nucleoid

The cytoplasm is a dense aqueous matrix containing DNA, ribosomes, enzymes, and storage
inclusions. The nucleoid houses the chromosome (0.6—10 Mbp, up to 1 mm in length if fully
stretched), compacted by supercoiling and nucleoid-associated proteins (NAPs) such as HU,
[HF, H-NS, and Fis. These proteins function analogously to histones, organizing DNA into

domains and regulating gene expression.
1.3.2.3 Ribosomes and Protein Synthesis

Ribosomes are abundant in the prokaryotic cytoplasm, with a rapidly dividing E. coli cell
containing 15,000—20,000 ribosomes, accounting for ~30% of the total cell mass. Each
ribosome is a 70S particle, consisting of a 50S and 30S subunit. The small subunit contains 16S
rRNA and 21 proteins, while the large subunit contains 23S and 5S rRNAs with 34 proteins.
Functionally, ribosomes are composed of ~62% RNA and 38% protein. The catalytic activity of
peptide bond formation resides in the RNA (23S rRNA), making the ribosome a ribozyme.
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1.3.2.4 Inclusions and Microcompartments

Many prokaryotes form inclusion bodies that act as storage depots or specialized reaction
centers. Polyhydroxyalkanoate (PHA) granules, often storing polyhydroxybutyrate (PHB), are
up to 0.5 um in diameter and function as carbon and energy reserves. PHB is a polyester made
of 3-hydroxybutyrate monomers linked by ester bonds. Polyphosphate granules, made of linear
chains of orthophosphate linked by high-energy phosphoanhydride bonds, serve as phosphorus
and energy reservoirs. Sulfur globules accumulate elemental sulfur (S°), usually produced by

the oxidation of hydrogen sulfide in sulfur-oxidizing bacteria.

Microcompartments, such as carboxysomes (~100—150 nm), are proteinaceous organelles that
encapsulate enzymes. Carboxysomes contain ribulose-1,5-bisphosphate
carboxylase/oxygenase (RuBisCO) and carbonic anhydrase, creating a concentrated

environment for COz2 fixation.
1.3.2.5 The Prokaryotic Cytoskeleton

Although once thought absent, the cytoskeleton is now recognized as essential in prokaryotes.
The actin homologue MreB forms dynamic helical filaments beneath the plasma membrane,
guiding the enzymes that insert new peptidoglycan during growth. The tubulin analogue FtsZ
assembles into the Z-ring at the midcell, which constricts during cytokinesis while recruiting
enzymes that synthesize septal peptidoglycan. The intermediate filament analogue crescentin
localizes asymmetrically in curved species like Caulobacter crescentus, contributing to cell

curvature.
1.3.2.6 The Cell Envelope

The cell envelope exhibits remarkable variation across microbial groups. In Gram-positive
bacteria, the peptidoglycan layer is very thick (20—80 nm), sometimes representing up to 50%
of the cell’s dry mass. This rigid meshwork is extensively cross-linked and commonly reinforced
with teichoic acids—polymers of glycerol phosphate or ribitol phosphate—covalently bound to

the peptidoglycan or anchored in the plasma membrane.

In contrast, Gram-negative bacteria possess a much thinner peptidoglycan sheet (2—7 nm) that
is enclosed by an outer membrane. This outer membrane is a complex structure composed of
phospholipids, proteins, and lipopolysaccharides (LPS). Each LPS molecule consists of three

distinct regions: lipid A, an endotoxin embedded in the membrane; a core oligosaccharide; and
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an O-antigen polysaccharide that extends outward into the environment. Between the inner
and outer membranes lies the periplasmic space, which may occupy 20—40% of the cell volume

and contains hydrolytic enzymes, binding proteins, and peptidoglycan precursors.

Archaeal envelopes often differ fundamentally, as they usually lack peptidoglycan. Instead,
some species synthesize pseudopeptidoglycan (pseudomurein), composed of N-
acetyltalosaminuronic acid (NAT) and N-acetylglucosamine (NAG) linked by B-1,3-glycosidic
bonds—a configuration that renders them resistant to lysozyme. Others rely on glycoproteins,
polysaccharides, or highly ordered protein S-layers, which form crystalline lattices of 5-25 nm
subunits. From a chemical perspective, carbohydrates occur primarily in the form of cell wall
polymers and capsular polysaccharides. In bacteria, the peptidoglycan (murein) backbone
consists of repeating disaccharide units of N-acetylglucosamine (NAG) and N-acetylmuramic
acid (NAM) joined by B-1,4-glycosidic bonds. Each NAM residue is substituted with a short
peptide chain (typically L-alanine, D-glutamic acid, meso-diaminopimelic acid [DAP] or L-
lysine, and D-alanine). These peptides interconnect adjacent glycan strands, generating a

covalently cross-linked matrix that confers mechanical strength and defines cell shape.
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Figure 5. Structure and Composition of Peptidoglycan.
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Finally, many bacteria produce a glycocalyx, which may appear as capsules or slime layers,
sometimes extending several micrometers from the surface. These extracellular layers promote

adhesion, facilitate biofilm development, and enhance resistance to host immune defenses.

Peptidoglycan
1

Cell wall

Periplasmic -
space

Plasma
membrane
|

Typical Gram-Positive Cell Wall. Typical Gram-Negative Cell Wall.

Figure 6. Typical Gram-Positive Cell Wall.

1.3.2.7 Specialized Internal Structures

Some prokaryotes possess additional internal membranes. In cyanobacteria, thylakoid
membranes house photosynthetic complexes and may represent up to 30% of cell volume.
Nitrifying bacteria have internal membranes enriched with enzymes for ammonia or nitrite

oxidation.

Magnetosomes are membrane-bound vesicles that enclose magnetite (Fe3O4) or greigite
(Fe3S4) crystals, 35—120 nm in size, which align the cell with Earth’s magnetic field. Gas
vesicles, composed entirely of protein, are hollow cylinders impermeable to water but
permeable to gases. These structures, 45—250 nm wide and up to 2 um long, regulate buoyancy

in aquatic environments.
1.3.2.8 External Appendages

External appendages facilitate motility and environmental interactions. Flagella are helical
filaments about 20 nm in diameter and up to 20 um long, composed of the protein flagellin.
They rotate at speeds up to 300 revolutions per second, propelling the cell. Pili and fimbriae,
5—8 nm in diameter, are composed of pilin proteins and mediate adhesion, conjugation, and
twitching motility. S-layers, composed of repeating protein or glycoprotein subunits (40—200

kDa), form crystalline sheets that act as molecular sieves, protective layers, or virulence factors.
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1.4 Nutrient Uptake, Environmental Constraints, and Growth in Microbes
1.4.1 Basic Nutrient Requirements

Microbes require a set of essential nutrients to sustain life. Macronutrients, such as carbon (C),
hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P), sulfur (S), potassium (K), magnesium
(Mg), calcium (Ca), and iron (Fe), are needed in large amounts. These elements form the
building blocks of proteins, nucleic acids, lipids, and carbohydrates. Micronutrients or trace
elements, including manganese (Mn), zinc (Zn), cobalt (Co), molybdenum (Mo), nickel (Ni),
and copper (Cu), are required in minute amounts, typically serving as enzyme cofactors. Some
microorganisms also depend on growth factors such as vitamins, amino acids, and nucleotides,
particularly auxotrophic strains that cannot synthesize them de novo. Finally, water acts as the

universal solvent, though its availability varies greatly across environments.
1.4.2 Transport Mechanisms Across the Plasma Membrane

For any living cell, the ability to acquire essential nutrients from its surroundings is paramount
for survival. The cytoplasmic membrane acts as a selectively permeable barrier, and therefore,
sophisticated transport mechanisms are indispensable for the controlled ingress of metabolites

and egress of waste products.!
1.4.2.1 Crossing the Barrier: Passive vs. Carrier-Mediated Transport
Transport mechanisms can be broadly categorized based on their energy requirements.

e Passive Diffusion: Small, uncharged molecules such as water, carbon dioxide, and
oxygen can traverse the phospholipid bilayer directly, moving down their concentration
gradient. This process is driven solely by the potential energy of the concentration
differential and does not require the cell to expend metabolic energy.

e Carrier-Mediated Transport: The vast majority of solutes, including sugars, amino
acids, and inorganic ions, cannot freely diffuse across the membrane. Their transport
requires the assistance of specific membrane-embedded carrier proteins. These systems
often exhibit high specificity and can be saturated at high substrate concentrations, much

like enzymes.
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1.4.2.2 Active Transport: Concentrating Nutrients Against the Gradient

A critical challenge for microbes, which often live in nutrient-dilute environments, is the ability
to accumulate solutes inside the cell to concentrations far greater than those outside. This is
accomplished by active transport, a process that moves solutes against their concentration

gradient and therefore requires the expenditure of metabolic energy.! The main systems are:

o ATP-Binding Cassette (ABC) Transporters: This is a major family of primary active
transporters that directly couple the energy of ATP hydrolysis to the translocation of a

wide variety of substrates, including sugars, amino acids, and ions.

o Proton Motive Force (PMF)-Driven Transport: These secondary active transport
systems harness the energy stored in the electrochemical proton gradient (PMF)
generated by respiration or other metabolic processes. The influx of protons down their
gradient can be coupled to the uphill movement of a solute. This can occur via symport
(the proton and solute move in the same direction) or antiport (the proton and solute

move in opposite directions).

Solute Solute-binding
\ / protein

binding P
domain

Figure 7. ABC Transporter Function. Solute-binding proteins may be associated with the plasma
membrane, associated with the transporter, or even fused to the transporter.

1.4.2.3 Group Translocation: The Phosphotransferase System (PTS)

A unique and highly efficient transport mechanism found primarily in anaerobic and facultative
anaerobic bacteria is group translocation. In this process, the transported solute is chemically
modified during its passage across the membrane.! The classic example is the
phosphotransferase system (PTS) for sugar transport. In the PTS, a sugar like glucose is

phosphorylated to glucose-6-phosphate as it enters the cell. The high-energy phosphate group
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is transferred from phosphoenolpyruvate (PEP), a key intermediate of glycolysis, through a
cascade of proteins to the incoming sugar. This mechanism is energetically astute: it not only
transports the sugar but also "activates" it for the first step of glycolysis in a single, energy-

coupled process.

e Phosphate is then transferred
to incoming sugar via EIIB.

Mannitol-1-P

Mannitol

OThe high-energy phosphate
of PEP is transferred via EI
to HPr and from HPr to EIIA.

PEP El HPr~ ®)

ruvate El~ HPr
Py ® Glucose

Figure 8. Group Translocation: Bacterial PTS Transport. Two examples of the
phosphoenolpyruvate: sugar phosphotransferase system (PTS) are illustrated. The following components are
involved in the system: phosphoenolpyruvate (PEP), enzyme I (EI), the low molecular weight heat-stable
protein (HPr), and enzyme II (EII). EIIA is attached to EIIB in the mannitol transport system and is separate
from EIIB in the glucose system.

1.4.3 Environmental Constraints and Adaptations

Nutrient uptake is strongly influenced by environmental parameters. Water availability,
measured as water activity (aw), is critical: pure water has a_w = 1.0, seawater ~0.98, and dried
fruits ~0.5. Most microbes grow optimally at aw > 0.98, but osmotolerant species like
Staphylococcus aureus tolerate 3 M NaCl, and extreme halophiles require 3—6.2 M NaCl.
Adaptations include compatible solutes (e.g., proline, glycine betaine) or the salt-in strategy of
archaeal halophiles, which accumulate K* and C1™. Microbes also adapt to pH: acidophiles grow
at pH 0-5.5, neutrophiles at 5.5—8, and alkaliphiles at 8—11.5. Proton pumps, Na*/H*
antiporters, and buffering molecules help maintain cytoplasmic neutrality. Temperature defines
microbial classes: psychrophiles (~15°C optimum), mesophiles (20—45°C), thermophiles (55—
65°C), and hyperthermophiles (>85°C). Membrane fluidity is maintained through lipid

composition changes. Oxygen availability further constrains growth: aerobes require Oz,
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anaerobes use alternative electron acceptors, and facultative organisms flexibly adapt. Enzymes
such as superoxide dismutase, catalase, and peroxidase detoxify reactive oxygen species.
Finally, deep-sea piezophiles adapt to >500 atm pressure by altering membrane lipids, while
some microbes endure radiation stress through DNA repair systems, exemplified by

Deinococcus radiodurans.
1.4.4 Growth Responses to Environmental Factors

Each microbial species displays characteristic cardinal values for growth—minimum, optimum,
and maximum limits of pH, temperature, salt concentration, and oxygen availability. Growth
rate increases with favorable conditions but declines when thresholds are exceeded, producing

growth curves that guide both ecological predictions and laboratory cultivation.
1.4.5 Ecological and Applied Implications

Efficient nutrient uptake under stress is vital for microbial survival and has wide implications.
Pathogens depend on iron acquisition within host tissues, while food preservation strategies
exploit low water activity and acidic conditions to inhibit microbial metabolism. Biotechnology
harnesses extremophiles for fermentation, biofuel production, and bioremediation, while
ecological studies reveal how halophiles, acidophiles, and piezophiles contribute to elemental

cycles in extreme habitats.
1.5 Bacterial and Archaeal Growth
1.5.1 Life at the Limits

Microbial growth is not always rapid. Over 100 million years ago, microbial cells became buried
within Pacific Ocean sediments. Trapped in microscopic pores with almost no nutrients, they
slowed their metabolism dramatically but remained alive. In 2010, Japanese scientists revived
these ancient cells by supplying fresh nutrients, demonstrating that microbes can persist for
geological timescales without dying. Such discoveries challenge conventional definitions of
'growth’ and 'life," highlighting that microbial persistence often occurs at the limits of
habitability.

1.5.2 Reproductive Strategies

The dominant reproductive mode in bacteria and archaea is binary fission, where cells enlarge,

replicate their chromosome, and divide by forming a septum at midcell. Depending on species,



Microbial Biochemistry

daughter cells may separate or remain attached in chains or clusters. Alternative strategies
include budding, multiple fission, and spore formation in filamentous bacteria like
Streptomyces. Despite variations, reproduction universally requires DNA replication,

chromosome segregation, and enclosure within new cell membranes.
1.5.3 The Bacterial Cell Cycle

The bacterial cell cycle has three overlapping phases: (1) cell growth, paralleling the G1 phase
in eukaryotes; (2) chromosome replication and partitioning, which initiates at a single origin
and proceeds bidirectionally; and (3) cytokinesis, in which the FtsZ protein assembles into a Z-
ring that recruits over 30 proteins to synthesize the septum. Regulatory systems such as the
Min proteins and nucleoid occlusion ensure accurate genome segregation and division site

placement.
1.5.4 Archaeal Cell Cycles

Archaeal cell cycles share features with both bacteria and eukaryotes. For example, Sulfolobus
initiates replication at multiple origins, resembling eukaryotic chromosomes, and exhibits long
G2 phases. SegA and SegB proteins mediate chromosome segregation. Cytokinesis involves
ESCRT-III-like proteins (CdvA, CdvB, CdvC), which form contractile rings at midcell. Other

archaea use FtsZ-based division machinery adapted to their unique cell envelopes.
1.5.5 Microbial Growth Curves

In closed culture systems, microbial populations follow predictable growth curves with five
phases. During the lag phase, cells adapt and repair without dividing. The exponential (log)
phase features maximum division and uniform physiology, critical for industrial and medical
applications. In the stationary phase, cell division equals cell death, accompanied by stress
responses, secondary metabolite production, and sporulation in some species. The death phase
follows, where cell numbers decline exponentially, though some persist in viable but non-
culturable states or as endospores. Finally, in long-term stationary phase, a subset of cells

survives by scavenging nutrients from dead cells, enabling persistence for months or years.
1.5.6 Mathematical Description of Growth

Microbial population growth during the exponential phase is described by the equation N, =

No x 21, where N, is the population at time t, No is the initial population, and n is the number
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of generations. The generation time (g) represents the doubling time, while the growth rate
constant (k) is defined as k = n/t = 1/g. Generation times vary dramatically: Escherichia coli
can divide every 20 minutes, while microbes in nutrient-poor sediments may require years for

a single division.
1.6 Metabolic Diversity of Prokaryotes

Prokaryotes display the widest range of metabolic strategies among all living organisms. This
remarkable versatility enables them to colonize highly diverse habitats, from nutrient-rich soils
and aquatic systems to extreme environments such as deep-sea hydrothermal vents,
hypersaline lakes, acidic hot springs, and polar ice. Their metabolic diversity is generally
classified according to three key features: the source of carbon used to build cellular biomass,
the form of energy exploited to drive metabolic reactions, and the nature of the electron donors

or acceptors, which determines respiratory pathways and oxygen requirements.
1.6.1 Classification by Carbon Source
Autotrophs (“self-feeders™)

Autotrophs use carbon dioxide (COz2) as their sole or primary carbon source. This ability allows
them to grow independently of organic matter and thrive in environments poor in organic

nutrients.

o Photoautotrophs rely on light energy and fix CO2 through the Calvin—Benson cycle
or alternative pathways. Classical examples include cyanobacteria, which perform
oxygenic photosynthesis, and green sulfur bacteria, which carry out anoxygenic

photosynthesis.

o Chemolithoautotrophs oxidize inorganic compounds such as hydrogen, ammonia,
hydrogen sulfide, or ferrous iron to obtain energy while assimilating COo2.
Representatives include nitrifying bacteria (Nitrosomonas, Nitrobacter), sulfur
oxidizers (Thiobacillus), iron oxidizers (Acidithiobacillus), and hydrogen oxidizers

(Hydrogenobacter).
Heterotrophs (“other-feeders”)

Heterotrophs require preformed organic compounds such as sugars, lipids, or amino acids as

their carbon source.
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o Chemoorganotrophs oxidize organic molecules to derive both energy and carbon.

Escherichia coli and Bacillus subtilis are typical examples.

o Photoorganotrophs capture light energy but remain dependent on organic carbon

compounds, as observed in purple non-sulfur bacteria such as Rhodospirillum.
Mixotrophs

Mixotrophic microorganisms combine autotrophy and heterotrophy depending on
environmental conditions. Certain purple bacteria, for instance, can switch between
photoautotrophy, photoheterotrophy, and chemoheterotrophy depending on nutrient

availability.
1.6.2 Specialized Metabolic Groups
Methanotrophs

Methanotrophs utilize methane (CH4) as both a carbon and energy source, playing an essential
role in controlling methane emissions, a potent greenhouse gas. Methylococcus capsulatus and

Methylomonas are well-known examples.
Methanogens

In contrast, methanogens are strictly anaerobic archaea that generate methane as a metabolic
end product. They employ substrates such as CO2 with H2, acetate, or other simple compounds.
Methanogens are commonly found in wetlands, sediments, and the digestive tracts of

ruminants, with typical representatives including Methanobacterium and Methanosarcina.
Diazotrophs

Diazotrophs fix atmospheric nitrogen (N2) into ammonium (NH4%) using the enzyme
nitrogenase, thereby replenishing the pool of fixed nitrogen in ecosystems. This group includes
free-living bacteria such as Azotobacter, symbiotic species such as Rhizobium in legume

nodules, and heterocystous cyanobacteria such as Anabaena.
Prototrophs and Auxotrophs

Another important classification in microbial physiology distinguishes prototrophs from

auxotrophs. Prototrophs represent the wild-type condition, synthesizing all essential
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metabolites such as amino acids, nucleotides, and vitamins. Auxotrophs, by contrast, are
mutants that have lost the ability to produce certain metabolites and therefore require them
from external sources. This distinction is widely exploited in microbial genetics to study
biosynthetic pathways. For instance, the wild-type strain E. coli K-12 is prototrophic, while

laboratory-derived mutants may be auxotrophic for leucine or tryptophan.
1.6.3 Ecological and Evolutionary Significance

The nutritional strategies of prokaryotes illustrate their remarkable adaptability and their
central role in global biogeochemical cycles. Photoautotrophs and chemolithoautotrophs
contribute to primary production and the fixation of inorganic carbon, while heterotrophs and
mixotrophs ensure the recycling of organic matter. Methanotrophs and methanogens regulate
methane fluxes, diazotrophs sustain the nitrogen balance of ecosystems, and auxotrophic
variants have become invaluable tools in genetic and metabolic studies. Collectively, this
metabolic diversity underpins ecosystem functioning and highlights the evolutionary

innovations that allow prokaryotes to sustain life across the planet.

