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A microbial cell carries out a
host of metabolic reactions to
yield the energy necessary to
divide and form two cells.
Continued growth on a solid
surface leads to visible
masses of cells, called
colonies.
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Metabolism of Microorganisms
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Recall from Chapter 2 that all cells require energy to drive life

processes. The requisite energy is obtained from organic

chemicals by chemoorganotrophs, from inorganic chemicals by

chemolithotrophs, and from light by phototrophs. In this chap-

ter we explore how cells conserve and use their energy and

nutrients. We assume that the reader has some background in

cell chemistry and refer the reader who needs a refresher on the

chemical principles of life to an overview of this topic at

www.microbiologyplace.com

I Nutrition and Culture 
of Microorganisms

Before a cell can replicate, it must coordinate many different

chemical reactions and organize many different molecules

into specific structures. Collectively, these reactions are called

metabolism. Metabolic reactions are either catabolic, which

means energy releasing, or anabolic, which means energy requir-

ing. Catabolism breaks molecular structures down, releasing

energy in the process, and anabolism uses energy to build larger

molecules from smaller ones.

We examine some of the key catabolic and anabolic reactions of

cells in this chapter. However, before we do, we consider how

microorganisms are grown in the laboratory and the nutrients they

need for growth. Indeed, most of what we know about the metabo-

lism of microorganisms has emerged from the study of laboratory

cultures. Our initial focus is on chemoorganotrophs; later in the

chapter we consider chemolithotrophs and phototrophs.

4.1 Nutrition and Cell Chemistry
In this section we learn how to care for and feed microorganisms.

Nutrition is the part of microbial physiology that deals with the

nutrients required for growth. Different organisms need different

complements of nutrients, and not all nutrients are required in

the same amounts. Some nutrients, called macronutrients, are

required in large amounts, while others, called micronutrients,

are required in just trace amounts.

All microbial nutrients are compounds constructed from the

chemical elements. However, just a handful of elements domi-

nate living systems and are essential: hydrogen (H), oxygen (O),

carbon (C), nitrogen (N), phosphorus (P), sulfur (S), and selenium

(Se). In addition to these, at least 50 other elements, although not

required, are metabolized in some way by microorganisms

(Figure 4.1). An approximate chemical formula for a cell is

CH2O0.5N0.15, indicating that C, H, O, and N constitute the bulk

of a living organism.

Besides water, which makes up 70–80% of the wet weight of a

microbial cell (a single cell of Escherichia coli weighs just g),

cells consist primarily of macromolecules—proteins, nucleic

acids, lipids, and polysaccharides. The essential elements make

up the building blocks (monomers) of these macromolecules, the

amino acids, nucleotides, fatty acids, and sugars. Proteins domi-

nate the macromolecular composition of a cell, making up 55% of

total cell dry weight. Moreover, the diversity of proteins exceeds

that of all other macromolecules combined. Interestingly, as
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important as DNA is to a cell, it contributes a very small percent-

age of a cell’s dry weight; RNA is far more abundant (Figure 4.1c).

The data shown in Figure 4.1 are from actual analyses of cells

of E. coli; comparable data vary a bit from one microorganism to

the next. But in any microbial cell, carbon and nitrogen are

important macronutrients, and thus we begin our study of

microbial nutrition with these key elements.

Carbon and Nitrogen
All cells require carbon, and most prokaryotes require organic

(carbon-containing) compounds as their source of carbon. Het-

erotrophic bacteria assimilate organic compounds and use them

to make new cell material. Amino acids, fatty acids, organic

acids, sugars, nitrogen bases, aromatic compounds, and count-

less other organic compounds can be transported and catabo-

lized by one or another bacterium. Autotrophic microorganisms

build their cellular structures from carbon dioxide (CO2) with

energy obtained from light or inorganic chemicals.

A bacterial cell is about 13% nitrogen, which is present in pro-

teins, nucleic acids, and several other cell constituents. The bulk

of nitrogen available in nature is in inorganic form as ammonia

(NH3), nitrate (NO3
2), or nitrogen gas (N2). Virtually all prokary-

otes can use NH3 as their nitrogen source, and many can also use

NO3
2. By contrast, N2 can only be used by nitrogen-fixing

prokaryotes, discussed in detail in later chapters. Nitrogen in

organic compounds, for example, in amino acids, may also be

available to microorganisms; if organic N is available and is taken

up, the compound can immediately enter the monomer pool for

biosynthesis or be catabolized as an energy source.