Table 1: Major Nutritional Categories of Microorganisms

.o Ener Electron Carbon Example
Nutritional Type BY . P .
Source Source Source Microorganism
. . Inorganic (e.g., Cyanobacteria, Green sulfur
Photolithoautotroph Light H20, HeS) CO2 bacteria
Photoorganoheterotroph Light Organic Organic Purple non-sulfur bacteria
. Inorganic |Inorganic (e.g., Hz, Nitrifying bacteria, Iron-
Chemolithoautotroph chemicals NHs, Fe2*) €02 oxidizing bacteria
Chemolithoheterotroph Inorg.a e Inorganic Organic Some sulfur—9x1dlzlng
chemicals bacteria
Organic . . Escherichia coli, Bacillus
Chemoorganoheterotroph chemicals Organic Organic subtilis, Fungi
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Chapter 1 Summary

Microbial Biochemistry — study of chemical processes in microorganisms.
Metabolism — all chemical reactions in the cell.
e Catabolism — breakdown, ATP + precursors.
e Anabolism — biosynthesis, consumes ATP + NADPH.
e Amphibolic pathways — dual role (glycolysis, TCA).
Prokaryotic Cells
e Size range: Mycoplasma (0.3 um) = Epulopiscium (600 pm).
e Composition: proteins, RNA, lipids, polysaccharides, DNA.
e Cell envelope:
o Gram+ - thick peptidoglycan, teichoic acids.
o Gram— - thin wall, outer membrane (LPS, porins).
o Archaea - ether lipids, pseudomurein, S-layers.
e Peptidoglycan — N-acetylglucosamine (NAG) + N-acetylmuramic acid (NAM) + peptide
cross-links.
e Glycocalyx — capsules & slime layers.
e Flagella, pili, fimbriae — motility & adhesion.
e Ribosomes (70S) — protein synthesis.
Nutrient Uptake
e Macronutrients: C, N, O, H, P, S, K, Mg, Fe, Ca.
e Micronutrients: trace elements, vitamins.
e Transport: passive, facilitated, active (ABC), group translocation (PTS), siderophores.
Bioenergetics
e Energy carriers: ATP, NADH, NADPH, FADH,.
e Proton motive force (PMF) — drives ATP synthase.
e Adenylate Energy Charge (EC) — indicator of energy status.
Growth
e Binary fission — main reproduction.
Cell cycle: growth - DNA replication/partition - cytokinesis (FtsZ, Z-ring).
e Growth curve: lag, log, stationary, death, long-term stationary.
e Equations: Nt=NOx2"; k=1/g.
Metabolic Diversity
e Carbon sources:
o Autotrophs — CO,.
o Heterotrophs — organic C.
o Mixotrophs — both.
e Energy sources: light (photo-), chemicals (chemo-).
e Electron donors: organotrophs vs. lithotrophs.
e Specialized groups: methanotrophs, methanogens, diazotrophs, prototrophs,
auxotrophs.
Ecological Significance
e Carbon fixation, recycling of organics, nitrogen cycle, methane regulation.
e Adaptation to extreme environments (thermophiles, halophiles, acidophiles).
e Glucose — central fuel, source of ATP, NADH, NADPH, and precursors.
e Multiple pathways — reflect evolutionary strategies and environmental adaptation.
e Major Pathways
e EMP (Embden—Meyerhof—Parnas) — “classic glycolysis”; anaerobic, net 2 ATP + 2 NADH;
two phases: preparatory & payoff.
e ED (Entner—Doudoroff) —aerobic bacteria (e.g., Pseudomonas); lower ATP yield, produces
NADPH + key intermediates.
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e PPP (Pentose Phosphate Pathway) — anabolic focus; NADPH + ribose-5-phosphate;
oxidative stress response.
e Regulation & Adaptations
e Key control points — hexokinase, phosphofructokinase, pyruvate kinase.
e Extremophiles — alternative enzymes/pathways (e.g., Pyrococcus, Clostridium).
e Choice of pathway — depends on oxygen availability, redox balance, and biosynthetic
needs.
e Fate of Pyruvate
¢ Aerobic — enters TCA cycle - ATP, NADH, FADH,.
* Anaerobic — fermentation pathways (lactate, ethanol, mixed acids, etc.).
* TCA Cycle — amphibolic; catabolic (energy) + anabolic (precursors); regulated by energy
charge.
* Variations — glyoxylate cycle, incomplete/branched TCA in certain microbes.
e Bioenergetic Roles
e ATP — energy currency (substrate-level & oxidative phosphorylation).
e NADH — respiration & ATP generation.
e NADPH — reductive biosynthesis, defense against ROS.
¢ Intermediates — precursors for amino acids, nucleotides, lipids.
e Ecological & Evolutionary Significance
¢ Pathway diversity — reflects microbial adaptation to niches.
e Metabolic flexibility — supports survival in aerobic, anaerobic, and fluctuating
environments.
* Key role — in global carbon flow and microbial ecology.
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Chapter 2: Carbohydrate

Catabolism in Microbes

‘ Learning Objectives: Upon successful completion of this chapter, you will be able to:

Explain the central role of glucose catabolism in microbial energy production and
biosynthesis.

o Compare the main pathways of glucose degradation (EMP, ED, PPP) and their
energetic/regulatory features.

o Analyze the regulation and adaptations of glycolysis and related pathways in diverse
microorganisms.

o Describe the fate of pyruvate and outline the tricarboxylic acid (TCA) cycle, including
its regulation and variations.

o Evaluate the metabolic flexibility of prokaryotes and its ecological and physiological

significance.
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2.1 Glucose as the Cornerstone of Microbial Metabolism

Carbohydrates, and glucose in particular, represent the cornerstone of microbial metabolism.
The catabolism of glucose is a process of fundamental importance, serving not merely as a
mechanism for generating cellular energy in the form of adenosine triphosphate (ATP), but also
as the primary source of reducing power (e.g., NADH and NADPH) and as a wellspring of
essential carbon skeletons for a vast array of biosynthetic pathways. The chemical energy stored
within the bonds of a glucose molecule is systematically released and captured through a series
of enzyme-catalyzed reactions, providing the currency required for cellular maintenance,

growth, and replication.

While the central metabolic pathways are relatively conserved in eukaryotes, the prokaryotic
world, comprising bacteria and archaea, displays an extraordinary degree of metabolic
diversity. This diversity is a testament to the evolutionary adaptation of microbes to nearly
every conceivable ecological niche on Earth. This chapter will provide a detailed exploration of
the three principal pathways for glucose degradation found in microbes: the Embden-
Meyerhof-Parnas (EMP) pathway, the Entner-Doudoroff (ED) pathway, and the Pentose
Phosphate Pathway (PPP). Following an analysis of these primary routes, the discussion will
turn to the metabolic fate of their common product, pyruvate, under both aerobic and anaerobic

conditions, culminating in an examination of the diverse world of fermentation.

The existence of multiple, distinct pathways for the catabolism of a single starting molecule like
glucose is not a case of metabolic redundancy. Rather, it reflects different evolutionary
trajectories and bioenergetic strategies tailored to specific environmental conditions and
physiological needs. The EMP pathway, which operates anaerobically and yields the highest net
gain of ATP through substrate-level phosphorylation, is considered evolutionarily ancient and
is particularly prevalent among anaerobic and facultatively anaerobic organisms. In contrast,
the ED pathway, with its lower ATP yield, is characteristic of many aerobic bacteria, such as
Pseudomonas. This suggests that its primary evolutionary advantage may not be maximal ATP
generation but rather the efficient production of specific intermediates like NADPH and a more
direct channeling of carbon into aerobic respiration. The PPP, with its minimal contribution to
ATP synthesis, has a clear anabolic focus, dedicated to producing the NADPH required for
reductive biosynthesis and the pentose precursors for nucleotide synthesis. Understanding a

pathway, therefore, requires an appreciation of its unique products (ATP, NADH, NADPH, and
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biosynthetic precursors) within the context of the organism's evolutionary history and

ecological role.
2.2 Glycolysis: The Embden-Meyerhof-Parnas (EMP) Pathway
2.2.1 Overview and Significance

The Embden-Meyerhof-Parnas (EMP) pathway, commonly known as glycolysis, is the most
widespread and evolutionarily conserved sequence for glucose catabolism across all domains
of life. This pathway consists of a sequence of ten enzyme-catalyzed reactions that take place in
the cytosol. It functions under anaerobic conditions, converting one molecule of the six-carbon
sugar glucose into two molecules of the three-carbon compound pyruvate. The entire process

is conceptually divided into two distinct phases.

The first phase, the Preparatory or Energy Investment Phase, involves the initial activation of
the glucose molecule. Through a series of five reactions, glucose is phosphorylated twice and
subsequently cleaved to yield two molecules of glyceraldehyde-3-phosphate. This phase
requires an investment of two molecules of ATP to "prime" the hexose, increasing its free energy

content and facilitating its cleavage and subsequent oxidation.

The second phase, the Payoff or Energy Generation Phase, encompasses the subsequent five
reactions. In this phase, the two molecules of glyceraldehyde-3-phosphate are oxidized to
pyruvate. The energy released during this oxidative conversion is captured to generate a total
of four molecules of ATP through substrate-level phosphorylation and two molecules of the

reduced coenzyme NADH.
2.2.2 The Preparatory Phase (Reactions 1-5)

The initial five steps of the EMP pathway transform a single molecule of glucose into two

molecules of glyceraldehyde-3-phosphate at the expense of two ATP.

Step 1: Glucose Phosphorylation

Upon entry into the cell, glucose is immediately phosphorylated. In many bacteria like E. coli,
glucose is transported via the phosphoenolpyruvate:sugar phosphotransferase system (PEP-
PTS), which simultaneously transports and phosphorylates the sugar, directly yielding glucose-
6-phosphate. Alternatively, free intracellular glucose is phosphorylated by the enzyme

Hexokinase (or Glucokinase in some bacteria), which catalyzes the transfer of a phosphoryl
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group from ATP to the C-6 hydroxyl of glucose. This reaction is thermodynamically highly
favorable and effectively irreversible under cellular conditions. The phosphorylation serves two
critical functions: it traps the glucose molecule inside the cell, as the negatively charged
phosphate group prevents its diffusion back across the membrane, and it destabilizes the

molecule, preparing it for subsequent steps.

Step 2: Isomerization of Glucose-6-Phosphate

The aldose sugar, glucose-6-phosphate (G6P), is converted into its ketose isomer, fructose-6-
phosphate (F6P), by the enzyme Phosphoglucoisomerase. This reversible reaction is essential
for two reasons: it converts the C-1 carbon from a hemiacetal to a primary alcohol, which can
be readily phosphorylated in the next step, and it positions the carbonyl group at C-2, which
facilitates the C-3/C-4 bond cleavage that occurs in Step 4.

Step 3: Second Phosphorylation

This step is the energetic and regulatory core of the preparatory phase. The enzyme
Phosphofructokinase (PFK) catalyzes the transfer of a second phosphoryl group from ATP to
the C-1 position of F6P, forming fructose-1,6-bisphosphate (FBP). This reaction is highly
exergonic and irreversible, and it represents the first committed step of the EMP pathway. Once
FBP is formed, the cell is committed to metabolizing the molecule through glycolysis; it cannot
be readily converted back to glucose or shunted into other pathways like the pentose phosphate
pathway. Consequently, PFK is the primary site of allosteric regulation for the entire glycolytic

sequence.

Step 4: Cleavage of Fructose-1,6-bisphosphate

The six-carbon FBP is now cleaved into two three-carbon molecules by Fructose-bisphosphate
Aldolase. The products of this aldol cleavage are dihydroxyacetone phosphate (DHAP), a
ketose, and glyceraldehyde-3-phosphate (G3P), an aldose. While the standard free energy
change for this reaction is positive, the rapid consumption of the products in subsequent steps

keeps their intracellular concentrations low, driving the reaction forward.

Step 5: Isomerization of Triose Phosphates

Of the two molecules produced by the aldolase reaction, only G3P can proceed directly into the

payoff phase. The enzyme Triose Phosphate Isomerase catalyzes the rapid and reversible
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interconversion of DHAP and G3P. This ensures that both three-carbon units derived from the
original glucose molecule are channeled into the energy-generating phase of the pathway,
effectively doubling the eventual yield of ATP and NADH.

2.1.3 The Payoff Phase (Reactions 6-10)

In this second phase, the two molecules of G3P generated in the preparatory phase are

converted into two molecules of pyruvate, yielding a net profit of ATP and NADH.

Step 6: Oxidation and Phosphorylation of Glyceraldehyde-3-Phosphate

This is the sole oxidation-reduction reaction in the EMP pathway and a critical energy-
conserving step. The enzyme Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) catalyzes
the oxidation of the aldehyde group of G3P to a carboxylic acid. This highly exergonic oxidation
is coupled to two crucial events: the reduction of the coenzyme NAD* to NADH, and the
incorporation of an inorganic phosphate molecule (Pi) to form a high-energy acyl-phosphate
bond in the product, 1,3-bisphosphoglycerate (1,3-BPG). The energy of aldehyde oxidation is
thus conserved in both the reduced coenzyme NADH and the high-energy phosphate bond of
1,3-BPG.

Step 7: First Substrate-Level Phosphorylation

The high-energy acyl-phosphate group of 1,3-BPG is now used to generate ATP. The enzyme
Phosphoglycerate Kinase catalyzes the transfer of this phosphoryl group to a molecule of ADP,
producing ATP and 3-phosphoglycerate. This type of ATP synthesis, where a phosphate group
is transferred directly from a high-energy substrate to ADP, is known as substrate-level
phosphorylation. Since this reaction occurs for both molecules derived from glucose, the two

ATP molecules produced here "pay back" the initial investment from the preparatory phase.

Step 8: Isomerization of 3-Phosphoglycerate

The enzyme Phosphoglycerate Mutase catalyzes the intramolecular shift of the phosphate group
from the C-3 position to the C-2 position, converting 3-phosphoglycerate into 2-
phosphoglycerate. This rearrangement positions the phosphate group optimally for the
subsequent dehydration reaction, which will generate another high-energy phosphate

compound.
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Step 9: Dehydration of 2-Phosphoglycerate

The enzyme Enolase catalyzes the removal of a molecule of water from 2-phosphoglycerate.
This dehydration reaction creates a double bond between C-2 and C-3, resulting in the
formation of phosphoenolpyruvate (PEP). While the overall energy content of the molecule
does not change significantly, the dehydration traps the phosphate group in an unstable enol

form, creating a compound with an extremely high phosphoryl transfer potential.

Step 10: Second Substrate-Level Phosphorylation

The final reaction of glycolysis is another irreversible, ATP-generating step catalyzed by
Pyruvate Kinase. The enzyme facilitates the transfer of the high-energy phosphoryl group from
PEP to ADP, producing ATP and pyruvate. The reaction is strongly exergonic, driven largely by
the spontaneous and favorable tautomerization of the initial product, enolpyruvate, to the more
stable keto form of pyruvate.1 The two ATP molecules generated in this step represent the net

energy profit of the EMP pathway.
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Figure 9. Embden-Meyerhof Pathway. This is one of three pathways used to catabolize
glucose to pyruvate, and it can function during aerobic respiration, anaerobic respiration,
and fermentation. The numbered steps are indicated in blue circles.

2.2.4 Stoichiometry, Energetics, and Regulation

The overall stoichiometry of the EMP pathway is a balance of inputs and outputs, resulting in

a net gain of energy for the cell.

Overall Reaction: Glucose+2NAD*+2ADP+2Pi—2Pyruvate+2NADH+2H++2ATP+2H>0
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Net Yield: For every molecule of glucose catabolized, the EMP pathway yields a net profit of
2 molecules of ATP and 2 molecules of NADH.

Regulation of the EMP Pathway: Metabolic flux through glycolysis is tightly controlled to

match the cell's demand for ATP and biosynthetic precursors. This regulation is exerted at the
three thermodynamically irreversible steps catalyzed by hexokinase, phosphofructokinase, and

pyruvate kinase.

o Phosphofructokinase (PFK): As the enzyme catalyzing the committed step, PFK serves
as the master regulator of glycolysis. Its activity is modulated by a sophisticated array of
allosteric effectors that signal the cell's metabolic state. High levels of ATP, a clear indicator
of a high energy charge, act as an allosteric inhibitor. Similarly, high concentrations of
citrate, an early intermediate of the TCA cycle, signal that the downstream aerobic pathway
is saturated with fuel, providing feedback inhibition to PFK. Conversely, high levels of ADP
and AMP, signaling a low energy charge, act as potent allosteric activators, stimulating the
pathway to produce more ATP. In many bacteria, phosphoenolpyruvate (PEP), a late

intermediate of glycolysis, also acts as a feedback inhibitor of PFK.

o Pyruvate Kinase (PK): The final regulatory point ensures that the payoff phase is
coordinated with the preparatory phase. Like PFK, pyruvate kinase is allosterically inhibited
by high concentrations of ATP. A key regulatory mechanism in many bacteria is feed-forward
activation by fructose-1,6-bisphosphate. When PFK is active and FBP levels rise, FBP binds
to an allosteric site on pyruvate kinase, increasing its activity. This elegant mechanism
ensures that the flux through the lower part of the pathway can accommodate the

intermediates being produced by the upper part, preventing a metabolic bottleneck.

The logic of this allosteric network is a prime example of metabolic self-regulation. The
ATP/AMP ratio serves as a direct sensor of the cell's immediate energy needs. Citrate functions
as an inter-pathway signal, integrating the flux of glycolysis with the capacity of the TCA cycle.
Fructose-1,6-bisphosphate acts as an intra-pathway signal, coordinating the activities of the
two phases of glycolysis. Together, these effectors allow the cell to use key metabolites as

informational molecules, creating a highly responsive and efficient metabolic circuit.
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2.2.5 Atypical Glycolytic Pathways in Extremophiles

While the core logic of the EMP pathway is remarkably conserved, some microorganisms,

particularly those adapted to extreme environments, have evolved unique enzymatic variations.

These adaptations often reflect the specific bioenergetic challenges posed by their lifestyles.

Pyrococcus furiosus: This hyperthermophilic archaeon, which thrives near boiling
temperatures, employs a modified EMP pathway that utilizes ADP-dependent kinases.
Both its glucokinase and phosphofructokinase use ADP as the phosphoryl donor instead
of ATP. Furthermore, its glyceraldehyde-3-phosphate dehydrogenase is ferredoxin-
dependent and does not participate in substrate-level phosphorylation. The preference
for ADP over the more thermolabile ATP may represent a crucial adaptation to high-

temperature environments.

Clostridium thermocellum: This thermophilic, anaerobic, cellulolytic bacterium
also exhibits several unusual glycolytic features. It utilizes a GTP-dependent
glucokinase and, most notably, a pyrophosphate (PPi)-dependent phosphofructokinase.
The use of pyrophosphate, a byproduct of many biosynthetic reactions such as DNA and
protein synthesis, is a clever energy-saving strategy. Instead of being hydrolyzed by a
pyrophosphatase, which would waste the energy of its phosphoanhydride bond, the
PPi is used to drive the PFK reaction, conserving energy that would otherwise be lost.
This organism also lacks pyruvate kinase, instead converting PEP to pyruvate through
a three-enzyme "malate shunt" involving PEP carboxykinase, malate dehydrogenase,
and malic enzyme. This alternative route may be linked to the specific redox balancing
requirements or the need to generate oxaloacetate for biosynthesis under its strictly

anaerobic lifestyle.

These variations are not mere curiosities but are profound examples of metabolic adaptation.

They demonstrate how the central catabolic framework can be modified with alternative

cofactors and enzymes to link energy generation directly to the unique bioenergetic and

biosynthetic demands imposed by an organism's extreme environment.

2.3 Alternative Pathways for Hexose Catabolism

While the EMP pathway is ubiquitous, many microbes possess alternative routes for glucose

degradation that serve distinct metabolic purposes. The Pentose Phosphate Pathway and the
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Entner-Doudoroff Pathway are two prominent examples that highlight the metabolic versatility

of prokaryotes.
2.3.1 The Pentose Phosphate Pathway (PPP)

The Pentose Phosphate Pathway (PPP), also known as the hexose monophosphate shunt, is a
cytosolic pathway that operates in parallel with glycolysis. Its primary functions are anabolic
rather than catabolic: it is the cell's principal source of NADPH for reductive biosynthetic
reactions (such as fatty acid and steroid synthesis) and the generator of pentose sugars, most

critically ribose-5-phosphate for nucleotide and nucleic acid synthesis.

o The Oxidative Branch: This branch consists of an irreversible sequence of reactions that
generates NADPH. It begins with the enzyme Glucose-6-Phosphate Dehydrogenase
(G6PDH), which catalyzes the oxidation of glucose-6-phosphate to 6-phosphoglucono-8-
lactone, producing one molecule of NADPH. This is the committed and primary regulatory
step of the pathway. After hydrolysis of the lactone, a second molecule of NADPH is
generated by 6-Phosphogluconate Dehydrogenase in a reaction that also involves a
decarboxylation, releasing CO2 and producing the five-carbon sugar, ribulose-5-

phosphate.

o The Non-Oxidative Branch: This branch is a series of reversible sugar interconversion
reactions. It begins with ribulose-5-phosphate, which can be isomerized to ribose-5-
phosphate (the precursor for nucleotides) or epimerized to xylulose-5-phosphate. The key
enzymes of this branch are Transketolase, which transfers a two-carbon unit, and
Transaldolase, which transfers a three-carbon unit. These enzymes "shuffle" carbon atoms
between various sugar phosphates, interconverting pentoses (C5) with glycolytic
intermediates like fructose-6-phosphate (C6) and glyceraldehyde-3-phosphate (C3). This
branch also produces another crucial biosynthetic precursor, erythrose-4-phosphate (C4),

which is required for the synthesis of aromatic amino acids.

e Metabolic Integration and Regulation: The flux of glucose-6-phosphate into the PPP
is primarily controlled by the cellular demand for NADPH. The G6PDH enzyme is subject
to strong feedback inhibition by high concentrations of NADPH. The remarkable flexibility
of the reversible non-oxidative branch allows the cell to precisely tailor its metabolic output

to meet its current needs:
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1. Need for both NADPH and Ribose-5-Phosphate: The oxidative branch operates
to produce both products from glucose-6-phosphate.

2. Need for Ribose-5-Phosphate > NADPH: Glycolytic intermediates (fructose-6-
phosphate and glyceraldehyde-3-phosphate) can be diverted into the non-oxidative
branch, running in reverse to synthesize ribose-5-phosphate without producing
NADPH.

3. Need for NADPH > Ribose-5-Phosphate: The full pathway operates. The pentose
phosphates produced are not drawn off for biosynthesis but are recycled by the non-
oxidative branch back into glycolytic intermediates, which can be isomerized back to
glucose-6-phosphate to pass through the oxidative branch again, maximizing NADPH

production.

The PPP is more than a biosynthetic support pathway; it is central to the cell's redox
homeostasis and survival. NADPH is the essential reductant for enzymes like glutathione
reductase, which are critical for detoxifying reactive oxygen species. When a cell experiences
oxidative stress, key glycolytic enzymes like GAPDH are often oxidatively inhibited. This
inhibition effectively creates a metabolic block in the EMP pathway, shunting the flux of
glucose-6-phosphate into the PPP. This results in a rapid increase in NADPH production, which
is then used to regenerate reduced glutathione and restore the cell's redox balance. This
dynamic interplay illustrates a sophisticated link between central catabolism and cellular

defense against oxidative damage, positioning the PPP as a critical survival circuit.
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Figure 10. Pentose Phosphate Pathway. Glucose is oxidized to ribulose-5-phosphate coupled to
the reduction of NADPH (a). Isomerase and epimerase convert ribulose-5-phosphate to ribose-5-
phosphate and xylulose-5-phosphate (b). Transaldolase and transketolase rearrange pentose-5-
phosphates into glucose-6-phosphate and glyceraldehyde-3-phosphate involving erythrose-4-
phosphate (c). Nucleotide synthesis starts with ribose-5-phosphate, and aromatic amino acids are
produced from erythrose-4-phosphate and phosphoenolpyruvate. NADPH supplies reducing power
during the biosynthetic processes. 1, hexokinase; 2, glucose-6-phosphate dehydrogenase; 3,
lactonase; 4, 6-phosphogluconate dehydrogenase; 5, ribulose-5-phosphate-3-epimerase; 6, ribose-
5-phosphate isomerase; 7, transketolase; 8, transaldolase.

2.3.2 The Entner-Doudoroff (ED) Pathway

The Entner-Doudoroff (ED) pathway is a distinct route for glucose catabolism found almost
exclusively in prokaryotes. It is particularly prevalent among aerobic Gram-negative bacteria,
such as Pseudomonas, and is generally absent from eukaryotes and obligate anaerobes.! It is

considered to be an evolutionarily ancient pathway.

e Key Reactions and Energetics: The ED pathway diverges from the EMP and PPP
pathways after the formation of 6-phosphogluconate. It is defined by two unique enzymes:
6-phosphogluconate dehydratase (Edd), which converts 6-phosphogluconate to 2-keto-3-
deoxy-6-phosphogluconate (KDPG), and KDPG aldolase (Eda), which cleaves KDPG into
one molecule of pyruvate and one molecule of glyceraldehyde-3-phosphate. The G3P
molecule is then further catabolized via the reactions of the EMP payoff phase to yield a

second molecule of pyruvate.

39
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e Net Yield: The overall net yield from one molecule of glucose via the ED pathway is 1 ATP,
1 NADH, and 1 NADPH. This represents a lower net ATP yield compared to the 2 ATP
generated by the EMP pathway.

o Prevalence and Variations: The ED pathway is not universally employed for glucose

catabolism; its use is specific to certain organisms and conditions.

o Escherichia coli possesses a complete ED pathway, but it is typically induced and used
for the catabolism of sugar acids like gluconate, rather than as the primary route for glucose

degradation.

o Pseudomonas species often lack phosphofructokinase, the key enzyme of the EMP
pathway. For these organisms, the ED pathway is the principal route for glycolysis. They
often operate it in a cyclic mode, where the G3P product is converted back to glucose-6-

phosphate via gluconeogenesis, allowing for the continuous generation of NADPH.

o Zymomonas mobilis is a notable exception to the aerobic prevalence of the ED pathway.
This obligate anaerobe uses the ED pathway exclusively for its remarkably rapid and

efficient fermentation of glucose to ethanol.

o Non-phosphorylative ED Pathway: Some archaea and bacteria have evolved modified
versions of the ED pathway that operate on non-phosphorylated sugar intermediates,

bypassing the initial phosphorylation steps.

The reliance of organisms like Pseudomonas on a pathway with a lower ATP yield seems
counterintuitive, but it underscores the specialized role of the ED pathway. As strict aerobes,
these bacteria generate the vast majority of their ATP via oxidative phosphorylation, making
the single ATP from substrate-level phosphorylation in the ED pathway relatively insignificant.
The true advantages of the ED pathway for these organisms lie elsewhere. First, it generates
NADPH directly in its first step, which is vital for aerobes that must constantly combat oxidative
stress. Second, it produces pyruvate directly from the six-carbon backbone, bypassing the
complex allosteric regulation of the PFK and pyruvate kinase steps of the EMP pathway. This
may allow for a faster, more direct flux of carbon into the TCA cycle. Therefore, the ED pathway
should not be viewed as an inferior version of the EMP pathway, but as a sophisticated
adaptation for an aerobic, biosynthetically active lifestyle where redox balance and rapid

carbon flux are prioritized over maximizing substrate-level ATP generation.
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Table 2. Comparison between the different glucose catabolic pathways

Embden-Meyerhof- Pentose Phosphate
Feature Entner-Doudoroff (ED
Parnas (EMP) (i (PPP)
Primary Function| Energy (ATP) generation Catabolism, NADPH Anabolism (NADPH,
generation Precursors)
Net ATP Vield 2 ATP 1 ATP 0 ATP
(per glucose)
Net NADH Yield 2 NADH 1 NADH 0 NADH
(per glucose)
Net NADPH Yield 0 NADPH 1 NADPH 2 NADPH
(per glucose)
Key Unique Phosphofructokinase, FBP | 6-P-Gluconate Dehydratase, Transketolase,
Enzymes Aldolase KDPG Aldolase Transaldolase
Typical Ubiquitous (Eukaryotes, Aerobic Gram-negatives gitise
. . (Eukaryotes,
Organisms most Bacteria) (Pseudomonas), Zymomonas .
Bacteria)
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Figure 11. The Entner—Doudoroff (ED) pathway. This metabolism is known only in
prokaryotes, mainly Gram-negative bacteria, that do not possess the EMP pathway. 1, glucose-6-
phosphate dehydrogenase; 2, 6-phosphogluconate dehydratase; 3, 2-keto-3-deoxy-6-
phosphogluconate aldolase; 4, as in the EMP pathway.

2.4 The Tricarboxylic Acid (TCA) Cycle

The pyruvate generated by the primary catabolic pathways stands at a critical metabolic fork.
Under anaerobic conditions, it is directed into fermentation pathways. Under aerobic
conditions, however, it is completely oxidized to COz2 via the tricarboxylic acid (TCA) cycle, a

process that unleashes a far greater yield of cellular energy.
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2.4.1 The Pyruvate Dehydrogenase Complex (PDC)

The gateway between glycolysis and the TCA cycle is the Pyruvate Dehydrogenase Complex
(PDC). This is a massive, highly organized multi-enzyme complex that catalyzes the irreversible
oxidative decarboxylation of pyruvate. In this reaction, the carboxyl group of pyruvate is
removed as CO2, and the remaining two-carbon acetyl group is attached to coenzyme A,
forming the high-energy thioester, acetyl-CoA. The reaction is coupled to the reduction of
NAD* to NADH. The PDC is a major point of metabolic regulation, subject to strong product
inhibition by high concentrations of its products, acetyl-CoA and NADH, as well as inhibition
by high cellular energy charge (ATP).

2.4.2 The Oxidative Decarboxylation of Acetyl-CoA

The TCA cycle itself is a sequence of eight enzymatic reactions that occurs in the cytoplasm of
most prokaryotes. It accomplishes the complete oxidation of the two-carbon acetyl group of
acetyl-CoA to two molecules of CO2, while conserving the released energy in the form of

reduced coenzymes and one high-energy phosphate compound.

Key Steps:

1. Entry of Acetyl-CoA: The cycle begins when Citrate Synthase catalyzes the
condensation of the two-carbon acetyl-CoA with the four-carbon acceptor molecule,

oxaloacetate, to form the six-carbon tricarboxylic acid, citrate.
2. Isomerization: Aconitase isomerizes citrate to isocitrate.

3. First Oxidative Decarboxylation: Isocitrate Dehydrogenase oxidizes isocitrate
to a-ketoglutarate, releasing the first molecule of CO2 and generating one molecule of
NADH.

4. Second Oxidative Decarboxylation: The a-Ketoglutarate Dehydrogenase
Complex (structurally similar to the PDC) oxidizes a-ketoglutarate to succinyl-CoA,

releasing the second molecule of CO2 and generating a second molecule of NADH.

5. Substrate-Level Phosphorylation: Succinyl-CoA Synthetase cleaves the high-
energy thioester bond of succinyl-CoA and couples this energy to the synthesis of one

molecule of GTP (or ATP in many bacteria), forming succinate.
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6. Regeneration of Oxaloacetate: The final three steps of the cycle regenerate the
starting acceptor molecule, oxaloacetate, from succinate. This involves the oxidation of
succinate to fumarate by Succinate Dehydrogenase (generating one FADH2), the

hydration of fumarate to malate by Fumarase, and the final oxidation of malate to

oxaloacetate by Malate Dehydrogenase (generating the third molecule of NADH).

The oxidation of a single
glucose requires two turns
of the TCA cycle.
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Figure 12. The Tricarboxylic Acid Cycle. The TCA cycle is linked to glycolysis by a
connecting reaction catalyzed by the pyruvate dehydrogenase complex.

2.4.3 Energetic Yield and Regulation
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For each molecule of acetyl-CoA that enters the cycle, the net yield is 3 NADH, 1 FADH2, and
1 GTP (or ATP). These reduced coenzymes are subsequently reoxidized by the electron

transport chain, generating a substantial amount of ATP via oxidative phosphorylation.

Regulation of the TCA cycle occurs at its three irreversible, exergonic steps. Citrate Synthase is
inhibited by ATP. Isocitrate Dehydrogenase is a key control point, inhibited by ATP and NADH
and activated by ADP. The a-Ketoglutarate Dehydrogenase Complex is inhibited by its
products, NADH and succinyl-CoA. This regulatory scheme ensures that the rate of the cycle is

precisely matched to the cell's energy demands.
2.4.4 The Amphibolic Nature of the TCA Cycle

The TCA cycle is a quintessential amphibolic pathway, meaning it participates in both
catabolism and anabolism. It is not simply a catabolic "wheel" for oxidizing acetate; it is a
central metabolic hub that provides key carbon skeletons for a multitude of biosynthetic

pathways.!
o Key Biosynthetic Precursors:

o a-Ketoglutarate is the direct precursor for the glutamate family of amino acids

(glutamate, glutamine, proline, arginine).

o Succinyl-CoA is the starting point for the synthesis of porphyrins, the essential

components of hemes (in cytochromes) and chlorophylls.

o Oxaloacetate is the precursor for the aspartate family of amino acids (aspartate,
asparagine, methionine, threonine, lysine) and is also a starting point for

gluconeogenesis.
2.4.5 Anaplerotic Reactions

Because TCA cycle intermediates are constantly being withdrawn for biosynthesis, there must
be mechanisms to replenish them. These "filling up" reactions are known as anaplerotic
reactions. The most important anaplerotic reaction in many bacteria is catalyzed by Pyruvate
Carboxylase, which carboxylates pyruvate to form oxaloacetate, directly replenishing the cycle's

acceptor molecule.
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The regulation of pyruvate carboxylase by acetyl-CoA provides a masterful example of
metabolic logic. When biosynthetic demands drain oxaloacetate from the cycle, the rate of
citrate synthesis slows, causing acetyl-CoA levels to rise. This accumulation of acetyl-CoA acts
as a potent allosteric activator of pyruvate carboxylase, stimulating the synthesis of more
oxaloacetate to replenish the cycle. In this way, acetyl-CoA acts as a sensor that partitions
pyruvate between energy generation (via the PDC) and anaplerosis (via pyruvate carboxylase),
ensuring the TCA cycle remains balanced and responsive to the cell's anabolic and catabolic

needs.

glucose

CO: pyruvate

aspartaic -se== oxaloaceiaie

glutamate

porphyrins, corrinoids

Figure 13. Anaplerotic sequence in bacteria growing on c arbohydrates. 1, PEP
carboxylase; 2, pyruvate carboxylase.

2.5 Variations on the TCA Cycle in Microbes

The metabolic flexibility of microbes is further demonstrated by their use of variations on the
canonical TCA cycle, which allow them to grow on alternative carbon sources or to survive

under anaerobic conditions.
2.5.1 The Glyoxylate Cycle

The glyoxylate cycle is an elegant anabolic modification of the TCA cycle found in many
bacteria, fungi, and plants. Its crucial function is to enable the net synthesis of C4 compounds
(and subsequently, glucose) from C2 compounds like acetate. This is impossible via the
standard TCA cycle, which loses two carbons as CO2 for every two-carbon acetyl-CoA that

enters.
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Mechanism: The glyoxylate cycle bypasses the two decarboxylation steps of the TCA
cycle through the action of two key enzymes:

. Isocitrate Lyase: Cleaves isocitrate into succinate and the two-carbon compound,

glyoxylate.

. Malate Synthase: Condenses glyoxylate with a second molecule of acetyl-CoA to form

the four-carbon compound, malate.

Net Result: For every two molecules of acetyl-CoA that enter, one molecule of
succinate is produced, which can then be used for biosynthesis or converted to

oxaloacetate for gluconeogenesis.

Regulation: The metabolic fork is at isocitrate. In E. coli, when cells are growing on
acetate, the TCA cycle enzyme Isocitrate Dehydrogenase is inactivated by
phosphorylation. This shunts the flux of isocitrate through isocitrate lyase, thereby
activating the glyoxylate cycle.

biosynthesis
f 2 acetyl-CoA
| oxaloacetate

2 citrate

3 oxaloacetate

2 1socitrate
COs

3 malate 2-ketoglutarate

CO;

2 fumarate
\ 2 succinate

glyoxylate

suceinyl-CoA__ricocitrate

lyase

malate
synthase

| acetyl-CoA

Figure 14. Glyoxylate cycle for replenishment of TCA cycle intermediates. Bacteria

growing on carbon sources that are metabolized to acetyl-CoA but not through pyruvate or

PEP cannot replenish TCA cycle intermediates through the anaplerotic sequence. They

synthesize malate from two molecules of acetyl-CoA through the glyoxylate cycle, utilizing

isocitrate lyase and malate synthase together with TCA cycle enzymes.

2.5.2 Incomplete and Branched TCA Cycles
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Many facultative anaerobes like E. coli, as well as numerous obligate anaerobes, do not operate
a complete, cyclic TCA pathway under anaerobic conditions. This is primarily because the gene
encoding the a-ketoglutarate dehydrogenase complex is repressed in the absence of oxygen.

Instead, these organisms utilize a branched or "forked" TCA pathway.!
e Mechanism: The pathway operates as two distinct, non-cyclic branches:

1. An Oxidative Branch: Runs from citrate to a-ketoglutarate, primarily to generate this

key precursor for amino acid biosynthesis.

2. A Reductive Branch: Runs in the reverse direction from oxaloacetate to succinate.
This branch uses Fumarate Reductase instead of succinate dehydrogenase and serves
not only to produce precursors like succinyl-CoA but also to act as an electron sink,

regenerating NAD* by consuming NADH.

The existence of this branched pathway suggests that the primary, ancestral role of this set of
reactions may have been anabolic rather than catabolic. In an ancient anaerobic world, a full
oxidative cycle for energy generation would have been impossible. However, the intermediates
of the pathway are indispensable for building a cell. By operating the pathway as two
independent branches, an anaerobic organism could synthesize all the necessary precursors for
the glutamate and aspartate/succinate families of biomolecules. This transforms the cycle from
a catabolic energy wheel into a flexible, modular biosynthetic toolkit, perfectly adapted for life

without oxygen.
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Figure 15. Incomplete TCA fork to supply precursors for biosynthesis in rganisms that do
not synthesize 2-ketoglutarate dehydrogenase. 1, pyruvate dehydrogenase and citrate
synthase; 2, aconitase; 3, isocitrate dehydrogenase; 4, PEP carboxylase; 5, malate
dehydrogenase; 6, fumarase; 7, fumarate reductase; 8, succinyl-CoA synthetase.

2.6 Oxidative Phosphorylation

Oxidative phosphorylation is the process through which ATP is synthesized using the energy
released from electron transport. This electron flow is driven by the oxidation of energy-rich
molecules such as NADH or FADH2. The mechanism is best described by Peter Mitchell’s
chemiosmotic hypothesis, which proposes that electron transport chains (ETCs) are arranged

to pump protons across a membrane, creating an electrochemical gradient.

In mitochondria, electrons move through the inner membrane, driving protons from the matrix
to the intermembrane space. In bacteria and archaea, protons are typically translocated across
the plasma membrane from the cytoplasm to the periplasmic space. The movement of these
protons, whether actively pumped or indirectly displaced by alternating electron and proton
carriers, generates the proton motive force (PMF) — a combination of chemical (ApH) and

electrical (Ay) gradients.

Because the membrane is impermeable to ions, the cytoplasm becomes more negative and
alkaline than the periplasm. When protons flow back into the cytoplasm through specific
channels, the stored energy of the PMF is released and used to perform cellular work, most
notably the phosphorylation of ADP into ATP. The PMF also powers nutrient transport systems

and the rotation of bacterial flagella, often without direct ATP consumption.
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Figure 16. The Electron Transport Chain of E. coli. NADH transfers electrons from

an organic energy and electron source to the ETC. Ubiquinone-8 (Q) connects the NADH

dehydrogenase with two terminal oxidase systems. The upper (bd) branch operates when
the bacterium is in stationary phase and there is little oxygen. It is called the bd branch

because it uses the cytochromes b558, b595, and d. The lower bo branch functions when E.

coli is growing rapidly with good aeration. It is so named because it uses two cytochromes,

b562 and o.

2.6.1 ATP Synthase and the Chemiosmotic Mechanism

The enzyme complex responsible for ATP formation is ATP synthase, also known as the F1Fo-

ATPase. Found in bacteria, mitochondria, and chloroplasts, it can both synthesize and

hydrolyze ATP.

e The Fo portion is embedded in the membrane and forms a proton channel.

o The F1 portion projects into the cytoplasm and contains alternating a and  subunits,

with the B subunits hosting the catalytic sites for ATP synthesis.
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ATP synthase operates like a rotary engine. As protons flow through Fo, the y subunit rotates
within F1, triggering conformational changes in the 8 subunits. These changes allow ADP and
inorganic phosphate (Pi) to bind, react to form ATP, and release it in a repeating three-step

cycle—often referred to as the binding change mechanism.

Conformation Bpp:
ADP bound in

catalytic site. - o

ADP +

B “‘ Rotation

l_u

~J

enter
catalytic
site

ofy

Conformation

Pruc:ADP + P,
can enter. Rotation

Functionally equivalent ofy
but rotated by 120°
Conformation fig:
CatP) ATP can be
\ “
|

released.

7 Conformation fyp:
= ATP synthesized.

(a) (b)

Figure 17. ATP Synthase Structure and Function. (a) The major structural features of ATP
synthase. F1 is composed largely of alternating a and  subunits; the three active sites are on the  subunits.
The y subunit (dotted lines) extends through the center and can rotate. The stalk (y and e subunits; green)
connects the sphere to FO , the membrane embedded complex that serves as a proton channel. FQ contains one
a subunit, two b subunits, and 9 to 12 ¢ subunits. (b) The binding change mechanism is a widely accepted
model of ATP synthesis.

2.6.2 ATP Yield and the P/O Ratio

The efficiency of oxidative phosphorylation is often expressed as the phosphorus-to-oxygen

(P/0) ratio, indicating how many ATP molecules are produced per atom of oxygen reduced.

e For each NADH oxidized, approximately 10 protons are translocated across the

membrane, yielding an estimated P/O ratio of 2.5.
o For FADH2, about 6 protons are moved, giving a P/O ratio of 1.5.

During complete oxidation of one glucose molecule in eukaryotes, 10 NADH and 2 FADH2 are
generated, theoretically producing 28 ATP via oxidative phosphorylation, in addition to 4 ATP
from substrate-level phosphorylation. Thus, a maximum of 32 ATP may result from aerobic

respiration in mitochondria.

50



Microbial Biochemistry

However, bacterial and archaeal ETCs are often shorter, branched, and more adaptable,
leading to lower P/O ratios. For example, E. coli’s ETC may yield around 1.3 ATP per NADH
under high oxygen conditions (cytochrome bo pathway) and only 0.67 ATP under low oxygen
(cytochrome bd pathway).

2.6.3 Flexibility and Regulation in Microbial ETCs

One of the most remarkable features of microbial respiration is the flexibility of their ETCs.
Microbes can adjust electron carriers, replace terminal oxidases, or reroute electrons through
different branches depending on environmental oxygen levels or available substrates. This

adaptability allows them to maintain energy production under highly variable conditions.
Despite these variations, the core principles remain universal:

1. Electrons are transferred through a chain of carriers with progressively higher redox

potentials.
2. Proton translocation establishes a PMF.
3. The PMF drives ATP synthesis through the rotational catalysis of ATP synthase.
2.7 Fermentation: Anaerobic Catabolism and NAD* Regeneration
2.7.1 The Biological Imperative of Fermentation

In the absence of an external electron acceptor such as oxygen, the NADH generated during
glycolysis cannot be reoxidized via a respiratory chain. This would lead to a depletion of the
cellular pool of NAD?, bringing glycolysis—and thus ATP production—to a halt. Fermentation
pathways are anaerobic metabolic strategies that solve this critical redox balancing problem.
They use an endogenous organic molecule, typically pyruvate or one of its derivatives, as the
terminal electron acceptor for the reoxidation of NADH to NAD*. This regeneration of the
oxidized coenzyme is the unifying and essential purpose of all fermentation pathways, allowing

glycolysis to continue producing ATP via substrate-level phosphorylation.
2.7.2 Lactic Acid Fermentation

This is one of the simplest fermentation pathways. Lactate Dehydrogenase catalyzes the direct

reduction of pyruvate to lactate, using NADH as the reductant.
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o Homofermentative Lactic Acid Bacteria: These organisms, such as many
Lactobacillus species, use the EMP pathway to produce pyruvate and generate lactate

as the sole or major fermentation product.

o Heterofermentative Lactic Acid Bacteria: Organisms like Leuconostoc use the
phosphoketolase pathway (a variation of the PPP) and produce a mixture of lactate,
ethanol, and CO-.

2.7.3 Alcoholic Fermentation

Common in yeasts (Saccharomyces cerevisiae) and certain bacteria (Zymomonas mobilis),
this pathway involves two steps. First, Pyruvate Decarboxylase removes a molecule of CO2 from
pyruvate to form acetaldehyde. Second, Alcohol Dehydrogenase reduces acetaldehyde to
ethanol, regenerating NAD* from NADH.
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Figure 18. Ethanol fermentation by Saccharomyces cerevisiae and Zymomonas
obilis. 1-6, EMP pathway (in solid lines); 7, pyruvate decarboxylase; 8, alcohol
dehydrogenase; 9, ED pathway (in dotted lines).

2.7.4 Mixed-Acid and Butanediol Fermentations
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These complex fermentations are characteristic of enteric bacteria like E. coli and

Enterobacter. Pyruvate is converted to a variety of end products.

Mixed-Acid Fermentation: A key enzyme, Pyruvate Formate Lyase, cleaves pyruvate
into acetyl-CoA and formate. The acetyl-CoA can be converted to acetate (generating
ATP) or ethanol (consuming NADH). Other products include lactate and succinate. The
formate may be cleaved to H2 and CO2. This fermentation, characteristic of E. coli,

produces significant amounts of acid.

Butanediol Fermentation: In organisms like Enterobacter, two molecules of
pyruvate are condensed to form acetolactate, which is then converted to the neutral
product 2,3-butanediol. This pathway produces far less acid than the mixed-acid

fermentation.

2.7.5 Solventogenic Fermentations (ABE)

This biphasic fermentation is characteristic of several Clostridium species, notably C.

acetobutylicum.

Acidogenic Phase: In early exponential growth, the bacteria ferment sugars to organic

acids, primarily acetate and butyrate, while generating ATP and hydrogen gas.

Solventogenic Phase: As the acids accumulate and the external pH drops, the culture
undergoes a dramatic metabolic shift. Gene expression changes, and the bacteria begin
to reassimilate the previously excreted acids, converting them into the neutral solvents
acetone, butanol, and ethanol (ABE). This process serves to detoxify the environment

by reducing acidity.