Other Macronutrients: P, S, K, Mg, Ca, Na
In addition to C, N, O, and H, many other elements are needed

by cells, but in smaller amounts (Figure 4.1b). Phosphorus is a

key element in nucleic acids and phospholipids and is typically

supplied to a cell as phosphate (PO4
22). Sulfur is present in the

amino acids cysteine and methionine and also in several vita-

mins, including thiamine, biotin, and lipoic acid. Sulfur can be

supplied to cells in several forms, including sulfide (HS2) and

sulfate (SO4
22). Potassium (K) is required for the activity of sev-

eral enzymes, whereas magnesium (Mg) functions to stabilize

ribosomes, membranes, and nucleic acids and is also required for

the activity of many enzymes. Calcium (Ca) is not required by all

cells but can play a role in helping to stabilize microbial cell walls,

and it plays a key role in the heat stability of endospores. Sodium

(Na) is required by some, but not all, microorganisms, and its

requirement is typically a reflection of the habitat. For example,

seawater contains relatively high levels of Na1, and marine

microorganisms typically require Na1 for growth. By contrast,

freshwater species are usually able to grow in the absence of Na1.

K, Mg, Ca, and Na are all supplied to cells as salts, typically as

chloride or sulfate salts.

Micronutrients: Iron and Other Trace Metals
Microorganisms require several metals for growth (Figure 4.1a).

Chief among these is iron (Fe), which plays a major role in cellu-

lar respiration. Iron is a key component of cytochromes and of

iron–sulfur proteins involved in electron transport reactions

www.microbiologyplace.com
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(Section 4.9). Under anoxic conditions, iron is generally in the

ferrous (Fe21) form and soluble. However, under oxic conditions,

iron is typically in the ferric (Fe31) form as part of insoluble min-

erals. To obtain Fe31 from such minerals, cells produce iron-

binding molecules called siderophores that function to bind

Fe31 and transport it into the cell. A major group of siderophores

is the hydroxamic acids, organic molecules that chelate Fe31

strongly. As Figure 4.2 shows, after the iron–hydroxamate com-

plex reaches the cytoplasm, the iron is released, and the hydroxa-

mate is excreted and can be used again for iron transport.

Many other types of siderophores are known. Some bacteria

produce phenolic siderophores (for example, the enterobactins)

whereas others produce peptide siderophores (for example,

aquachelin). Both classes of siderophore have extremely high

binding affinities and easily bind iron at levels as low as 1

nanogram per liter. However, as important as iron is for most

cells, some organisms can grow in the absence of iron. For example,

many lactic acid bacteria such as species of Lactobacillus do not

contain detectable iron and grow normally in its absence. In

these organisms, manganese (Mn21) often plays a role similar to

that just described for iron. Many other metals are required or

otherwise metabolized by microorganisms (Figure 4.1a). Like

iron, these micronutrients are called trace elements or trace met-

als. Micronutrients typically play a role as cofactors for enzymes.

Table 4.1 lists the major micronutrients and examples of

enzymes in which each plays a role in the cell.

Micronutrients: Growth Factors
Growth factors are organic compounds that, like trace metals, are

required in only very small amounts. Growth factors are vita-

mins, amino acids, purines, pyrimidines, or various other organic

molecules. Although most microorganisms are able to biosyn-

thesize the growth factors they need, some must obtain one or

more of them from the environment and thus must be supplied

with these compounds when cultured in the laboratory.
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Group

Period
Essential for all microorganisms

Macromolecular composition of a cellEssential elements as a percent of cell dry weight

Macromolecule

Protein
Lipid
Polysaccharide
Lipopolysaccharide
DNA
RNA

C    50% P    2.5%

O    17% S    1.8%

N    13% Se  <0.01%

H    8.2%

55
9.1
5.0
3.4
3.1
20.5
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(a)
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Essential cations and anions for most microorganisms

Figure 4.1 Elemental and macromolecular composition of a bacterial cell. (a) A microbial periodic
table of the elements. With the exception of uranium, which can be metabolized by some prokaryotes,
elements in period 7 or beyond in the complete periodic table of the elements are not known to be metabo-
lized. (b) Contributions of the essential elements to cell dry weight. (c) Relative abundance of macromole-
cules in a bacterial cell. Data in (b) from Aquat. Microb. Ecol. 10: 15–27 (1996) and in (c) from Escherichia
coli and Salmonella typhimurium: Cellular and Molecular Biology. ASM, Washington, DC (1996).
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Vitamins are the most commonly required growth factors.

Most vitamins function as coenzymes, which are nonprotein

components of enzymes. Vitamin requirements vary among

microorganisms, ranging from none to several. Lactic acid bacte-

ria, which include the genera Streptococcus, Lactobacillus, and

Leuconostoc ( Section 18.1), are renowned for their many vita-

min requirements, which are even more extensive than those of

humans (see Table 4.2).

MiniQuiz
• Which four elements make up the bulk of a cell’s dry weight?

• Which two classes of macromolecules contain most of a cell’s
nitrogen?

• What roles does iron play in cellular metabolism? How do cells
sequester iron?