2.7.6 Amino Acid Fermentation: The Stickland Reaction

A unique anaerobic strategy employed by proteolytic clostridia involves the fermentation of

amino acids instead of carbohydrates. The Stickland reaction is a coupled fermentation where

one amino acid is oxidized while another is reduced.! For example, alanine can be oxidized to

acetate, CO2, and ammonia, with the electrons transferred to two molecules of glycine, which

are reduced to acetate and ammonia. This coupled redox reaction allows for the regeneration

of NAD* and the production of ATP via substrate-level phosphorylation from the oxidized

intermediates.
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Chapter 2 Summary

Glucose Catabolism in Microbes
e Glucose — central fuel, source of ATP, NADH, NADPH, and precursors.
e Multiple pathways — reflect evolutionary strategies and environmental adaptation.
Major Pathways
e EMP (Embden—Meyerhof—Parnas) — “classic glycolysis”; anaerobic, net 2 ATP + 2 NADH,;
two phases: preparatory & payoff.
e ED (Entner—Doudoroff) — aerobic bacteria (e.g., Pseudomonas); lower ATP yield, produces
NADPH + key intermediates.
e PPP (Pentose Phosphate Pathway) — anabolic focus; NADPH + ribose-5-phosphate;
oxidative stress response.
Regulation & Adaptations
e Key control points — hexokinase, phosphofructokinase, pyruvate kinase.
e Extremophiles — alternative enzymes/pathways (e.g., Pyrococcus, Clostridium).
e Choice of pathway — depends on oxygen availability, redox balance, and biosynthetic
needs.
Fate of Pyruvate
e Aerobic —enters TCA cycle - ATP, NADH, FADH,.
e Anaerobic — fermentation pathways (lactate, ethanol, mixed acids, etc.).
e TCA Cycle — amphibolic; catabolic (energy) + anabolic (precursors); regulated by energy
charge.
e Variations — glyoxylate cycle, incomplete/branched TCA in certain microbes.
Bioenergetic Roles
e ATP —energy currency (substrate-level & oxidative phosphorylation).
e NADH —respiration & ATP generation.
¢ NADPH —reductive biosynthesis, defense against ROS.
¢ Intermediates — precursors for amino acids, nucleotides, lipids.
Ecological & Evolutionary Significance
e Pathway diversity — reflects microbial adaptation to niches.
e Metabolic flexibility — supports survival in aerobic, anaerobic, and fluctuating
environments.
e Key role —in global carbon flow and microbial ecology.
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Chapter 3: Lipid

Catabolism in Microbes

‘ Learning Objectives: Upon successful completion of this chapter, you will be able to:

Explain why lipids are a highly efficient microbial fuel compared to carbohydrates and
proteins.

o Describe how microbes mobilize, solubilize, and transport fatty acids into the cell.

o Outline the key steps of fatty acid activation and the f-oxidation cycle.

o Calculate the energy yield from complete oxidation of a fatty acid (e.g., palmitate).

o Discuss adaptations for the degradation of unsaturated and odd-chain fatty acids.

o Identify alternative pathways (a- and w-oxidation) and regulatory mechanisms (FadR,
catabolite repression).

e Recognize microbial diversity in lipid catabolism and its ecological implications.
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3.1 Lipids as a High-Energy Microbial Fuel Source

Lipids, particularly triacylglycerols and their constituent fatty acids, represent the most
concentrated form of stored energy available to biological systems. The substantial energy yield
from the complete combustion of fat, approximately 37 kJ/g, far exceeds that of carbohydrates
or proteins, which provide around 16 to 17 kJ/g. This high energy density is a direct
consequence of the chemical nature of fatty acids: their long hydrocarbon chains consist of
carbon atoms in a highly reduced state (mostly as —CH2— groups), and their hydrophobic
character means they are stored in a nearly anhydrous form. In contrast, carbohydrates are
more oxidized and are stored with a significant amount of water, reducing their energy content

per unit mass.

For microorganisms, which often face fluctuating nutrient availability, the ability to catabolize
lipids is a significant metabolic advantage. However, harnessing this energy presents a
formidable biochemical challenge rooted in the very property that makes lipids excellent for
storage: their insolubility in water. Microbes exist in aqueous environments, and the
hydrophobic nature of lipids prevents their direct diffusion across the cell membrane, a
mechanism available for soluble substrates like sugars. This physical barrier necessitates the
evolution of a sophisticated, multi-stage strategy for lipid catabolism. Before the central
intracellular metabolic pathways can commence, microbes must first execute a series of
extracellular and membrane-associated processes to capture, solubilize, and transport these
recalcitrant molecules into the cell. Consequently, the study of lipid catabolism in microbes is
a compelling example of how cellular physiology and enzymatic machinery adapt to the physical
properties of a substrate. Furthermore, the pathways for lipid degradation are often tightly
regulated and typically induced only in the absence of more readily metabolized carbon sources

like glucose, a phenomenon known as catabolite repression.

This chapter will explore the complete journey of a fatty acid from the extracellular
environment to its complete oxidation within the microbial cell. We will examine the enzymatic
machinery for extracellular digestion and solubilization, the specialized protein systems for
transport across the complex bacterial cell envelope, and the core intracellular pathway of beta-
oxidation. We will also investigate the specialized enzymes required to process atypical fatty
acids and calculate the substantial energy yield from this process. Finally, we will delve into the
elegant regulatory networks that control these pathways, ensuring that lipid catabolism is

activated only when it is most advantageous for the cell.
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3.2 Mobilization and Cellular Uptake of Fatty Acids

The initial phase of lipid catabolism occurs outside the cytoplasm and involves a coordinated
sequence of enzymatic digestion, solubilization, and transport across the cell envelope. This
process is essential to convert large, insoluble lipid aggregates into individual fatty acid

molecules that are activated for intracellular degradation.
3.2.1 Extracellular Digestion: The Role of Microbial Lipases

Many microbes that utilize lipids as a carbon source secrete extracellular enzymes called
lipases. These enzymes are hydrolases that act at the lipid-water interface, catalyzing the
cleavage of ester bonds in triacylglycerols to release free fatty acids and glycerol. The glycerol
component is a water-soluble, three-carbon molecule that can be readily transported into the
cell, phosphorylated by glycerol kinase, and funneled into the central glycolytic pathway as
dihydroxyacetone phosphate or glyceraldehyde-3-phosphate. The free fatty acids, however,
remain insoluble and require further processing. The production of these extracellular lipases
is often an inducible process, synthesized and secreted by the microbe primarily when lipids

are the main or only available carbon and energy source.
3.2.2 Solubilization: The Action of Biosurfactants

To overcome the insolubility of free fatty acids and increase their bioavailability, many
microorganisms produce and secrete biosurfactants. These are amphipathic molecules with
both a hydrophilic (water-soluble) and a hydrophobic (lipid-soluble) moiety. This dual nature
allows them to accumulate at interfaces between immiscible fluids, such as oil and water,

reducing surface and interfacial tension.

By reducing these tensions, biosurfactants break down large lipid droplets into microscopic
micelles, a process known as emulsification. This dramatically increases the surface area of the
lipid substrate, making it much more accessible to the action of extracellular lipases. Common

classes of microbial biosurfactants include:

e Glycolipids: These molecules have a carbohydrate as the polar head group and long-
chain aliphatic acids or hydroxyaliphatic acids as the nonpolar tail. A well-studied
example is the rhamnolipids produced by Pseudomonas aeruginosa, which are highly

effective in emulsifying hydrocarbons and oils.
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o Lipopeptides and Lipoproteins: These consist of a polypeptide chain linked to a
fatty acid. Surfactin, produced by Bacillus subtilis, is one of the most powerful
biosurfactants known and is a cyclic lipopeptide composed of seven amino acids linked

to a C14 hydroxy fatty acid.

The emulsified fatty acids, contained within micelles, can then be efficiently transported to the

cell surface for uptake.
3.2.3 Transport Across the Cell Envelope

The transport of long-chain fatty acids (LCFAs) into the cytoplasm is a multi-step process,
particularly in Gram-negative bacteria like Escherichia coli, which possess both an outer and

an inner membrane.

e Outer Membrane Transport: The passage of LCFAs across the outer membrane is not a
simple diffusion process but is mediated by a specific transporter protein, FadL. FadL is a
transmembrane protein that forms a -barrel structure, creating a channel through the
outer membrane. The channel is not constitutively open; it is blocked on its periplasmic
side by an N-terminal sequence known as the "hatch domain." The exterior of the protein
features two loops that form a hydrophobic groove, which serves as a low-affinity binding
site for LCFAs. The binding of a fatty acid to this site is thought to induce a conformational
change in the protein, causing the hatch domain to open and allowing the fatty acid to move

into the periplasmic space.

o Inner Membrane Transport and Activation: Once in the periplasm, the fatty acid must
cross the inner cytoplasmic membrane. This step is tightly coupled with the first
intracellular reaction: activation. The enzyme responsible for activation, fatty acyl-CoA
synthetase (FadD), is an inner membrane-associated protein. This strategic localization
ensures that as soon as a fatty acid traverses the inner membrane, it is immediately
esterified to coenzyme A. This coupling of transport and activation forms a highly efficient
vectorial process. The product, a fatty acyl-CoA, is a large, negatively charged molecule
that is metabolically active but membrane-impermeant. It is therefore trapped within the
cytoplasm, preventing its efflux. This immediate conversion maintains a steep
concentration gradient of free fatty acids across the inner membrane, continuously driving

their uptake from the periplasm.
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Figure 19. Schematic overview of FadR control of fatty acid metabolism in
E.coli. The proteins playing a role in fatty acid import and activation are coloured blue.
FadR is coloured blue. Positively regulated genes are coloured green and negatively
controlled ones yellow.

3.2.4 Activation: The Acyl-CoA Synthetase Reaction

Before a fatty acid can be catabolized, its carboxyl group must be activated. This is
accomplished by the enzyme acyl-CoA synthetase (also known as fatty acid thiokinase or FadD
in E. coli), which catalyzes the formation of a high-energy thioester bond between the fatty acid

and coenzyme A.
The reaction proceeds in two steps via a high-energy acyl-adenylate intermediate:

1. The carboxylate oxygen of the fatty acid attacks the a-phosphate of ATP, displacing
pyrophosphate (PPi) and forming an acyl-adenylate mixed anhydride
(R-COO-+ATP«<~R-CO-AMP+PPi).

2. The thiol group of coenzyme A attacks the acyl-adenylate, displacing AMP and forming
the fatty acyl-CoA thioester (R—-CO-AMP+CoASH«+—R-CO-SCoA+AMP).

The overall reaction is: R—-COO—-+ATP+CoASH—R-CO-SCoA+AMP+PPi
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While the cleavage of one phosphoanhydride bond in ATP makes this reaction only slightly
favorable, the process is driven strongly forward by the subsequent, rapid hydrolysis of the
pyrophosphate product (PPi) into two molecules of inorganic phosphate (Pi) by the enzyme
inorganic pyrophosphatase. PPi+ H20—2Pi (AGo’~-33.6 kJ/mol)

The removal of a product pulls the equilibrium of the synthetase reaction far to the right.
Consequently, the activation of a fatty acid effectively consumes two high-energy phosphate
bonds, representing an initial investment of 2 ATP equivalents that ensures the process is

essentially irreversible within the cell.
3.3 The Central Pathway: The Beta-Oxidation Spiral

Once activated to its acyl-CoA derivative in the cytoplasm, the fatty acid is ready for catabolism.
The central pathway for fatty acid degradation in most microbes is beta-oxidation (f-
oxidation). This process occurs in the cytosol of prokaryotes and within the mitochondria of
eukaryotes. The name derives from the fact that the oxidation occurs at the B-carbon (C-3) of
the fatty acyl chain. 3-oxidation is a cyclic process, often called a spiral, in which the fatty acid

is shortened by two carbons in each turn, releasing acetyl-CoA, NADH, and FADH2.

The overall strategy involves a recurring sequence of four reactions that is chemically analogous
to the conversion of succinate to oxaloacetate in the tricarboxylic acid (TCA) cycle: an oxidation
(dehydrogenation), a hydration, a second oxidation (dehydrogenation), and finally a thiolytic

cleavage.

Table 3. Enzymes and Reactions of the Beta-Oxidation Pathway.

Step| Reaction Name Enzyme Name Substrate Product(s) Coenzyme(s)

1 |Dehydrogenation| Acyl-CoA Dehydrogenase | Fatty Acyl-CoA | trans-A2-Enoyl-CoA | FAD — FADH2

trans-A2-Enoyl-

2 Hydration Enoyl-CoA Hydratase ol L-B-Hydroxyacyl-CoA H20
)
L-B-Hydroxyacyl-CoA  |L-B-Hydroxyacyl- NAD* — NADH
3 |Dehydrogenation b-Hydroxyacy b-Hydroxyacy B-Ketoacyl-CoA
Dehydrogenase CoA +H*

L ) ) Acetyl-CoA + Acyl-
4 Thiolysis B-Ketothiolase (Thiolase) | p-Ketoacyl-CoA CoA (0-2) CoASH
0A (n-
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3.3.1 Step 1: Dehydrogenation by Acyl-CoA Dehydrogenase

The first step of the B-oxidation cycle is the oxidation of the fatty acyl-CoA to create a double
bond between the a- and B-carbons (C-2 and C-3). This reaction is catalyzed by acyl-CoA
dehydrogenase, an enzyme that contains a tightly, but non-covalently, bound flavin adenine
dinucleotide (FAD) prosthetic group. The enzyme removes one hydrogen from the a-carbon
and one from the 3-carbon, forming a trans-A2-enoyl-CoA and reducing FAD to FADH2. In
bacteria, there are often multiple acyl-CoA dehydrogenases with specificities for fatty acids of
different chain lengths (short, medium, and long).! The electrons from the resulting FADH2
are subsequently passed to the electron transport chain, typically via an intermediary protein

called Electron Transfer Flavoprotein (ETF), contributing to ATP synthesis.
3.3.2 Step 2: Hydration by Enoyl-CoA Hydratase

The double bond created in the first step is hydrated in a stereospecific reaction catalyzed by
enoyl-CoA hydratase (also known as crotonase). A molecule of water is added across the double
bond, with a hydroxyl group (—OH) placed on the B-carbon and a hydrogen atom on the a-
carbon. The product of this reaction is specifically the L-isomer of -hydroxyacyl-CoA.

3.3.3 Step 3: Dehydrogenation by L-pB-Hydroxyacyl-CoA Dehydrogenase

The hydroxyl group on the B-carbon is now oxidized to a keto group. This second
dehydrogenation is catalyzed by L-B-hydroxyacyl-CoA dehydrogenase, which is specific for the
L-stereoisomer of its substrate. In this reaction, nicotinamide adenine dinucleotide (NAD™)
serves as the electron acceptor, being reduced to NADH + H*. The product is 3-ketoacyl-CoA.
The NADH generated can then be reoxidized by the electron transport chain to produce ATP.

3.3.4 Step 4: Thiolytic Cleavage by Thiolase

The final step of the cycle is the cleavage of the B-ketoacyl-CoA by a second molecule of
coenzyme A. This reaction, catalyzed by [-ketothiolase (or simply thiolase), is a thiolysis—a
cleavage by a thiol group. The reaction is effectively a reverse Claisen condensation. The thiol
group of CoASH attacks the p-keto carbon, breaking the a-f bond. This releases the first two
carbons of the original fatty acid chain as acetyl-CoA and generates a new fatty acyl-CoA that is
two carbons shorter. This shortened acyl-CoA is now the substrate for the next round of the -
oxidation spiral, and the cycle repeats until the entire fatty acid chain is converted into acetyl-
CoA units.
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Figure 20. Palmitate degradation to acetyl-CoA through b-oxidation. 1, acyl-CoA
synthetase; 2, fatty acyl-CoA dehydrogenase; 3, 3- hydroxyacyl-CoA hydrolase; 4, 3-
hydroxyacylCoA dehydrogenase; 5, acetyl-CoA acetyltransferase.

3.3.5 Energetics of Fatty Acid Oxidation: The Example of Palmitate (C16)

The primary metabolic purpose of f-oxidation is the efficient generation of ATP. To illustrate
this, we can calculate the net ATP yield from the complete oxidation of one molecule of palmitic
acid (Ci6H3202), a common saturated 16-carbon fatty acid. The calculation assumes that all
resulting acetyl-CoA is completely oxidized to CO2 via the TCA cycle and that the reduced
coenzymes (NADH and FADH?2) are reoxidized by the electron transport chain. We will use the
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modern, accepted P/O ratios, where the oxidation of one molecule of NADH yields

approximately 2.5 ATP, and one molecule of FADH2 yields approximately 1.5 ATP.

1. Activation Cost: The initial activation of palmitate to palmitoyl-CoA consumes two high-
energy phosphate bonds (ATP is hydrolyzed to AMP and PPi). Cost = -2 ATP

2. B-Oxidation Cycles: The degradation of a 16-carbon fatty acid requires 7 cycles of f-
oxidation. The final cycle cleaves a 4-carbon acyl-CoA into two molecules of acetyl-CoA.
Number of cycles = (n/2)-1=(16/2)-1=7 cycles.

3. Products from 7 Cycles of B-Oxidation:
o 7 molecules of FADH2
o 7 molecules of NADH
o 8 molecules of Acetyl-CoA

4. ATP Generation from f3-Oxidation Coenzymes:
o From 7 FADH2: 7x1.5 ATP=10.5 ATP
o From 7 NADH: 7x2.5 ATP=17.5 ATP
o Subtotal from f-oxidation = 28 ATP

5. ATP Generation from Acetyl-CoA via the TCA Cycle: Each of the 8 acetyl-CoA
molecules enters the TCA cycle. Per cycle, the oxidation of one acetyl-CoA yields: 3 NADH,
1 FADH2, and 1 GTP (which is equivalent to 1 ATP).

o From 8 Acetyl-CoA:

= 8x3 NADH=24 NADH
= 8x1FADH2=8 FADH2
= 8x1 GTP=8 ATP

o ATP from these products:

»  From 24 NADH: 24x2.5 ATP=60 ATP
» From 8 FADH2: 8x1.5 ATP=12 ATP
» From 8 GTP: 8x1 ATP=8 ATP

o Subtotal from TCA cycle = 80 ATP

6. Total and Net ATP Yield:
o Total Gross ATP = (ATP from [-oxidation) + (ATP from TCA cycle)
o Total Gross ATP = 28 ATP + 80 ATP = 108 ATP
o Net ATP = Total Gross ATP - Activation Cost
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o Net ATP Yield = 108 ATP - 2 ATP = 106 ATP

The complete oxidation of a single molecule of palmitic acid yields a net total of 106 ATP
molecules. This substantial energy return underscores why fatty acids are such an efficient fuel
storage molecule for microorganisms. It is important to note that older textbooks may use
integer P/O ratios (3 for NADH, 2 for FADH2), which would result in a higher calculated total
(129 ATP). The values of 2.5 and 1.5 are based on more precise modern measurements of

proton translocation and ATP synthase stoichiometry.
3.4 Catabolism of Non-Standard Fatty Acids

While p-oxidation is highly efficient for saturated, even-chain fatty acids, microbial diets are
diverse and often include unsaturated and odd-chain fatty acids, which are common in plants
and marine organisms. To metabolize these substrates, microbes employ a set of auxiliary
enzymes that modify the "non-standard" intermediates into forms that can re-enter the main
B-oxidation pathway. This metabolic strategy demonstrates remarkable efficiency, expanding
the cell's substrate range by adding a few specialized enzymes rather than evolving entirely new

catabolic pathways.
3.4.1 Oxidation of Unsaturated Fatty Acids

Naturally occurring unsaturated fatty acids typically have their double bonds in the cis

configuration. This presents two potential problems for the f-oxidation machinery:

1. The cis double bond is not a substrate for enoyl-CoA hydratase, which acts only on trans
double bonds.

2. The position of the double bond may prevent the formation of the required A2 double bond
by acyl-CoA dehydrogenase.

Microbes solve these problems using one or two additional enzymes:

o For Monounsaturated Fatty Acids: Consider the oxidation of oleic acid (18:1, cis-A9).
B-oxidation proceeds normally for three cycles, yielding three molecules of acetyl-CoA. The
remaining intermediate is a 12-carbon acyl-CoA with a cis-A3 double bond. This cannot be
processed further. The enzyme enoyl-CoA isomerase catalyzes the isomerization of this cis-
A3 double bond to a trans-A2 double bond. This product is a normal substrate for enoyl-

CoA hydratase (Step 2 of B-oxidation), allowing the cycle to continue. However, because a
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double bond was already present, the first dehydrogenation step (catalyzed by acyl-CoA
dehydrogenase) is bypassed for this specific cycle, resulting in the production of one less
FADH2.

o For Polyunsaturated Fatty Acids: The degradation of fatty acids with multiple double
bonds, like linoleic acid (18:2, cis,cis-A9,A12), requires an additional enzyme. After several
rounds of B-oxidation and one action by enoyl-CoA isomerase, an intermediate with a
conjugated double bond system (trans-A2, cis-A#4) is formed. This is a poor substrate for
enoyl-CoA hydratase. The enzyme 2,4-dienoyl-CoA reductase uses NADPH as a reductant
to reduce this conjugated system into a single trans-A3 double bond. This product can then
be acted upon by enoyl-CoA isomerase to form the trans-A2 intermediate, which re-enters

the main pathway.
3.4.2 Oxidation of Odd-Chain Fatty Acids

When fatty acids with an odd number of carbons undergo p-oxidation, the final thiolysis step
yields one molecule of acetyl-CoA (two carbons) and one molecule of propionyl-CoA (three
carbons). While acetyl-CoA can directly enter the TCA cycle, propionyl-CoA requires a
separate, three-step pathway to be converted into a usable intermediate. This pathway funnels

the three-carbon unit into the TCA cycle in the form of succinyl-CoA.1
The three enzymatic reactions are:

1. Carboxylation: Propionyl-CoA carboxylase, an enzyme that requires a biotin
prosthetic group and ATP, catalyzes the carboxylation of propionyl-CoA to form D-
methylmalonyl-CoA. This mechanism is analogous to other biotin-dependent

carboxylations, such as that catalyzed by pyruvate carboxylase.!

2. Epimerization: Methylmalonyl-CoA epimerase (or racemase) catalyzes the
stereochemical inversion of D-methylmalonyl-CoA to its L-isomer, L-methylmalonyl-
CoA.l

3. Rearrangement: Methylmalonyl-CoA mutase catalyzes a remarkable
intramolecular rearrangement, converting the linear carbon skeleton of L-
methylmalonyl-CoA into the succinyl group of succinyl-CoA. This complex reaction
requires a coenzyme derived from vitamin Bi2 (cobalamin), which facilitates the

migration of the —CO-SCoA group.!
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The resulting succinyl-CoA is a direct intermediate of the TCA cycle and can be further
metabolized. This pathway is a crucial link between the catabolism of odd-chain fatty acids,

certain amino acids (valine, isoleucine, methionine), and central carbon metabolism.!!
3.5 Alternative Oxidation Pathways and Regulation

In addition to the primary [-oxidation pathway and its adaptations, microbes possess other,
more specialized pathways for fatty acid catabolism. These alternative routes, along with
sophisticated regulatory networks, provide metabolic flexibility and ensure that lipid

degradation is tightly controlled in response to cellular needs and environmental conditions.
3.5.1 Alpha-Oxidation

Alpha-oxidation (a-oxidation) is a catabolic pathway that removes a single carbon atom from
the carboxyl end of a fatty acid. This pathway is particularly important for the degradation of
B-methyl branched-chain fatty acids, such as phytanic acid, a breakdown product of chlorophyll
found in the diets of ruminants. The methyl group at the B-carbon physically blocks the
formation of a keto group by L-p-hydroxyacyl-CoA dehydrogenase, thereby inhibiting standard

B-oxidation.
The a-oxidation pathway circumvents this block by:
1. Hydroxylating the a-carbon of the fatty acid, catalyzed by a specific hydroxylase.

2. Oxidatively decarboxylating the original carboxyl group as CO2. The resulting fatty acid
is now one carbon shorter, and the problematic methyl group is located on the new a-
carbon, no longer obstructing the B-carbon. This shortened fatty acid can then be

activated to its CoA ester and degraded via the standard f-oxidation pathway.
3.5.2 Omega-Oxidation

Omega-oxidation (w-oxidation) is a minor catabolic pathway that initiates degradation from
the methyl end (the w-carbon) of the fatty acid chain, which is the carbon most distant from the
carboxyl group. This process typically occurs in the endoplasmic reticulum of eukaryotes but

has been observed in bacteria like Bacillus megaterium.

The pathway begins with the hydroxylation of the w-carbon by a mixed-function

monooxygenase system, often involving a cytochrome P-450 enzyme, which requires O2 and
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NADPH. The resulting w-hydroxy fatty acid is then further oxidized, first to an aldehyde and
then to a carboxylic acid, creating a dicarboxylic acid. This molecule, having carboxyl groups at
both ends, can be activated to a CoA ester at either end and subsequently degraded via f3-
oxidation from one or both sides, typically yielding shorter dicarboxylic acids like succinic acid

and adipic acid.
3.5.3 Regulation of Fatty Acid Degradation in E. coli

The expression of the genes involved in fatty acid degradation (fad genes) in E. coli is a classic
example of microbial metabolic regulation. It is controlled by a sophisticated network that
responds to the availability of fatty acids, the presence of preferred carbon sources, and oxygen

levels.

The central player in this network is the FadR protein, a global transcriptional regulator that
functions as both a repressor and an activator. The regulatory logic ensures that the opposing

pathways of fatty acid degradation and synthesis are reciprocally controlled.

o In the Absence of Fatty Acids: FadR binds to specific operator sequences in the
promoter regions of the fad genes (e.g., fadL, fadD, fadBA), physically blocking
transcription and thus repressing the degradation pathway. Simultaneously, FadR binds
to the promoter of the fab genes (fatty acid biosynthesis) and activates their
transcription. This is the default state, favoring synthesis and storage when external

fatty acids are not available.

o Inthe Presence of Fatty Acids: The true inducer of the fad system is not the external
fatty acid itself, but rather the first committed intracellular intermediate: long-chain
fatty acyl-CoA. When fatty acids are transported into the cell and activated by FadD, the
resulting fatty acyl-CoA molecules bind to FadR. This binding causes a conformational

change in the FadR protein, leading to its dissociation from all its DNA binding sites.
The consequences of FadR dissociation are twofold and perfectly logical:

1. Repression of the fad genes is lifted, allowing for the synthesis of the transport and

degradation enzymes.

2. Activation of the fab genes ceases, shutting down fatty acid biosynthesis.
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This elegant mechanism prevents a futile cycle of simultaneous synthesis and degradation. The
use of the activated intermediate as the inducer ensures that the cell commits to the
energetically expensive process of synthesizing degradative enzymes only after it has

successfully imported and trapped the substrate, making the system robust and efficient.
This primary control by FadR is integrated with other global regulatory networks:

o Catabolite Repression: The fad operons are also subject to positive control by the
cAMP-CRP complex. This ensures that even if fatty acids are present, the degradation
pathway is not highly expressed if a preferred carbon source like glucose is also

available.

o Anaerobic Repression: Under anoxic conditions, the ArcA/B two-component system
represses the fad genes, as f-oxidation is an aerobic process that feeds into the electron

transport chain.
3.6 Microbial Specificity and Lipid Diversity

The catabolic pathways described thus far represent the core machinery for processing common
fatty acids. However, the microbial world is characterized by an immense diversity of lipid
structures, many of which are unique to specific lineages and adapted to particular
environmental niches. The existence of these unique lipids implies the co-evolution of
specialized catabolic or remodeling enzymes capable of handling their distinct chemical
features. The ability to degrade a specific type of lipid can define an organism's ecological niche,

while the synthesis of a unique membrane lipid can define its resilience.

o Cyclopropane Fatty Acids (CFAs): Many bacteria, including E. coli, modify their
membrane phospholipids by converting cis double bonds into cyclopropane rings,
particularly as cultures enter stationary phase. This structural change is thought to
increase membrane stability. The degradation of these CFAs would necessitate enzymes
capable of cleaving the strained, chemically stable cyclopropane ring, a task distinct

from standard f-oxidation.

e Archaeal Ether Lipids: Archaea, especially those living in extreme environments,
possess membranes constructed from lipids with isoprenoid chains linked to a glycerol-
1-phosphate backbone via ether bonds, not the ester bonds found in bacteria and

eukaryotes. The ether linkage (C—0-C) is significantly more resistant to chemical
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hydrolysis (e.g., by heat or extreme pH) than the ester linkage (C—O-C=0). To
catabolize their own membrane lipids for recycling or to utilize lipids from other
archaea, these organisms must possess specialized etherase enzymes capable of cleaving
this robust bond. This requirement represents a major divergence from bacterial lipid
catabolism and creates a distinct metabolic niche; an organism lacking etherases cannot

derive energy from archaeal biomass.

o Plasmalogens in Anaerobes: Many anaerobic bacteria synthesize plasmalogens, a
class of glycerophospholipids containing a vinyl-ether bond (C—O-CH=CH-) at the
sn-1 position. This linkage provides distinct biophysical properties to the membrane,
potentially increasing its rigidity and resistance to oxidative stress. The catabolism of
plasmalogens would require a specific set of enzymes to hydrolyze the vinyl-ether bond

before the resulting long-chain aldehyde and fatty acid could be further metabolized.

The study of lipid catabolism, therefore, extends beyond energy metabolism. It provides a lens
through which to view microbial evolution, adaptation, and ecology, revealing how the anabolic
pathways that create unique structural lipids are mirrored by the catabolic pathways required

to break them down.
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Chapter 3 Summary

Lipid Catabolism in Microbes
e Lipids — highly reduced, hydrophobic, major energy reserves.
e Yield —~2x more ATP per carbon than carbohydrates.
Mobilization & Uptake
e Extracellular lipases — hydrolyze triglycerides = glycerol + fatty acids.
e Biosurfactants/emulsification — solubilize hydrophobic substrates.
e Transport — proteins (e.g., FadL) move fatty acids across membranes.
Activation & B-Oxidation
e Fatty acids = acyl-CoA (requires ATP).
e B-oxidation cycle — sequential removal of 2-C units as acetyl-CoA.
e Products per cycle — 1 NADH + 1 FADH, + 1 acetyl-CoA.
e Palmitate (C16) - 8 acetyl-CoA, 7 NADH, 7 FADH, - ~106 ATP.
Special Cases
e Unsaturated fatty acids — require isomerases & reductases.
e 0dd-chain fatty acids — last 3-C unit (propionyl-CoA) = succinyl-CoA.
e Alternative routes — o-oxidation, w-oxidation.
Regulation
e Controlled by FadR in E. coli.
e Catabolite repression — glucose preferred.
e Oxygen levels —influence pathway choice.
Microbial Diversity
e Aerobic vs. anaerobic B-oxidation.
e Adaptations — branched, cyclic, or archaeal ether lipids.
e Reflects ecological niches and metabolic flexibility.
Ecological Significance
e Lipid degradation — critical for carbon cycling.
e Supports survival in nutrient-limited environments.
e e Energy-dense reserves for growth, sporulation, and stress adaptation.
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Chapter 4: Protein and

Amino Acid Catabolism in

Microbes

‘ Learning Objectives: Upon successful completion of this chapter, you will be able to:

Understand the general principles of protein degradation, including the roles of

extracellular proteases and mechanisms of intracellular protein turnover.

o Describe the various mechanisms of amino acid deamination and transamination, and
the subsequent fate of their carbon skeletons in bacteria.

o Explore specific bacterial pathways for amino acid fermentation, such as the Stickland

reaction, glutamate degradation, and branched-chain amino acid degradation.
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4.1 General Principles of Protein Degradation

In all living organisms, proteins are fundamental macromolecules that fulfill a vast array of
structural, catalytic, and regulatory functions. Consequently, the degradation of proteins is a
tightly regulated and essential process for cellular survival. This process is crucial for nutrient
acquisition, the removal of damaged or misfolded proteins, and the rapid adaptation to
fluctuating environmental conditions. In microorganisms, protein degradation is a dual-
component process occurring both outside and inside the cell, each with distinct mechanisms

and purposes.
4.1.1 The Dual Imperative: Extracellular Hydrolysis and Intracellular Turnover

Microorganisms are characterized by their remarkable metabolic versatility and their ability to
thrive in a wide range of ecological niches. This adaptability requires a sophisticated system for
managing nitrogen and carbon sources, of which proteins are a major component. The
existence of both extracellular proteases and intracellular protein turnover mechanisms reflects
a key adaptive strategy: the efficient acquisition of nutrients from the external environment and

the precise maintenance of intracellular protein quality and quantity.
4.1.1.1 Extracellular Proteases: A Strategy for Nutrient Acquisition

Microbes often inhabit environments rich in complex organic matter, such as soil, aquatic
sediments, or living host tissues. In these settings, proteins are a primary source of carbon,
nitrogen, and energy, but their large size prevents them from being directly transported into
the cell. To overcome this physical barrier, many microbes secrete extracellular enzymes,

known as exoenzymes or proteases, into their surroundings.

These secreted enzymes catalyze the hydrolysis of large protein polymers into smaller peptides
and individual amino acids outside the cell. This initial breakdown step is vital for making these
protein-derived nutrients available for cellular uptake. The diversity of these extracellular
proteases is significant, and they are typically classified by their optimal pH and substrate
specificity. For example, the alkaline protease subtilisin, produced by Bacillus licheniformis,
has a broad specificity, hydrolyzing a variety of peptide bonds at an optimal pH between 8 and
11. Other bacteria, such as Bacillus megaterium and Pseudomonas aeruginosa, produce
neutral proteases. The synthesis and secretion of these enzymes are energy-intensive processes,
but the investment is rewarded by the ability of the microbe to access a vast pool of nutrients

that would otherwise be inaccessible. This metabolic capacity is a critical determinant of a
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microbe's ecological success, contributing to nutrient cycling in ecosystems by breaking down
dead biomass and making nutrients available to the wider microbial community. In pathogenic
contexts, secreted proteases are often virulence factors that degrade host tissues, facilitating

invasion and nutrient acquisition from the host.
4.1.1.2 Intracellular Protein Turnover: Quality Control and Regulation

Once proteins and peptides are transported into the cell, they are further degraded into free
amino acids by intracellular proteases. This process, termed protein turnover, is a dynamic and
continuous cycle of synthesis and degradation that maintains cellular protein homeostasis.
Unlike the extracellular digestion of dietary proteins, intracellular degradation serves multiple

critical functions:

1. Quality Control: It is the primary mechanism for removing misfolded, damaged, or
aggregated proteins that could be cytotoxic or impair cellular function if allowed to

accumulate.

2. Regulation of Protein Levels: Degradation allows for the rapid adjustment of the
concentration of specific regulatory enzymes or proteins in response to changes in
physiological state or environment. This provides a much faster and more responsive

regulatory mechanism than simply controlling gene expression.

3. Nutrient Recycling: Under conditions of nutrient starvation, intracellular protein
degradation provides a vital internal supply of amino acids that can be reused for the

synthesis of essential new proteins or catabolized for energy.

A key and often counterintuitive aspect of this process is that intracellular protein degradation
is an energy-requiring process, despite being catabolic. This energy expenditure, typically in
the form of ATP, is not used for the peptide bond hydrolysis itself but for the recognition of
specific target proteins, their unfolding, and their translocation into the proteolytic machinery.
This investment of energy is a critical trade-off that ensures the precision and specificity of the
process, preventing the catastrophic, non-specific destruction of essential, functional proteins.
This controlled and targeted degradation is therefore fundamental to a cell's viability and its

ability to adapt to stress.
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4.1.2 Mechanisms of Intracellular Proteolysis in Bacteria

Bacterial cells have evolved sophisticated and diverse systems to perform this essential

intracellular proteolysis. While a full exploration of these systems is extensive, two major

categories stand out: the ATP-dependent proteases and, in certain species, a dedicated

proteasome system.

4.1.2.1 ATP-Dependent Proteases: The Lon and Clp Families

The majority of intracellular proteolysis in bacteria is performed by a dedicated group of ATP-

dependent proteases that belong to the large AAA+ (ATPases Associated with various cellular

Activities) protein superfamily. The two most prominent families are the Lon and Clp proteases.

Lon Protease: This enzyme acts as a global regulator, controlling a wide range of vital
cellular processes, including DNA replication and repair, stress response, and the
formation of biofilms. The Lon protease consists of three main domains: an N-terminal
domain for oligomerization and substrate recognition, a hexameric AAA+ domain
responsible for ATP binding and the mechanical unfolding of the substrate protein, and
a C-terminal serine protease domain that cleaves the protein. Lon is particularly critical
for a microbe's ability to cope with environmental stresses, such as oxidative, cold,
acidicc and osmotic stress, as has been shown in pathogens like

Salmonella Typhimurium and E. coli.

Clp Protease Family: The Clp family, which includes complexes such as CIpAP and
ClpXP, is estimated to be responsible for approximately 80% of intracellular proteolysis
in bacteria, often working in conjunction with the Lon family. The core of the Clp system
is the ClpP peptidase, a serine protease that forms a barrel-like structure. This peptidase
associates with various ATPase chaperone subunits (e.g., ClpA, ClpX) that are essential
for substrate recognition and unfolding. The function of these proteases is regulated by
adapter proteins that participate in recognizing and delivering specific substrate
proteins to the proteolytic machinery. Beyond its role in quality control, the Clp system
is also a significant factor in the virulence of Gram-positive pathogens, including
Staphylococcus aureus and Listeria monocytogenes. A deeper understanding of these
systems has revealed that they serve a function functionally analogous to the ubiquitin-
proteasome system in eukaryotes, where specific proteins are tagged for degradation by

a complex, ATP-driven machine. The energy-dependent nature of these bacterial
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proteases, which requires ATP to unfold and thread substrates, highlights a general
evolutionary principle: the need for a precise, regulated, and targeted destruction of
cellular proteins to maintain homeostasis, rather than a random process that could lead
to widespread cellular damage. This understanding also has direct biomedical
relevance, as the Clp system's role in virulence makes it an attractive target for

developing novel antimicrobial agents.
4.1.2.2 The Bacterial Proteasome System in Select Species

While the Lon and Clp families are widespread, some bacterial species, particularly those in the
orders Actinomycetales and Nitrospirales, possess a distinct protein degradation system known
as the bacterial proteasome. This system is structurally conserved, featuring a hollow,
cylindrical core particle (CP) composed of stacked homo-heptameric rings. Similar systems are
found ubiquitously in eukaryotes and archaea, indicating a shared evolutionary history. The
functions of these bacterial proteasomes are as diverse as the species that use them, suggesting
roles in protein quality control and the general regulation of cellular physiology. The presence
of these alternative proteolytic systems in different bacterial lineages underscores the metabolic

and evolutionary diversity within the prokaryotic domain.

Table 4. Summary of Key Bacterial Intracellular Proteolytic Systems

Protease Family depiggénce Primary Cellular Role Key Structural Features Example Organisms
Global regulation, stress Hexameric complex with N-
Lon Protease | Yes (AAA+ res onsge virulénce terminal, AAA+, and C- E. coli, Salmonella
(LonA) ATPase) PORSe, ’ terminal serine protease Typhimurium
quality control )
domains
Major <':e11ular' Core ClpP p.eptlda.se (ser.lne E. coli, Bacillus
Clp Proteases | Yes (AAA+ proteolysis, quality  [protease) paired with various subtilis
(ClpAP, CIpXP)| ATPase) |control, stress response,| ATPase chaperones (ClpA, ’
. Staphylococcus aureus
virulence ClpX)
. . . Structurally conserved core .
Bacterial Yes Protein quality control, . . Actinomycetales,
Proteasome | (generally) | physiological regulation particle with stacked homo- Nitrospirales
5 y) | Py & & heptameric rings P

4.2 Removal of Amino Acid Nitrogen: Deamination and Transamination

Amino acids serve as building blocks for proteins and are also a critical source of carbon,
nitrogen, and energy for microorganisms. To utilize amino acids for catabolic purposes, the
amino group must be removed, typically through transamination or deamination. The

remaining carbon skeletons can then be channeled into central metabolic pathways.
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4.2.1 The Central Role of Transamination

Transamination is the most widespread and reversible method for removing nitrogen from
amino acids. This reaction, catalyzed by enzymes known as transaminases (or
aminotransferases), involves the transfer of an a-amino group from an amino acid to an a-keto
acid, most commonly a-ketoglutarate. This results in the formation of a new amino acid
(glutamate) and a new a-keto acid, which is the carbon skeleton of the original amino acid. This
process is a crucial hub for metabolic flexibility, allowing microbes to efficiently redistribute
nitrogen and carbon between amino acid and central metabolic pathways as dictated by the

cell’s needs.
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| | | |
- + = — = + -
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CH, CH, CHy CH,
| I
i i
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Alanine w-Ketoglutarate Pyruvate Glutamate

Figure 21. An Example of Transamination. The a-amino group (blue) of alanine is
transferred to the acceptor a-ketoglutarate, forming pyruvate and glutamate. The pyruvate
can be fermented, catabolized in the tricarboxylic acid cycle, or used in biosynthesis.

4.2.1.1 The Ping-Pong Mechanism and the Role of Pyridoxal Phosphate (PLP)

Transaminases require the essential coenzyme pyridoxal 5’-phosphate (PLP), a derivative of
vitamin B6, for their catalytic activity.! The transamination reaction proceeds via a
sophisticated "ping-pong" mechanism involving the sequential binding and release of

substrates and products.
The mechanism unfolds in two key stages:

1. Amino Group Transfer (Ping): The reaction begins with the PLP cofactor bound to
the enzyme's active site via a Schiff base linkage to a lysine residue, a state known as the
internal aldimine. The amino acid substrate enters the active site and performs a
nucleophilic attack on the PLP, displacing the lysine to form a new Schiff base with the
amino acid, creating an external aldimine.” This external aldimine is then deprotonated,
leading to the formation of a highly reactive quinonoid intermediate, which is stabilized

by the PLP cofactor acting as an electron sink. The quinonoid intermediate rearranges
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to form a ketimine, which is subsequently hydrolyzed to release the a-keto acid product
and convert the PLP cofactor into pyridoxamine-5’-phosphate (PMP). The enzyme is

now "loaded" with the amino group.

2. Amino Group Regeneration (Pong): In the second half of the reaction, a new a-
keto acid, typically a-ketoglutarate, binds to the enzyme. The amino group is
transferred from the PMP cofactor back to the a-keto acid, converting the PMP back to
PLP and forming a new amino acid, glutamate. The enzyme is then ready for another

catalytic cycle.

The reliance on the PLP cofactor and the intricate ping-pong mechanism is not merely a
descriptive detail but a fundamental aspect of the enzyme's chemical sophistication. PLP's
ability to stabilize reactive intermediates, particularly the quinonoid structure, lowers the
activation energy of the reaction and makes the process of nitrogen transfer chemically feasible
and efficient. The sequential nature of the ping-pong mechanism also prevents the two amino
acids and two keto acids from reacting uncontrollably in the active site, ensuring a specific and

regulated metabolic outcome.
4.2.2 Diverse Deamination Pathways

In addition to transamination, microorganisms also utilize various deamination pathways that
result in the net release of ammonia. These pathways are generally more specific to particular

amino acids and can be classified as either oxidative or non-oxidative.
4.2.2.1 Oxidative Deamination: The Case of Glutamate Dehydrogenase

Oxidative deamination directly removes the amino group as ammonia. The most prominent
example is the reaction catalyzed by glutamate dehydrogenase (GDH). This enzyme reversibly
converts glutamate to a-ketoglutarate, releasing ammonia and reducing NAD* or NADP" to
NADH or NADPH.

A closer examination of GDH in bacteria reveals a compelling example of metabolic fine-tuning.
Many bacteria express distinct GDH isoenzymes that exhibit strict specificity for either NAD*
or NADP*. The NAD*-dependent GDH primarily serves a catabolic function. In environments
rich in amino acids, it oxidatively deaminates excess glutamate to generate a-ketoglutarate,
which can then be fed into the TCA cycle for energy production. In contrast, the NADP*-specific

GDH is predominantly anabolic, functioning in the reverse direction to assimilate inorganic
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ammonia by converting a-ketoglutarate into glutamate, which is then used as a nitrogen donor
for the biosynthesis of other cellular components. This metabolic partitioning, where different
coenzyme specificities determine the enzyme's function, allows the cell to use its redox state
(the NAD*/NADH ratio for catabolism and NADP*/NADPH ratio for anabolism) as a direct

signal of its energy and nutritional status, thereby precisely controlling nitrogen flow.
4.2.2.2 Non-Oxidative Deamination: Dehydratases and Desulfhydrases

For certain amino acids, nitrogen is removed without an oxidative step. These non-oxidative

deaminases are often specific to their substrates and do not require a reductant.

o Dehydratases: Enzymes like serine and threonine dehydratase catalyze the removal of
both the amino group and a hydroxyl group. This process releases water and ammonia,

producing pyruvate from serine or 2-ketobutyrate from threonine.

o Desulfhydrases: For sulfur-containing amino acids such as cysteine, enzymes like
cysteine desulfhydrase catalyze the simultaneous removal of the amino group and the

sulfide group. The products are pyruvate, ammonia, and hydrogen sulfide (H2S).

o Lyases: Other enzymes, such as aspartase, deaminate aspartic acid to produce fumarate

and ammonia.

alanine dehydrogenase
alanine + NAD" + H,0 7 pyruvate + NADH + NH;

glutamate dehydrogenase
glutamate + NAD" + H,0 > 2-ketoglutarate + NADH + NH}

serine dehydratase
CH,OH-CHNH,-COOH = CH,;-CO-COOH + NH,4

serine pyruvate

threonine dehydratase
CH,~CHOH-CHNH,-COOH = CH;~CH,CO-COOH + NH,

threonine 2-ketobutyrate
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Figure 22. Diverse Deamination Pathways.

4.3 Metabolic Fates of Amino Acid Carbon Skeletons

Following the removal of the amino group, the remaining carbon skeletons (a-keto acids) are
not simply metabolic waste. They are valuable intermediates that are channeled into central
metabolic pathways for energy generation or biosynthesis. This integration highlights the
central, amphibolic nature of microbial metabolism, where a single pathway can serve both

catabolic and anabolic needs.
4.3.1 Integration into Central Metabolic Pathways: Glycolysis and the TCA Cycle

The carbon skeletons of the 20 standard amino acids enter the central metabolic pathways at
various points. This interconnectedness allows for remarkable flexibility in a microbe's ability

to utilize different nutrients.
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Glycolysis: Amino acids such as alanine, serine, and cysteine are converted to
pyruvate, a key intermediate of glycolysis. This allows their carbons to be used for

glucose synthesis or to be further oxidized in the TCA cycle.

TCA Cycle: A significant number of amino acids directly produce intermediates of the

TCA cycle (also known as the Krebs cycle).
Oxaloacetate is formed from aspartate and asparagine.

a-Ketoglutarate is a product of glutamate, glutamine, proline, arginine, and histidine

catabolism.

Succinyl-CoA is generated from the degradation of methionine, threonine, valine, and

isoleucine.

4.3.2 Glucogenic, Ketogenic, and Amphibolic Roles

The ultimate metabolic fate of the carbon skeletons provides a useful framework for their

classification, which is a key concept for understanding metabolic balance in the cell:

Glucogenic Amino Acids: These amino acids are catabolized to produce pyruvate or
one of the TCA cycle intermediates. These intermediates can then be used in
gluconeogenesis for the net synthesis of glucose. The majority of amino acids fall into

this category.

Ketogenic Amino Acids: The carbon skeletons of these amino acids are degraded to
acetyl-CoA or acetoacetate. These compounds can be used for the synthesis of fatty acids
and ketone bodies, but their carbons cannot be used for the net synthesis of glucose
because the conversion of acetyl-CoA to pyruvate is not a net reaction in most

organisms. Leucine and lysine are the two purely ketogenic amino acids.

Amphibolic Amino Acids: Some amino acids are broken down into products that
have both glucogenic and ketogenic fates. The carbons from these amino acids
contribute to both glucose synthesis and fatty acid synthesis. Examples include

isoleucine, phenylalanine, and tryptophan.

The amphibolic nature of many of these pathways illustrates a fundamental principle of

microbial metabolism: the ability to efficiently direct metabolic flux to meet the cell's immediate
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needs. The TCA cycle, for instance, is not simply a linear catabolic process for energy
generation. It is also a central node from which precursors for biosynthesis are drawn. The
degradation products of amino acids can either be fully oxidized to generate ATP or be
withdrawn from the cycle as necessary to synthesize other essential molecules, thereby

maintaining a dynamic and responsive cellular balance.

Table 5. Entry Points of Amino Acid Carbon Skeletons into Central Metabolic Pathways

. . . Metabolic
Amino Acid Entry Point Classification
Alanine, Cysteine, Glycine, Serine, Threonine Pyruvate Glucogenic
Aspartate, Asparagine Oxaloacetate Glucogenic
gli::?(;lilsze, Glutamine, Proline, Arginine, «-Ketoglutarate Glucogenic
Valine Succinyl-CoA Glucogenic
Methionine, Threonine Succinyl-CoA Glucogenic
Leucine Acetyl-CoA / Acetoacetate Ketogenic
Lysine Acetoacetate / Acetyl-CoA Ketogenic
Isoleucine, Phenylalanine, Tryptophan, Tyrosine SEEGHCRy) A;?ﬁ}iizttzte + Pyruvate / Both

4.4 Specialized Pathways for Anaerobic Amino Acid Catabolism

In environments devoid of oxygen or other suitable electron acceptors, many facultative and
obligate anaerobic bacteria cannot rely on oxidative phosphorylation for energy. These
organisms have evolved unique fermentation pathways to catabolize amino acids, providing a

crucial source of ATP for survival and growth.
4.4.1 The Stickland Reaction: Coupled Fermentation in Proteolytic Clostridia

The Stickland reaction is a specialized form of amino acid fermentation unique to certain
anaerobic bacteria, most notably the proteolytic clostridia species. This pathway allows these
microbes to obtain energy and regenerate their NAD" in strictly anaerobic conditions without

an external electron acceptor.
4.4.1.1 Mechanism and Donor-Acceptor Pairs

The Stickland reaction is characterized by the coupled deamination of two different amino
acids. One amino acid acts as the electron donor, undergoing oxidative deamination, while the

other acts as the electron acceptor, undergoing reductive deamination.
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o Oxidation of the Domor: The electron donor amino acid is first oxidatively
deaminated. The resulting a-keto acid is further oxidized to an acyl-CoA, generating
electrons and releasing a volatile carboxylic acid. ATP is then synthesized from this acyl-

CoA via substrate-level phosphorylation.

o Reduction of the Acceptor: The electrons generated from the oxidation step are
transferred to the electron-acceptor amino acid, which then undergoes reductive

deamination.

Common electron donors include alanine, leucine, isoleucine, and valine, while common
electron acceptors include glycine, proline, and ornithine. For example, in Clostridium
sporogenes, the coupled fermentation of alanine (donor) and glycine (acceptor) yields acetate,
ammonia, and carbon dioxide, with a net gain of ATP.1 This is not just a metabolic curiosity; it
is a highly specialized survival and pathogenic strategy. For instance, in the human gut,
Clostridium difficile, a significant nosocomial pathogen, uses Stickland fermentation to
generate energy, especially after antibiotic treatment disrupts the normal gut microbiota and
increases the availability of amino acids. This demonstrates how a deep understanding of a
specific microbial catabolic pathway can be directly linked to a microbe's capacity for

pathogenesis and its response to environmental pressures like antibiotic therapy.
4.4.2 Fermentation of Specific Amino Acids

While the Stickland reaction is a coupled process, some amino acids can also be fermented

individually through highly specialized, uncoupled pathways.
4.4.2.1 The Methylaspartate and Hydroxyglutarate Pathways for Glutamate

Glutamate, a central amino acid in metabolism, can be anaerobically fermented through two

distinct pathways that both yield acetate, butyrate, carbon dioxide, and ammonia.

o Methylaspartate Pathway: This pathway is used exclusively by certain species of
Clostridia.! Key intermediates include methylaspartate and citramalate. The process
ultimately degrades glutamate to pyruvate, which is then oxidatively decarboxylated to

acetyl-CoA by a pyruvate-ferredoxin oxidoreductase.

o Hydroxyglutarate Pathway: This alternative pathway is utilized by a different set of

bacteria, including Acidaminococcus fermentans and Peptostreptococcus
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asaccharolyticus.! This route involves a 2-hydroxyglutarate dehydrogenase enzyme

and may generate a sodium motive force in some species, in addition to ATP.

The existence of these two completely different pathways for fermenting the same substrate
highlights the remarkable metabolic diversity and evolutionary paths in the microbial world.
Researchers have used carbon-labeling experiments to distinguish between the two pathways,
demonstrating that organisms can arrive at the same metabolic products through unique

enzymatic machinery.
4.4.2.2 Catabolism of Branched-Chain Amino Acids (BCAAs)

Branched-chain amino acids (BCAAs) such as valine, leucine, and isoleucine are essential
nutrients that are catabolized by a variety of bacteria, including Pseudomonas and Bacillus
subtilis. The degradation of these amino acids is of particular interest due to their high

nutritional value and their role in industrial applications.

o Common Initial Steps: The catabolism of all three BCAAs begins with two shared
enzymatic reactions. First, a branched-chain amino acid aminotransferase (BCAT)
catalyzes the transfer of the amino group to a-ketoglutarate, forming a branched-chain
a-keto acid. Second, a branched-chain a-keto acid dehydrogenase (BCKDH) complex,
which is functionally analogous to the pyruvate dehydrogenase complex, catalyzes the

oxidative decarboxylation of the keto acid to yield the corresponding acyl-CoA.

o Divergent Pathways: Following these initial reactions, the pathways diverge. Valine
is ultimately degraded to succinyl-CoA, a purely glucogenic product. Isoleucine yields
both acetyl-CoA and propionyl-CoA, which makes it both glucogenic and ketogenic.
Leucine, in contrast, is degraded to acetyl-CoA and acetoacetate, making it a strictly

ketogenic amino acid.

The detailed understanding of BCAA catabolism in bacteria is a prime example of fundamental
biochemistry being applied to industrial and biotechnological challenges. The knowledge of
these pathways, particularly in organisms like E. coli and Corynebacterium glutamicum, has
allowed for the metabolic engineering of these microbes to overproduce specific amino acids
for use as feed additives, in cosmetics, and in pharmaceuticals. By modifying the expression of
key enzymes or introducing feedback-insensitive variants, scientists can redirect metabolic flux

to create high-value products from simple carbon sources.
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Chapter 4 Summary

Protein

& Amino Acid Catabolism in Microbes

Proteins — major C, N, and energy source.

Degradation — extracellular proteases + intracellular turnover.
Roles — nutrient acquisition, quality control, regulation, recycling.

Protein Degradation

Extracellular proteases — secreted, hydrolyze proteins - peptides + amino acids (e.g.,
subtilisin, neutral proteases).

Intracellular turnover — ATP-dependent, selective removal of damaged/misfolded
proteins, regulatory control, amino acid recycling.

Main systems — Lon protease, Clp proteases (CIpAP, ClpXP), bacterial proteasome
(Actinomycetales).

Amino Acid Deamination & Transamination

Carbon

Transamination — aminotransferases (PLP-dependent); amino group transferred to a-
ketoglutarate - glutamate.

Deamination:

— Oxidative — glutamate dehydrogenase (GDH); releases NHjs, links to TCA cycle.
— Non-oxidative — dehydratases (serine - pyruvate), desulfhydrases (cysteine -
pyruvate + H,S), lyases (aspartase - fumarate).

Skeleton Fates

Entry into central metabolism:

— Pyruvate (alanine, serine, cysteine, glycine, threonine).

— Oxaloacetate (aspartate, asparagine).

— a-Ketoglutarate (glutamate, glutamine, proline, arginine, histidine).

— Succinyl-CoA (valine, methionine, threonine).

Metabolic classification:

— Glucogenic - glucose precursors.

— Ketogenic > acetyl-CoA / acetoacetate (leucine, lysine).

— Amphibolic - both (isoleucine, phenylalanine, tryptophan, tyrosine).

Specialized Fermentation Pathways

Stickland reaction — coupled fermentation of donor + acceptor amino acids; ATP via
substrate-level phosphorylation; key in Clostridia (e.g., C. difficile).

Glutamate fermentation — methylaspartate or hydroxyglutarate pathways - acetate,
butyrate, CO,, NHs.

BCAA catabolism — valine = succinyl-CoA (glucogenic), isoleucine = acetyl-CoA +
propionyl-CoA (both), leucine = acetyl-CoA + acetoacetate (ketogenic).

Ecological & Biomedical Relevance

Protein degradation — nutrient cycling in soil, sediments, host tissues.
Amino acid fermentation — survival in anaerobic niches (gut, sediments).
Proteases (Lon, Clp) — stress response, virulence, antimicrobial targets.
Biotechnology — amino acid overproduction, industrial
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Chapter 5: Nucleic Acid

Catabolism and Nucleotide

Salvage in Microbes

‘ Learning Objectives: Upon successful completion of this chapter, you will be able to:
o Identify the main roles of nucleotides in microbial metabolism.
o Describe how nucleic acids are broken down into nucleotides and bases.
o Summarize the key steps in purine and pyrimidine catabolism.
o Explain how salvage pathways recycle nucleotides to save energy.
o Recognize the link between nucleotide metabolism, nitrogen balance, and central

metabolism.

85



Microbial Biochemistry

5.1 Introduction: The Dual Mandate of Nucleic Acid Metabolism
5.1.1 The Centrality of Nucleotides in Microbial Life

Nucleotides are foundational molecules for all living organisms, occupying a central role that
extends far beyond their function as the building blocks of DNA and RNA. They are essential
intermediates that participate in nearly all facets of cellular metabolism.! For instance,
adenosine triphosphate (ATP) serves as the universal energy currency, driving a vast array of
endergonic reactions. Other nucleotide derivatives, such as the uracil-containing uridine
triphosphate (UTP), are crucial in carbohydrate metabolism, while cytosine-containing
nucleotides are involved in the biosynthesis of phospholipids. Furthermore, many coenzymes,
including nicotinamide adenine dinucleotide (NAD+), flavin adenine dinucleotide (FAD), and
coenzyme A, are derivatives of nucleotides. Cyclic nucleotides, such as cyclic adenosine
monophosphate (cAMP) and cyclic guanosine monophosphate (¢cGMP), function as key
signaling and regulatory molecules that have no other role in metabolism. The state of the
nucleotide pool, therefore, provides a direct window into the cell's energy and nutrient status,

making their metabolism a critical subject of study in microbial physiology.

5.1.2 Delineating Catabolism from Salvage: Two Strategies for Resource

Management

Microbes have evolved sophisticated and interconnected metabolic pathways to manage their
nucleotide pools, balancing the need for new synthesis with the efficiency of recycling. This
management system can be broadly divided into two strategies: de novo synthesis and
degradation. Degradation itself is a bifurcated process. Catabolism involves the complete
breakdown of nucleic acids and their constituent nucleotides into simpler compounds, such as
urea, carbon dioxide, and water. This process is crucial for acquiring nutrients like carbon and
nitrogen, particularly in environments where they are scarce. In contrast, salvage pathways
represent a resource-conservation strategy, recycling pre-existing nucleobases and nucleosides
back into functional nucleotides.* This is an energetically more favorable process than building

nucleotides from scratch, which requires a significant investment of ATP and other resources.3
5.1.3 The Initial Deconstruction: From Polymer to Monomer

The initial step in degrading nucleic acids, whether for catabolism or salvage, is the cleavage of
the polynucleotide backbone. This is accomplished by a class of enzymes known as

phosphodiesterases, or nucleases, which hydrolyze the phosphodiester bonds that link adjacent
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nucleotides.! These nucleases are diverse in their specificity. They can be classified based on
whether they cleave DNA or RNA (DNases vs. RNases), and whether they break bonds within
the polymer chain (endonucleases) or from the ends (exonucleases). A notable chemical
difference exists between DNA and RNA that has profound evolutionary implications for their
stability. DNA contains 2-deoxyribose, lacking a hydroxyl group at the 2' position of the pentose
sugar. This absence makes DNA far more resistant to alkaline hydrolysis compared to RNA,
which has a 2'-hydroxyl group that renders its phosphodiester bonds susceptible to nucleophilic
cleavage. This greater chemical stability is a fundamental reason why DNA is the permanent,
heritable repository of genetic information, while RNA serves as a more transient carrier of that

information.
5.2. The Complete Catabolism of Purine Nucleotides: From Ring to Waste
5.2.1 Overview of the Purine Degradation Pathway

The catabolism of purines (adenine and guanine) in many microbes is a highly conserved and
multi-step pathway designed to dismantle the complex heterocyclic ring structure to reclaim
their nitrogen and carbon atoms for other metabolic purposes. Unlike certain biosynthetic
pathways that build the ring from simple precursors, the degradative pathway’s primary
objective is to break down these compounds, not necessarily to generate energy directly from
the bases. The process culminates in the production of uric acid, which can then be further

metabolized into simpler, easily assimilated compounds like urea and glyoxylic acid.
5.2.2 The Initial Deamination Steps: Generating Hypoxanthine and Xanthine

The pathway initiates with the removal of amino groups from the purine bases, a process known
as deamination. Adenine is deaminated by adenine deaminase to form hypoxanthine, while
guanine is deaminated by guanine deaminase to form xanthine. The irreversibility of these
deamination reactions is a crucial point of metabolic regulation. Once a purine base is
deaminated, it is irreversibly committed to a degradative fate. This strategic design prevents
the cell from engaging in wasteful metabolic cycles where a compound is constantly being
synthesized and broken down. The cell essentially makes a definitive choice to break down a

valuable resource for its constituent parts.
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5.2.3 Oxidation to Uric Acid: The Role of Xanthine Oxidase/Dehydrogenase

Following the initial deamination steps, the catabolic pathway for both adenine and guanine
converges at xanthine.2 Hypoxanthine, the product of adenine deamination, is oxidized to
xanthine. Subsequently, xanthine is oxidized to uric acid.These two key oxidation steps are
catalyzed by a molybdo-enzyme, either xanthine dehydrogenase or xanthine oxidase,
depending on the specific organism and environmental conditions. The name of the purine
guanine, in fact, derives from its abundance in guano, which is chiefly composed of the partially

decomposed excrement of sea birds, a substance rich in uric acid.
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Figure 23. Degradation of purine bases. 1, adenine deaminase; 2, xanthine dehydrogenase or
xanthine oxidase; 3, guanine deaminase; 4, uricase; 5, allantoin racemase; 6, S(p)-allantoinase; 7, allantoate
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5.2.4 The Terminal Degradation Steps: From Uric Acid to Urea

Uric acid is the final end product of purine catabolism in many animals, including birds and
humans. In humans, excess uric acid can precipitate in joints, causing the painful condition
known as gout. However, in many microorganisms, uric acid is merely an intermediate in a
more complete degradation process. The microbial pathway proceeds from uric acid to
allantoin, then to allantoic acid, which is subsequently cleaved to ureidoglycolic acid and one
molecule of urea by the enzyme allantoicase. Ureidoglycolase then further cleaves
ureidoglycolic acid to glyoxylic acid and a second molecule of urea, thereby producing two

molecules of urea from a single purine.

This process has significant ecological implications. For instance, in estuarine bacterial
assemblages, the catabolism of purines is a major source of urea, a nitrogen compound that can
be readily assimilated by other organisms in the ecosystem. This illustrates that microbial
catabolism is not just an internal cellular process but a fundamental driver of global nitrogen
cycling, converting complex organic nitrogen into a simple, bioavailable form. The production
of two urea molecules per purine highlights the metabolic efficiency of this process for

reclaiming nitrogen in nitrogen-limited environments.
5.2.5 Anaplerotic Connections: Replenishing Central Metabolism

Beyond providing nitrogen, purine catabolism also contributes carbon skeletons to central
metabolic pathways. The glyoxylic acid generated as an end product of uric acid degradation
can be channeled into pathways like the tricarboxylic acid (TCA) cycle via the dicarboxylic acid
cycle-glycerate pathway, thus replenishing critical metabolic intermediates. This connection
underscores the "amphibolic" nature of many metabolic routes, which are capable of

functioning in both catabolism and anabolism.
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Table 6. The following table summarizes the key enzymatic steps in microbial purine

catabolism.
Reaction S
Substrate Enzyme Type Product Notes/Significance
Adenine Adenine Deaminase Deamination | Hypoxanthine Irreversible committed step
Guanine Guanine Deaminase Deamination Xanthine Irreversible committed step
. Xanthine A .
Hypoxanthine Dehydrogenase,/Oxidase Oxidation Xanthine Converges pathways for A and G
. Xanthine 1. .. . . .
Xanthine T Oxidation Uric Acid Final product in some organisms
Uric Acid Uricase Oxidation Allantoin Inltlateg further‘mlcroblal
egradation
Allantoin Allantoinase Hydrolysis | Allantoic Acid | Intermediate in urea formation
Allantoic Acid Allantoicase Hydrolysis Ure%doglycohc Yields first molecule of urea
Acid + Urea
Ureidoglycolic . Glyoxylic Acid + | Yields second molecule of urea
Acid il Oleviize Urea and carbon skeleton

5.3. The Catabolism of Pyrimidine Nucleotides: A Distinctive Pathway
5.3.1 Overview of the Pyrimidine Degradation Pathway

Pyrimidine catabolism proceeds along a pathway that is chemically distinct from purine
degradation. The key difference lies in the initial step: while purines undergo deamination,
pyrimidines typically begin with a reduction step. The objective is to dismantle the single-ring
pyrimidine structure into simpler, linear compounds that can be further metabolized for energy

or as precursors for other biosyntheses.
5.3.2 The Initial Reductive Step and Ring Cleavage

The central route for pyrimidine catabolism is often referred to as the dihydropyrimidine
dehydrogenase pathway. The process begins with the reduction of the pyrimidine ring. Cytosine
and uracil are converted to dihydrouracil, while thymine is converted to dihydrothymine. This
reductive step is the initial committed point of the pathway. Once the ring is reduced, it is then

opened, yielding a linear intermediate.
5.3.3 Breakdown of Uracil and Cytosine to Beta-Alanine

The catabolism of uracil and cytosine culminates in the formation of -alanine.> This three-
carbon amino acid is a metabolically significant end product. Unlike the original pyrimidine
ring, B-alanine can be readily channeled into fatty acid biosynthesis by being converted to
malonyl-CoA. This provides a direct link between the degradation of nucleic acids and lipid

anabolism, demonstrating how catabolic pathways can serve as a source of building blocks for
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other macromolecules. This intricate metabolic interplay is a powerful example of the efficient

resource management that characterizes microbial physiology.
5.3.4 Breakdown of Thymine to Beta-Aminoisobutyric Acid

Thymine, the pyrimidine unique to DNA, is degraded via a similar reductive pathway that
produces a distinct end product: f-aminoisobutyric acid. This intermediate is subsequently
converted to methylmalonyl-CoA, which can be further oxidized in the TCA cycle. This
highlights the remarkable precision of these pathways, where the catabolism of closely related
pyrimidines results in different but equally valuable entry points into central metabolism,

providing both energy and carbon skeletons.
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Figure 24. Degradation of pyrimidine bases. 1, cytosine deaminase; 2, uracil
dehydrogenase; 3, barbiturase.
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5.3.5 The Significance of End Products

The terminal end products of pyrimidine catabolism are ammonium, water, and carbon
dioxide. The nitrogen is released as ammonium (NH4+*), which can either be re-assimilated into
new biomass or excreted as waste. This complete degradation and reclamation of all elemental
components is a testament to the efficient, non-wasteful nature of microbial metabolism. The

pathway for pyrimidine catabolism is therefore a robust system for resource recovery.

Table 7. The following table summarizes the primary steps and products of pyrimidine

catabolism.
Substrate | Initial Product | End Product Metabolic Significance
Cytosine Dihydrouracil B-Alanine Precursor for fatty ac(i:((i)gosynthesis (malonyl-
Uracil 3l Tl Precursor for fatty acid biosynthesis (malonyl-

CoA)

B-Aminoisobutyric

acid Precursor for TCA cycle (methylmalonyl-CoA)

Thymine Dihydrothymine

5.4. Nucleotide Salvage Pathways: The Economics of Microbial Metabolism
5.4.1 The Biochemical Rationale for Salvage

Salvage pathways are a testament to the metabolic economy of microbes. They serve as an
energetically efficient alternative to the resource-intensive process of de novo nucleotide
synthesis.3 Instead of building complex nucleotide rings from simple precursors, salvage
pathways recover and recycle free nucleobases and nucleosides that are released from the
normal turnover of RNA and DNA. This process conserves significant amounts of energy in the
form of ATP and GTP, as well as crucial nitrogen and carbon atoms that would otherwise be
lost to catabolism or require costly resynthesis. For some organisms, particularly certain
parasites, salvage is not just a preference but a necessity, as they lack the necessary enzymes
forde novo synthesis and are completely dependent on host-provided nutrients.> This reliance
on salvage pathways makes the enzymes involved highly attractive targets for the development

of new antibacterial and anti-cancer drugs.
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5.4.2 Purine Salvage: Key Enzymes and Reactions

The salvage of purines is carried out by a class of enzymes known as
phosphoribosyltransferases, which are responsible for adding an activated ribose-5-phosphate
unit from phosphoribosyl pyrophosphate (PRPP) directly to a free purine base. Two key

enzymes dominate this process:

o Hypoxanthine-Guanine Phosphoribosyltransferase (HGPRT): This enzyme is
critical for recycling. It converts the bases hypoxanthine and guanine into inosine
monophosphate (IMP) and guanosine monophosphate (GMP), respectively. A
deficiency in this enzyme in humans is linked to Lesch-Nyhan syndrome, underscoring

its metabolic importance.

o Adenine Phosphoribosyltransferase (APRT): This enzyme salvages adenine by
converting it to adenosine monophosphate (AMP). The universal requirement for PRPP
in these reactions establishes a critical link between salvage pathways and the pentose
phosphate pathway, which generates the ribose-5-phosphate precursor for PRPP
synthesis. This metabolic connection demonstrates the integrated nature of cellular

resource management.
5.4.3 Pyrimidine Salvage: Parallel Mechanisms for Efficiency

Pyrimidine salvage utilizes similar enzymatic strategies. This process involves the sequential
action of phosphorylases and kinases to convert free bases back into functional nucleotides. For
example, the enzyme uridine phosphorylase can combine a uracil base with ribose-1-phosphate
to form the nucleoside uridine, which is then phosphorylated by uridine kinase to produce
uridine monophosphate (UMP). This UMP can then be converted into other pyrimidine
nucleotides like UDP, UTP, and CTP by various kinases. An alternative route involves cytidine
deaminase, which can deaminate salvaged cytidine to uridine, thereby channeling it into the

same efficient salvage pathway as uracil.
5.4.4 Physiological and Ecological Significance of Salvage Pathways

The metabolic preference for salvage pathways over de novo synthesis is a significant adaptive
trait. In nutrient-rich environments, such as a host's gut, microbes can conserve a substantial
amount of energy and biosynthetic capacity by simply scavenging pre-formed nucleotides.” This

metabolic flexibility is a key survival mechanism, allowing microbes to thrive in a diverse range
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of ecological niches, from the human gut to nutrient-rich coastal waters. The ability to

efficiently recycle resources underpins their remarkable adaptability.
5.5. Interconnections and Regulatory Integration: A Coordinated Network
5.5.1 Amphibolic Pathways and the Crossover Point

The study of microbial metabolism reveals that catabolism and anabolism are not isolated
processes. Many central pathways are "amphibolic," meaning they serve both degradative and
synthetic functions, and are finely balanced to meet the cell’s changing needs. Nucleotide
metabolism exemplifies this integration, with its pathways for breakdown and synthesis
intersecting with crucial metabolic hubs like the TCA cycle and amino acid metabolism. This
interconnectedness allows products of one pathway, like the glyoxylic acid from purine
catabolism, to become the substrates for another, such as gluconeogenesis or lipid synthesis,

thus providing both energy and building blocks from a single resource.

5.5.2 The Regulatory Cascade of Glutamine Synthetase (GS): A Master Switch for

Nitrogen Metabolism

The assimilation of nitrogen is one of the most tightly regulated processes in a microbial cell,
and glutamine synthetase (GS) is at its heart. The activity of this enzyme is controlled by a
complex adenylylation/deadenylylation cascade system. This cascade is regulated by a PII-
regulatory protein, which exists in two forms and acts as a molecular switch. The
interconversion of these two forms is modulated by the cellular levels of key metabolites,
including glutamine, 2-oxoglutarate, ATP, and UTP. This intricate regulatory system ensures
that the cell’s nitrogen metabolism is precisely coordinated with its overall carbon and energy
status. It prevents the overproduction of nitrogen-containing compounds, including
nucleotides, when other essential resources are limited, a crucial mechanism for maintaining

cellular homeostasis.
5.5.3 Specialization of Enzymes: The NAD+/NADP+ Paradigm

An illuminating example of metabolic partitioning is the action of glutamate dehydrogenase
(GDH) in bacteria. GDH catalyzes the reversible conversion of glutamate to a-ketoglutarate
and ammonia, a reaction that bridges amino acid and carbohydrate metabolism. Many bacteria
express two distinct GDH isoenzymes, each with a specific cofactor preference: one for NAD+
and the other for NADP+.
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o The NAD+-dependent GDH primarily functions in a catabolic direction, oxidizing
glutamate to a-ketoglutarate, which can then enter the TCA cycle to generate energy.

This process reduces NAD+ to NADH, which fuels the electron transport chain.

o The NADP+-specific GDH operates in the opposite, anabolic direction, reducing a-
ketoglutarate to glutamate using NADPH as a reductant. Glutamate is the first amino
acid synthesized during growth on inorganic nitrogen and serves as the nitrogen source

for the synthesis of nucleic acids and other amino acids.

This specialization of GDH is a powerful example of how a microbe can use different coenzymes
for the same reversible reaction to prevent futile cycles and directionally control metabolic flux.
The NAD+/NADH ratio typically reflects the cell’s energy state, while the NADP+/NADPH
ratio reflects its reductive power for biosynthesis. This elegant regulatory strategy allows the
cell to simultaneously degrade amino acids for energy and synthesize new ones for growth,

demonstrating a fine-grained coordination between catabolism and anabolism.
5.5.4 Case Study: Amino Acid Fermentation in Anaerobes (The Stickland Reaction)

For strictly anaerobic bacteria of the genus Clostridium, survival in oxygen-free environments
requires a unique catabolic strategy known as the Stickland reaction. This pathway enables
energy generation by coupling the oxidation of one amino acid with the reductive deamination
of another. One amino acid acts as an electron donor (e.g., leucine, isoleucine, or alanine) and
undergoes oxidative deamination, while a second amino acid acts as an electron acceptor (e.g.,
glycine, proline, or hydroxyproline) and is reductively deaminated. This redox reaction
generates ATP through substrate-level phosphorylation. The most efficient donors are leucine,
isoleucine, and alanine, while the most efficient acceptors are glycine, proline, and
hydroxyproline. In Clostridioides difficile, a proteolytic anaerobe, a regulatory protein called
PrdR controls the preferential utilization of proline and glycine, demonstrating a hierarchical
control over substrate selection even within this specialized pathway. The Stickland reaction is
a compelling example of a metabolic system that circumvents the lack of oxygen, an internal
redox loop that enables organisms to thrive in a niche where other forms of respiration are
impossible. This adaptability is critical for their ecological roles and, in some cases, for their

pathogenic potential.
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Chapter 5 Summary

Nucleotides as central molecules: They are not only DNA/RNA building blocks but also energy
carriers (ATP), metabolic regulators (cCAMP, cGMP), and precursors of cofactors (NAD*, FAD,
CoA).
Two main strategies:
e Catabolism: complete degradation of nucleic acids and nucleotides to release nitrogen
and carbon.
e Salvage: recycling nucleobases and nucleosides into nucleotides, saving energy and
resources.
Purine catabolism:
e Begins with deamination (adenine - hypoxanthine, guanine - xanthine).
e Oxidation steps lead to uric acid, further degraded in microbes to allantoin, allantoic
acid, ureidoglycolic acid - producing urea and glyoxylic acid.
e Provides nitrogen (urea) and carbon skeletons (glyoxylate) for central metabolism.
Pyrimidine catabolism:
e Starts with reduction of the ring (cytosine/uracil - dihydrouracil; thymine >
dihydrothymine).
e Final products:
o Cytosine/uracil > B-alanine - precursor for fatty acid biosynthesis.
o Thymine - B-aminoisobutyric acid - precursor for TCA cycle (via
methylmalonyl-CoA).
e Nitrogen released as NH;*, completing nutrient recovery.
Salvage pathways:
e Purine salvage: enzymes like HGPRT and APRT attach PRPP to purine bases -
regenerate nucleotides.
e Pyrimidine salvage: uracil + ribose-1P = uridine - UMP - UDP, UTP, CTP.
e Salvage is energetically cheaper than de novo synthesis; essential for parasites that
cannot synthesize nucleotides.
Integration with other metabolisms:
e Catabolism provides precursors for TCA, amino acid, and lipid pathways.
e Regulation by glutamine synthetase (GS) links nitrogen availability with nucleotide
metabolism.
e Cofactor specialization (NAD* vs NADP*) ensures separation of catabolic and anabolic
fluxes.
Ecological and medical importance:
e Microbial nucleotide catabolism contributes to the nitrogen cycle (urea, ammonium
release).
e Salvage enzymes are potential drug targets (e.g., in parasites or cancer cells).
e Degradation intermediates (e.g., B-alanine) have biotechnological value.
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Chapter 6: Specialized

Microbial Metabolism and

Industrial Applications

‘ Learning Objectives: Upon successful completion of this chapter, you will be able to:

Gain an overview of the nitrogen cycle and a detailed understanding of key processes:

nitrogen fixation, ammonium assimilation, nitrate assimilation, dissimilatory nitrate

reduction (denitrification), and anammox in bacteria.

o Explore the catabolism of other inorganic compounds, including sulfur, methane,
methanol, carbon monoxide, iron, and hydrogen.

e Understand the mechanisms of aliphatic and aromatic hydrocarbon degradation in
bacteria.

o Appreciate the diverse industrial and biotechnological applications of microbial
metabolism, including fermentation products, bioremediation, amino acid

overproduction, enzyme production, biofuel production, and microbial fuel cells.
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This chapter delves into the specialized metabolic pathways that allow microorganisms to thrive
in a vast range of ecological niches, from nutrient-rich environments to those defined by the
scarcity of common resources or the presence of toxic compounds. The unique biochemical
strategies that are largely absent in eukaryotes underpin major global biogeochemical cycles

and form the basis for many modern biotechnological applications.
6.1 Nitrogen Metabolism: A Cornerstone of Life

Nitrogen is a fundamental building block of all life, essential for the synthesis of proteins,
nucleic acids, and other critical biomolecules. Despite its abundance as inert dinitrogen gas
(N2) in the atmosphere, this form is largely inaccessible to most organisms. The intricate series
of redox transformations that cycle nitrogen through various oxidation states, primarily
mediated by a diverse array of microorganisms, is known as the nitrogen cycle. This cycle is a

prime example of microbial metabolic specialization.
6.1.1 The Global Nitrogen Cycle

The nitrogen cycle describes the biogeochemical transformations of nitrogen, ensuring its
availability and recycling within ecosystems. The overall process is crucial because it converts
atmospheric N2 into biologically usable forms like ammonia (NH3 or NH4+*) and nitrate (NO3-),
which are then incorporated into cellular components. In the absence of these microbial

transformations, life on Earth would quickly exhaust its supply of bioavailable nitrogen.

This cycle's energy economy is highly asymmetric. Nitrogen fixation, the process that
introduces new nitrogen into the biosphere, is extremely energy-intensive, requiring a massive
ATP investment. However, dissimilatory processes like denitrification and anammox are used
by microbes to gain energy. This suggests a fundamental trade-off: organisms that perform
nitrogen fixation (diazotrophs) undertake a massive energy expenditure to access the most
abundant but unreactive source of nitrogen. In contrast, organisms performing denitrification
have found a way to use fixed nitrogen (nitrate) as an alternative terminal electron acceptor,
making a living by effectively undoing a previous part of the cycle. This highlights an
evolutionary pressure to exploit all available resources, even if it means reversing a

thermodynamically expensive process for a different metabolic gain.



Microbial Biochemistry

6.1.2 Nitrogen Fixation: The N2 Triple Bond Challenge

Nitrogen fixation is the process by which atmospheric dinitrogen gas (N2) is reduced to
ammonia (NHs), a biologically usable form of nitrogen. This process is limited to certain
prokaryotic organisms, collectively known as diazotrophs, which possess the specialized
enzyme complex called nitrogenase.! The biological process occurs at ambient temperature and
pressure, in stark contrast to the energy-intensive industrial Haber-Bosch process for ammonia

production.
6.1.2.1 The Nitrogenase Complex

The nitrogenase complex is a multi-protein enzyme system that catalyzes the reduction of No.
It consists of two main metalloproteins, the Fe-protein and the MoFe-protein, which can be

isolated separately.

o Fe-protein (dinitrogenase reductase): This component is a homodimer that
receives electrons from a donor like ferredoxin. It binds and hydrolyzes ATP, and this
action induces a conformational change that enables it to transfer a single electron to

the MoFe-protein. This protein contains a cluster.

o MoFe-protein (dinitrogenase): This component is a heterotetramer (a2f2) of
approximately 240 kDa and is the site of N2 binding and reduction. It contains two
types of metalloclusters: the P-cluster (8Fe-7S) and the FeMo-cofactor (7Fe-1Mo-9S-

homocitrate), which is where the reduction of N2 and protons occurs.

The nitrogenase reaction is a single overall process, but it is catalyzed by a two-protein complex
that functions in a dynamic, dissociative manner. The Fe-protein and MoFe-protein must
associate, the Fe-protein must hydrolyze ATP and transfer an electron, and then the complex
must dissociate to repeat the cycle. The energy from ATP is not used to directly break the N2
bond, but rather to drive the conformational change that facilitates the electron transfer. This
intricate mechanism, involving one-electron transfer at a time, is the reason for the enzyme's

notorious slowness ! and high energy cost.
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6.1.2.2 Energy Requirements

Nitrogen fixation is one of the most energetically expensive biochemical processes. The high
energy cost is attributed to the need to break the extremely stable triple bond in N2. The

hydrolysis of ATP provides the energy needed to overcome this high activation energy barrier.!

The overall reaction consumes 16 ATP molecules to reduce one molecule of N2 to two molecules
of NH3, with the obligatory co-production of one molecule of H2. The stoichiometry is N2 +
8e™ + 8H* + 16MgATP — 2NH3s + H2 + 16MgADP + 16Pi. The process of N2 reduction is so
slow that nitrogen-fixing cells must maintain large amounts of nitrogenase, sometimes as much
as 5% of their total cellular protein, to meet their nitrogen requirements. This high cost, in
terms of ATP, electrons, and physical cellular resources, explains why this pathway is tightly
regulated and why many organisms prefer to use more readily available forms of fixed nitrogen

like ammonia or nitrate when possible.
6.1.2.3 Oxygen Sensitivity and Protective Mechanisms

A major challenge for nitrogen-fixing organisms is that all known nitrogenases are irreversibly
inactivated by molecular oxygen. This poses a paradox for aerobic diazotrophs, which require
oxygen to generate the large amounts of ATP needed for nitrogen fixation via aerobic
respiration. To overcome this, organisms have evolved diverse and ingenious mechanisms to

protect nitrogenase from oxygen inactivation.

o Strict Anaerobes: Obligate anaerobes like Clostridium pasteurianum fix nitrogen in
environments devoid of oxygen, thus requiring no specific oxygen protection

mechanisms.

o Aerobic Diazotrophs (Azotobacter): These highly aerobic bacteria can fix nitrogen
in the presence of air. They protect nitrogenase through a combination of "respiratory
protection” and "conformational protection". They maintain a very low intracellular
oxygen concentration through extremely high respiratory rates, utilizing a high-affinity
terminal oxidase (cytochrome d) to scavenge oxygen. Some also employ a protective
mechanism where nitrogenase reversibly changes its structure in the presence of oxygen

to become inactive but protected.

o Cyanobacteria: These organisms are capable of both oxygenic photosynthesis (which

produces oxygen) and nitrogen fixation. They employ either spatial or temporal
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separation to resolve this conflict. In heterocystous cyanobacteria (Anabaena, Nostoc),
nitrogenase is localized in specialized, thick-walled cells called heterocysts that lack
photosystem II. These cells rely on carbohydrates imported from neighboring
photosynthetically active vegetative cells to maintain an anoxic environment for
nitrogenase.! Other non-heterocystous cyanobacteria separate oxygen production and

nitrogen fixation temporally, fixing N2 primarily during darkness.

o Symbiotic Nitrogen Fixers (Rhizobium): In symbiotic associations with legumes,
Rhizobium bacteria reside within root nodules. The host plant synthesizes
leghemoglobin, a protein similar to myoglobin, which binds oxygen with high affinity.
This maintains a low but sufficient oxygen concentration for bacterial respiration (to
produce ATP) while protecting nitrogenase from inactivation. The diversity of oxygen
protection mechanisms reveals the powerful evolutionary pressure to solve the
nitrogenase "oxygen paradox." These solutions range from the simple (anaerobes
avoiding oxygen entirely) to the complex (spatial and temporal separation in
cyanobacteria, symbiotic relationships with leghemoglobin). This highlights that a
single biochemical problem can be solved in multiple ways depending on the organism's

ecological niche and cellular complexity.
6.1.3 Ammonium Assimilation: The Gateways to Biomass

Ammonia (NHs or NH4+) is the primary form of nitrogen incorporated into organic molecules
by most microorganisms. Its assimilation, particularly into the amino acids glutamate and
glutamine, is a crucial step in nitrogen metabolism and is tightly controlled to ensure efficient

nitrogen utilization.
6.1.3.1 The Glutamate Dehydrogenase (GDH) Pathway

When ammonia is present at high concentrations, the GDH pathway is the primary route for
its assimilation. The enzyme glutamate dehydrogenase (GDH) catalyzes the reductive
amination of a-ketoglutarate to form glutamate.! This reaction consumes NADPH (or NADH
in some organisms) but does not directly require ATP.! The enzyme typically has a relatively
low affinity for ammonia (high Km), making it most active when ammonia is abundant in the

environment.
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6.1.3.2 The Glutamine Synthetase (GS) / Glutamate Synthase (GOGAT) Pathway

When ammonia concentrations are low, the GDH pathway becomes inefficient. Instead,
microorganisms employ a more energy-intensive but high-affinity system involving glutamine

synthetase (GS) and glutamate synthase (GOGAT).

o Glutamine Synthetase (GS): This enzyme catalyzes the ATP-dependent amidation of
glutamate to form glutamine. GS has a significantly higher affinity for ammonia (lower
Km) compared to GDH, making it efficient even at very low ammonia levels.! In

E. coli, the active GS is a dodecamer composed of 12 identical subunits.

o Glutamate Synthase (GOGAT): The amide nitrogen of glutamine is then transferred
to a second molecule of a-ketoglutarate by GOGAT, producing two molecules of

glutamate. This reaction typically consumes NADPH.

The existence of two pathways for ammonium assimilation (GDH and GS/GOGAT) highlights
a core principle of metabolic regulation. The GDH pathway is a low-cost, low-affinity system
for scavenging abundant nitrogen. The GS/GOGAT pathway is a high-cost (2 ATP and 1
NADPH per cycle), high-affinity system that is crucial for survival in nitrogen-limited
environments. The cell's choice of which pathway to use is a clear example of metabolic
prioritization based on resource availability, balancing energy conservation with nutrient

acquisition.
6.1.3.3 Regulation of Glutamine Synthetase

Glutamine synthetase (GS) is a central regulatory enzyme in nitrogen metabolism, and its
activity and synthesis are tightly controlled by the cell's nitrogen status. This regulation is a

canonical example of a complex signal transduction cascade.

o Covalent Modification: GS activity is modulated by the reversible covalent
attachment (adenylylation) or removal (deadenylylation) of AMP molecules to a specific
tyrosine residue on each of its 12 subunits. This modification is controlled by a
regulatory protein called PII. Under high nitrogen conditions, PII promotes
adenylylation, which leads to the inactivation of GS. Under low nitrogen conditions, PII

is uridylylated, which in turn promotes deadenylylation and the activation of GS.
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Allosteric Control (Cumulative Feedback Inhibition): GS is also subject to
cumulative feedback inhibition by a variety of end products that derive nitrogen from
glutamine, such as tryptophan, adenylic acid, cytidylic acid, histidine, and serine.! Each
inhibitor alone causes only partial inhibition, but their effects are cumulative, providing

a fine-tuned control mechanism for branched biosynthetic pathways.

Regulation of Gene Expression: The synthesis of GS is also regulated at the
transcriptional level. Under ammonia-limited conditions, a signal transduction cascade
involving the uridylylated PII protein activates the transcription of the ginA gene, which
encodes GS, thereby increasing enzyme production. Conversely, high ammonia levels

repress its synthesis.

The regulation of GS is not a simple on/off switch but a complex cascade with multiple feedback

loops. Adenylylation is one cycle, and uridylylation of the PII protein is another, with the two

linked. This complex system allows the cell to sense and integrate a variety of intracellular

signals (levels of glutamine, a-ketoglutarate, ATP) to achieve an "ultrasensitive and robust"

response.

6.1.4 Dissimilatory Nitrate Reduction (Denitrification)

Dissimilatory nitrate reduction, or denitrification, is a crucial microbial process where nitrate

(NOs3-) or nitrite (NO2-) serves as a terminal electron acceptor for energy generation under

anaerobic conditions. This process is ecologically significant as it returns fixed nitrogen to the

atmosphere, completing the nitrogen cycle.

Biochemistry of Denitrification: Denitrification involves a series of sequential
reductions of nitrogen oxides, typically leading to gaseous nitrogen products: NO3~ —
NO2- — NO — N20 — No2. Each step is catalyzed by specific enzymes: nitrate reductase,

nitrite reductase, nitric oxide reductase, and nitrous oxide reductase.

Energy Conservation and Regulation: Denitrification generates a proton motive
force, allowing for ATP synthesis via electron transport phosphorylation. The
expression of denitrification genes is tightly regulated, with oxygen acting as a strong
inhibitor since aerobic respiration yields more energy. A regulatory system, such as the
two-component NarX/NarL system, controls gene expression in response to the

presence of nitrate and the absence of oxygen.
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o Assimilatory vs. Dissimilatory Nitrate Reduction: The same substrate, nitrate,
can be handled by different pathways for different purposes. Assimilatory nitrate
reduction converts nitrate to ammonia for biosynthesis, while dissimilatory reduction
uses it for energy. The fact that E. coli has multiple nitrate reductases, such as the
periplasmic NapF (dissimilatory), membrane-bound NarG (dissimilatory), and
cytoplasmic NarZ (assimilatory), demonstrates a complex regulatory network. The cell
chooses its pathway based on environmental conditions, with the most energetically
favorable option (aerobic respiration) always being preferred, but robust alternatives

are available for survival in fluctuating environments.
6.1.5 Anammox (Anaerobic Ammonium Oxidation)

Anammox is a relatively recently discovered and highly significant process in the nitrogen cycle
where nitrite and ammonium are directly converted into molecular nitrogen (N2) under strictly

anaerobic conditions.

o Process: The overall reaction is NH4* + NO2- — N2 + 2H20. This process is a major
contributor to the global nitrogen cycle, particularly in oceans, and is increasingly

employed in wastewater treatment plants for efficient ammonium removal.

o Organisms and Unique Features: This process is carried out by specialized bacteria
belonging to the phylum Planctomycetes. These bacteria possess a unique intracellular
compartment called the anammoxosome, which is the site of the anammox reaction and
occupies a large volume of the cell. The anammoxosome's membrane is composed of
unique ladderane lipids, which are thought to protect the cell from the highly toxic and

energetic intermediate, hydrazine.

The anammoxosome and ladderane lipids represent an extreme example of cellular adaptation.
Hydrazine, a compound typically used as a high-energy rocket fuel, is a highly reactive and toxic
intermediate in this pathway. The evolution of a specialized, membrane-bound organelle
(anammoxosome) to contain this reaction demonstrates a sophisticated survival strategy. This
highlights how microbial metabolism is not just a collection of enzymes but is intimately linked
to cellular structure and organization, allowing these organisms to safely harness a powerful

biochemical process.
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6.2 Catabolism of Other Inorganic Compounds (Chemolithotrophy)

Chemolithotrophy is the ability of microorganisms to obtain energy for growth and metabolism
from the oxidation of reduced inorganic compounds. This metabolic strategy is central to global
biogeochemical cycles and allows microbes to serve as primary producers in environments

where light or organic matter is unavailable.
6.2.1 Sulfur Oxidation: Harnessing the Power of Sulfur

Sulfur is a key element in many ecosystems, and its cycling is heavily influenced by

microorganisms.! Sulfur-oxidizing chemolithotrophic bacteria, such as those from the genera

Acidithiobacillus and Thiobacillus, oxidize various reduced sulfur compounds (e.g., HoS,
elemental sulfur, thiosulfate, sulfite) to sulfate (SO42-), releasing electrons that are used for
energy generation. The oxidation of H2S to SO42- is highly exergonic and acid-generating, a
process particularly relevant in phenomena like acid mine drainage. Electrons released from
sulfur oxidation are transferred through an electron transport chain to a terminal electron

acceptor (usually O2), generating a proton motive force for ATP synthesis.

A key mechanism for sulfite oxidation that conserves energy is the adenosine-5'-phosphosulfate
(APS) pathway. In this pathway, inorganic sulfate is first activated to APS by ATP sulfurylase,
consuming ATP. A key enzyme, APS reductase, then catalyzes the oxidation of sulfite to APS.
The resulting APS can be converted to ATP via ADP sulfurylase, representing a form of

substrate-level phosphorylation coupled to inorganic sulfur oxidation.

The APS pathway is a sophisticated energy conservation strategy. Instead of just using electrons
from sulfur oxidation to generate a proton motive force, the APS pathway directly links the
oxidation of sulfite to the synthesis of ATP. Sulfate is first activated with ATP, and the energy
from the subsequent oxidation is directly captured in a substrate-level phosphorylation step.
This demonstrates a metabolic mechanism to bypass a potentially less efficient electron

transport chain under specific conditions.
6.2.2 Methane and Methanol Utilization (Methanotrophy and Methylotrophy)

Methylotrophs are a diverse group of microorganisms capable of utilizing one-carbon (C1)

compounds (e.g., methane, methanol, formate) as their sole source of carbon and energy.
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Methanotrophs are a subgroup that specifically utilizes methane. These processes are crucial

for the global carbon cycle and for mitigating methane, a potent greenhouse gas.

The initial, rate-limiting step in methane oxidation is its conversion to methanol by the enzyme
methane monooxygenase (MMO). MMO exists in two distinct forms: a soluble, iron-containing
form (sMMO) and a particulate, membrane-bound, copper-containing form (pMMO). pMMO
and sMMO have different properties regarding their metal ions, protein structure, and
substrate specificity. The pMMO is a trimer of heterotrimers, while sMMO is part of a family
of soluble diiron monooxygenases. After methanol is produced, it is further oxidized to

formaldehyde, which serves as the primary carbon source for assimilation.
Methanotrophs assimilate carbon from formaldehyde through two main cyclic pathways:

o« The Ribulose Monophosphate (RuMP) Pathway: Utilized by Type I
methanotrophs, this pathway involves the addition of formaldehyde to ribose-5-
phosphate, producing allulose-6-phosphate, which is then converted to fructose-6-

phosphate for glycolysis or regeneration of ribose-5-phosphate.

o The Serine Pathway: This pathway, characteristic of Type II methanotrophs,
transfers a Cl-unit derived from formaldehyde to glycine, forming serine, which is

subsequently converted to intermediates of the TCA cycle.

The existence of two structurally and functionally distinct MMOs (sMMO and pMMO) for the
same reaction points to a fascinating evolutionary divergence. For instance, the high abundance
of pMMO in the cell membrane (up to 80% of membrane proteins) suggests a relatively low
specific activity. This requires a large cellular investment to achieve a functional rate and points

to different bioenergetic efficiencies and survival strategies depending on the environment.
6.2.3 Carbon Monoxide (CO) Utilization (Carboxydotrophy)

Carboxydotrophs are a group of bacteria that can utilize carbon monoxide (CO) as their sole
source of carbon and energy, typically under aerobic or denitrifying conditions.! The key
enzyme is carbon monoxide dehydrogenase (CODH), which oxidizes CO to COg, releasing
electrons.! Aerobic CODHs are distinct from anaerobic CODHs, which are bifunctional
enzymes involved in both CO oxidation and CO2 reduction. In carboxydobacteria, CODH
reduces coenzyme Q, which transfers electrons to the electron transport chain, generating a

proton motive force.! The ability of these microbes to use CO illustrates the metabolic plasticity
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of microorganisms. CO is toxic to most higher life forms, yet carboxydotrophs have evolved an

enzyme (CODH) to not only tolerate but also exploit this molecule as a primary energy source.
6.2.4 Oxidation of Iron and Hydrogen

Microorganisms play critical roles in the biogeochemical cycling of metals and hydrogen, often

gaining energy from their oxidation.

o Iron Oxidation: Some prokaryotes, known as iron bacteria (e.g., Acidithiobacillus
ferrooxidans), obtain energy by oxidizing ferrous iron (Fe2*) to ferric iron (Fes*). This
process is particularly relevant in acidic environments where chemical oxidation of
Feo* is slow. Acidophilic iron bacteria oxidize Fe2* at the cell surface, transferring
electrons through outer membrane cytochromes and periplasmic proteins like
rusticyanin to terminal oxidases that reduce oxygen. The archaeon
Ferroglobus placidus can oxidize Fex+ anaerobically using nitrate as an electron

acceptor.

o Hydrogen Oxidation: A variety of bacteria and archaea can grow
chemolithotrophically using molecular hydrogen (Hz2) as an electron donor. The key
enzyme is hydrogenase, which catalyzes the oxidation of H2 to protons and electrons.
Hydrogenases can be soluble (often NAD+*-dependent, generating NADH) or
membrane-bound (transferring electrons to the electron transport chain, generating a
proton motive force). Based on the active site's metal content, hydrogenases are
classified into three types: [Ni-Fe], [Fe-Fe], and [Fe]-only. The existence of both soluble
and membrane-bound hydrogenases, each with a different role, shows how the cell's
strategy is not just about gaining energy but also about managing the bioenergetics to

get the right type of energy currency (ATP vs. NADH) for its specific needs.
6.3 Hydrocarbon Degradation: Breaking the Unbreakable

Hydrocarbons, particularly those in petroleum, are often considered recalcitrant pollutants due
to their chemical stability and low water solubility. However, microorganisms have evolved
sophisticated pathways to degrade these compounds, playing a vital role in bioremediation and

natural carbon cycling.
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6.3.1 Aliphatic Hydrocarbon Degradation

Aliphatic hydrocarbons are straight-chain or branched-chain hydrocarbons. The main
challenge in their microbial utilization is their water insolubility, which limits their
bioavailability. To overcome this, many bacteria produce biosurfactants that emulsify the

hydrocarbons, facilitating their uptake and enzymatic attack.

The degradation of aliphatic hydrocarbons typically begins with their oxidation to a primary
alcohol, a reaction catalyzed by a hydrocarbon monooxygenase at the cytoplasmic membrane.!
This enzyme incorporates molecular oxygen into the hydrocarbon molecule. The resulting
alcohol is then further oxidized to an aldehyde and subsequently to a fatty acid by alcohol
dehydrogenase and aldehyde dehydrogenase. The resulting fatty acid can then enter the
standard beta-oxidation pathway for complete degradation to acetyl-CoA, which is

subsequently oxidized in the TCA cycle.

The need for microbes to produce biosurfactants to emulsify water-insoluble hydrocarbons
shows that overcoming physical barriers is a prerequisite for enzymatic degradation. This
highlights a critical principle in bioremediation: the rate of cleanup is often limited not by the

metabolic capacity of the organism but by the bioavailability of the pollutant.
6.3.2 Aromatic Hydrocarbon Degradation

Aromatic hydrocarbons, characterized by their stable ring structures (e.g., benzene, toluene,
polycyclic aromatic hydrocarbons [PAHs]), are generally more resistant to degradation than

aliphatic compounds.

o Aerobic Degradation: Under aerobic conditions, the degradation of aromatic
hydrocarbons is initiated by dioxygenase enzymes, which incorporate molecular oxygen
into the aromatic ring, forming cis-dihydrodiols.! This initial step is crucial for breaking
the stable ring structure. The dihydrodiols are then transformed into diphenols, which
are subsequently cleaved by other dioxygenases, opening the aromatic ring. The
products are then channeled into central metabolic pathways for complete oxidation.
Microorganisms from genera like Pseudomonas, Mycobacterium, and Rhodococcus

are well-known for their ability to aerobically degrade various aromatic compounds.

o Anaerobic Degradation: While previously thought to be impossible, many aromatic

compounds can be degraded under anaerobic conditions, using alternative electron
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acceptors.! Initial activation is achieved by one of three reactions: binding with
fumarate, dehydrogenation, or carboxylation. After initial activation, compounds are
often funneled into the central benzoyl-CoA pathway. In this pathway, benzoate is
activated to benzoyl-CoA, which is then reduced by benzoyl-CoA reductase, opening the
aromatic ring. This initial reduction is an energetically unfavorable reaction that
consumes ATP, highlighting the high metabolic cost of anaerobic degradation compared

to the aerobic pathway.

The pathways for aromatic degradation are fundamentally different in the presence or absence
of oxygen. Aerobic degradation uses oxygenases to destabilize the ring structure, a logical step
given the available resource. Anaerobic degradation, lacking this powerful oxidizing agent,
must find alternative, and often more energy-intensive, ways to break the ring. This divergence
highlights how the availability of a single molecule, oxygen, can completely alter the enzymatic
and bioenergetic logic of a metabolic pathway, which has major implications for bioremediation

strategies in different environments (e.g., aerated soil vs. anoxic sediments).
6.4 Industrial Applications and Biotechnologies

The vast metabolic diversity of microorganisms is not only an ecological marvel but also a
powerful resource for biotechnology. By understanding and manipulating these biochemical
pathways, we can engineer microbial "cell factories" to produce a wide array of useful products

and to solve pressing environmental problems.
6.4.1 Fermentation Products

Fermentation, the anaerobic metabolism of organic compounds, is a cornerstone of industrial

biotechnology, yielding a wide array of valuable products.

o Biofuel Production: Yeasts (Saccharomyces cerevisiae) are the primary industrial
producers of ethanol from sugars. However, bacteria like Zymomonas mobilis are
highly efficient ethanol producers, fermenting sugars much faster than yeast. Metabolic
engineering of Escherichia coli has been used to enable it to efficiently co-utilize glucose
and xylose from lignocellulosic biomass for ethanol production. The Acetone-Butanol-
Ethanol (ABE) fermentation process, carried out by Clostridium species, converts
carbohydrates into butanol, acetone, and ethanol, with butanol being a valuable solvent

and potential biofuel.
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o Chemical Production: Lactic acid bacteria (LAB) are used extensively for the
production of fermented foods and for the direct production of lactic acid, a versatile
chemical used in biodegradable plastics. Succinic acid, a valuable C4-dicarboxylic acid,
is also increasingly produced via biocatalysis using engineered microorganisms to avoid

petroleum-based synthesis.

The examples of ethanol and succinic acid production showcase the core principles of metabolic
engineering. For instance, engineering E. coli for ethanol production demonstrates a "push-
pull-block" strategy. Genes for desired enzymes are introduced, competing pathways are
eliminated, and regulatory mechanisms are overcome. This integrated approach allows for the
redirection of metabolic flux toward the desired product, turning a non-producer into an

efficient cell factory.

Motor
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nutrient addition
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sensor and
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Figure 25. An Industrial Fermenter. This unit can be run under oxic or anoxic
conditions, with nutrient additions, sampling, and fermentation monitoring carried out
under aseptic conditions. Biosensors and infrared monitoring provide real-time
information on the course of the fermentation.
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6.4.2 Bioremediation: Cleaning up the Environment

Bioremediation leverages the metabolic capabilities of microorganisms to reduce, eliminate, or

transform contaminants in soils, sediments, and water. It is an environmentally friendly and

often cost-effective alternative to physical or chemical cleanup methods.

Hydrocarbon Degradation: The same pathways for breaking down aliphatic and
aromatic hydrocarbons are leveraged for bioremediation of petroleum spills and
contaminated sites. The production of biosurfactants by these microbes enhances the
bioavailability of insoluble hydrocarbons, which is often the rate-limiting step in the

process.

Metal Reduction: Microorganisms play a vital role in the biogeochemical cycling of
metals. Bacteria like Shewanella and Geobacter are prominent metal-reducing
microorganisms that can reduce insoluble ferric iron (Fes*) and manganese (IV) (Mna4+)
oxides to soluble forms. This ability can be exploited to immobilize toxic elements by
transforming them into less mobile or less harmful forms (e.g., the reduction of
U(VI) to insoluble U(IV)).

Wastewater Treatment: Microorganisms are the workhorses of biological
wastewater treatment. They break down organic pollutants and are essential for
nitrogen removal through the management of nitrification and denitrification. The
anammox process is also increasingly used for efficient, energy-saving ammonium

removal.

The application of bioremediation is a direct translation of fundamental microbial biochemistry

into environmental solutions. The natural processes of hydrocarbon degradation and metal

cycling are co-opted and optimized for human needs. The success of bioremediation depends

on a deep understanding of the specific enzymes and pathways that a microbe uses, as these

determine the rate and efficiency of pollutant removal.

6.4.3 Other Biotechnological Applications

Amino Acid Overproduction: Industrial bacterial strains, particularly coryneform
bacteria (Corynebacterium) and engineered E. coli, are widely used for the

overproduction of various amino acids (e.g., lysine, glutamate). Overproduction is
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achieved by engineering strains to overcome feedback inhibition, over-express

biosynthetic enzymes, and improve metabolic flux toward the desired pathway.

o Enzyme Production: Microorganisms are a major source of industrial enzymes due
to their high production yields, diverse enzymatic activities, and ease of genetic
manipulation.! Examples include a-amylase from Bacillus stearothermophilus and

pectinases for fruit juice clarification.

e Microbial Fuel Cells (MFCs): MFCs are bio-electrochemical devices that utilize the
metabolic activity of electrochemically active microorganisms to convert the chemical
energy from organic matter into electrical energy. Certain bacteria, such as
Shewanella and Geobacter, can transfer electrons from their catabolism of organic
compounds directly to an electrode, which acts as a terminal electron acceptor. This
involves specialized outer membrane cytochromes or conductive pili, also known as
"nanowires". MFCs have potential applications for sustainable wastewater treatment

while simultaneously generating electricity.

MFCs represent a paradigm shift in how we view microbial metabolism. The traditional view is
that microbes conserve energy internally. However, MFCs show that some microbes have
evolved the ability to perform extracellular electron transfer, essentially exporting electrons
from their metabolism to a terminal electron acceptor outside the cell, like an electrode. This
has the profound implication that microbial metabolic energy can be directly harnessed as
electricity, a groundbreaking concept with applications in sustainable wastewater treatment

and bioenergy generation.
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Nitrogen metabolism — key transformations in the nitrogen cycle
e Core reactions: nitrogen fixation, ammonium assimilation, nitrate/nitrite reduction,
denitrification, and anammox.
¢ Biological nitrogen fixation: N, > NH; catalyzed by the nitrogenase complex (Fe-protein +
MoFe-protein).
— Energy demand: 16 ATP per N, reduced; electrons from ferredoxin or flavodoxin.
— 0O, sensitivity: nitrogenase irreversibly inactivated by oxygen.
e Oxygen protection strategies:
— Anaerobes (e.g., Clostridium) fix N, in anoxic environments.
— Aerobes (Azotobacter) use high respiration and cytochrome d oxidase.
— Cyanobacteria: spatial (heterocysts) or temporal separation (dark fixation).
— Rhizobium—legume symbiosis: leghemoglobin maintains microaerobic conditions.
e Ammonium assimilation:
— GDH pathway: a-ketoglutarate + NH,* - glutamate (NAD(P)H-dependent, low affinity).
— GS/GOGAT pathway: glutamate - glutamine - glutamate (ATP- and NADPH-dependent, high
affinity).
— Regulation: adenylylation/deadenylylation (Pll system), feedback inhibition by amino acid
end-products.
¢ Dissimilatory nitrate reduction (denitrification): NOs™ - NO,~ > NO - N,O = N,.
— Sequential enzymes: nitrate reductase, nitrite reductase, nitric oxide reductase, nitrous oxide
reductase.
— Energy-yielding anaerobic respiration; inhibited by O..
e Anammox (anaerobic ammonium oxidation): NH;* + NO,~™ = N, + 2H,0.
— Carried out by Planctomycetes in anammoxosomes (ladderane lipids, hydrazine intermediate).
— Important for N-removal in wastewater and marine N, production.
Chemolithotrophy — energy from inorganic compounds
Microbes oxidize reduced inorganic molecules for energy, fueling global elemental cycles.
o Sulfur oxidation: H,S, S°, or S,0s2~ = SO42~ by Thiobacillus, Acidithiobacillus.
— Electron transfer via ETC - ATP synthesis (PMF).
— APS pathway: SO,>" activated - APS = ATP via substrate-level phosphorylation.
— Environmental role: acid mine drainage, sulfur cycling.
e Methanotrophy and methylotrophy: CH, or CHsOH as carbon/energy sources.
— Methane monooxygenase (sSMMO, pMMO): CH; - CH3;0H - HCHO - HCOOH - CO..
— Carbon assimilation:
Type | (RUMP cycle) and Type Il (serine pathway).
— Major in methane mitigation and carbon cycling.
e Carboxydotrophy: CO - CO, by carbon monoxide dehydrogenase (CODH).
— Aerobic bacteria (Pseudomonas carboxydovorans): CODH linked to ETC via coenzyme Q.
— Anaerobic acetogens and methanogens: CODH also reduces CO, to CO during acetyl-CoA
synthesis.
¢ Iron and hydrogen oxidation:
— Fe?* > Fe®* by Acidithiobacillus ferrooxidans or Leptospirillum via rusticyanin and
cytochromes.
— H, oxidation: hydrogenase (soluble [FeFe] or membrane [NiFe]) = electrons - ETC - ATP.
— Supports chemolithoautotrophic growth in acidic or anoxic ecosystems.
Hydrocarbon degradation — microbial recycling of organic pollutants
Microorganisms degrade hydrocarbons as carbon and energy sources, crucial for
bioremediation.

Chapter 6 Summary




Microbial Biochemistry

e Aliphatic hydrocarbons:

— Initial oxidation: hydrocarbon = alcohol (monooxygenase) - aldehyde - fatty acid.

— Fatty acid enters B-oxidation - acetyl-CoA - TCA cycle.

— Biosurfactants (e.g., by Pseudomonas, Acinetobacter) increase substrate solubility.

e Aromatic hydrocarbons:

— Aerobic degradation: dioxygenases incorporate O, = dihydrodiols = catechols - ring
cleavage - central metabolism.

— Anaerobic degradation: activation via fumarate addition, dehydrogenation, or carboxylation
-> benzoyl-CoA pathway - ring reduction - acetyl-CoA.

— Examples: Pseudomonas, Rhodococcus, Thauera, Geobacter.

— Applications: degradation of benzene, toluene, xylene (BTEX) and polyaromatic hydrocarbons
(PAHS).

Industrial and biotechnological applications

Microbial metabolism provides tools for sustainable bioprocesses and bioenergy production.
¢ Fermentation products:

— Ethanol: Saccharomyces cerevisiae, Zymomonas mobilis (Entner—Doudoroff pathway).

— Butanol/acetone: Clostridium acetobutylicum (ABE fermentation).

— Lactic acid: Lactobacillus spp. for food and bioplastics.

— Succinic acid: engineered E. coli and Actinobacillus via reductive TCA branch.

¢ Bioremediation:

— Hydrocarbon degradation (aerobic/anaerobic) and biosurfactant production.

— Metal reduction: Geobacter, Shewanella reduce Fe(lll), Mn(IV), or U(VI).

— Wastewater treatment: nitrification, denitrification, anammox for N removal.

¢ Amino acid and enzyme production:

— Corynebacterium glutamicum for glutamate and lysine (feedback-resistant mutants).

— Bacillus and Aspergillus for a-amylase, protease, cellulase, pectinase.

¢ Microbial fuel cells (MFCs):

— Shewanella, Geobacter transfer electrons directly to electrodes via cytochromes or conductive
pili (“nanowires”).

— Generate electricity while treating wastewater.

Ecological and technological integration

¢ Nitrogen, sulfur, and carbon cycles rely on microbial redox metabolism.

e Chemolithotrophy supports primary production in dark ecosystems.

¢ Hydrocarbon and metal-degrading microbes sustain environmental detoxification.

¢ Industrial biotechnology exploits natural metabolic routes for renewable energy, green
chemistry, and pollution control.
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Conclusion
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Microbial biochemistry reveals the remarkable biochemical versatility of microorganisms and
their essential contribution to life on Earth. From the universal pathways of energy generation
to the specialized mechanisms that allow survival in extreme or nutrient-limited environments,

microbial metabolism demonstrates both evolutionary continuity and innovation.

Understanding these biochemical processes provides a bridge between molecular biology,
ecology, and biotechnology. It explains how microbes sustain global cycles of carbon, nitrogen,
and sulfur, while also enabling applications in fermentation, waste treatment, and bioenergy

production.

For students of microbial biochemistry, the mastery of these pathways offers more than
theoretical knowledge—it provides the framework to understand how microscopic processes
shape macroscopic systems, from soil fertility to human health. Ultimately, the study of
microbial biochemistry affirms a fundamental truth: that the invisible biochemical activity of

microorganisms sustains all visible life.
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