4.2 Culture Media
Culture media are the nutrient solutions used to grow microor-

ganisms in the laboratory. Because laboratory culture is required

for the detailed study of any microorganism, careful attention

must be paid to the selection and preparation of media for labo-

ratory culture to be successful. Despite the fact that microbiolo-

gists have been growing microorganisms in laboratory cultures

for over 125 years, most microorganisms in nature have yet to be

cultured, leaving many challenges to the microbiologist today.

Classes of Culture Media
Two broad classes of culture media are used in microbiology:

defined media and complex media. Defined media are prepared

by adding precise amounts of highly purified inorganic or organic

chemicals to distilled water. Therefore, the exact composition of a

defined medium (in both a qualitative and quantitative sense) is

known. Of major importance in any culture medium is the carbon

source because all cells need large amounts of carbon to make

new cell material (Figure 4.1). The particular carbon source and

its concentration depend on the organism to be cultured. Table
4.2 lists recipes for four culture media. Some defined media, such

as the one listed for Escherichia coli, are said to be “simple”

because they contain only a single carbon source. In this medium,

cells of E. coli make all organic molecules from this carbon source.

R

Hydroxamate

R N

OH

C

O

+    R N C R

O O

Fe3+

Fe3+

Fe3+

Hydroxamate

Ferric hydroxamate

Ferric hydroxamate

Reduction

Cytoplasmic 
membrane

Cell wall

Fe2+

e–

(a)

(b)

Hydroxamate
group    

(Ferric)

(Ferrous)

Figure 4.2 Mechanism of hydroxamate siderophores. (a) Iron is
bound as Fe31 and (b) transported and released inside the cell and
reduced to Fe21. The hydroxamate then exits the cell and repeats the cycle.

Table 4.1 Micronutrients (trace elements) needed by microorganismsa

Element Cellular function or molecule of which a part

Boron (B) Autoinducer for quorum sensing in bacteria; also found in some polyketide antibiotics

Chromium (Cr) Possible but not proven component for glucose metabolism (necessary in mammals)

Cobalt (Co) Vitamin B12; transcarboxylase (only in propionic acid bacteria)

Copper (Cu) In respiration, cytochrome c oxidase; in photosynthesis, plastocyanin, some superoxide dismutases

Iron (Fe)b Cytochromes; catalases; peroxidases; iron–sulfur proteins; oxygenases; all nitrogenases

Manganese (Mn) Activator of many enzymes; component of certain superoxide dismutases and of the water-splitting enzyme in oxygenic phototrophs 
(photosystem II)

Molybdenum (Mo) Certain flavin-containing enzymes; some nitrogenases, nitrate reductases, sulfite oxidases, DMSO-TMAO reductases; some formate 
dehydrogenases

Nickel (Ni) Most hydrogenases; coenzyme F430 of methanogens; carbon monoxide dehydrogenase; urease

Selenium (Se) Formate dehydrogenase; some hydrogenases; the amino acid selenocysteine

Tungsten (W) Some formate dehydrogenases; oxotransferases of hyperthermophiles

Vanadium (V) Vanadium nitrogenase; bromoperoxidase

Zinc (Zn) Carbonic anhydrase; alcohol dehydrogenase; RNA and DNA polymerases; and many DNA-binding proteins

aNot every micronutrient listed is required by all cells; some metals listed are found in enzymes or cofactors present in only specific
microorganisms.
bNeeded in greater amounts than other trace metals.
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For culturing many microorganisms, knowledge of the exact

composition of a medium is not essential. In these instances

complex media may suffice and may even be advantageous.

Complex media employ digests of microbial, animal or plant

products, such as casein (milk protein), beef (beef extract), soy-

beans (tryptic soy broth), yeast cells (yeast extract), or any of a

number of other highly nutritious yet impure substances. These

digests are commercially available in dehydrated form and can be

easily prepared. However, the disadvantage of a complex medium

is its imprecise nutritional composition. That is, although one

may know approximately what is in the medium, its exact com-

position is unknown. An enriched medium, often used for the

culture of otherwise difficult-to-grow nutritionally demanding

(fastidious) microorganisms, starts with a complex base and is

embellished with additional nutrients such as serum, blood, or

other highly nutritious substances. Culture media are often made

to be selective or differential (or both), especially media used in

diagnostic microbiology. A selective medium contains com-

pounds that inhibit the growth of some microorganisms but not

others. For example, media are available for the selective isola-

tion of pathogenic strains of E. coli from food products, such as

ground beef, that could be contaminated with this organism. By

contrast, a differential medium is one in which an indicator, typi-

cally a reactive dye, is added that reveals whether a particular

chemical reaction has occurred during growth. Differential

media are quite useful for distinguishing different species of bac-

teria and are therefore widely used in clinical diagnostics and sys-

tematic microbiology. Differential and selective media are further

discussed in Chapter 31.

Nutritional Requirements 
and Biosynthetic Capacity
Of the four recipes in Table 4.2, three are defined and one is com-

plex. The complex medium is easiest to prepare and supports

growth of both of the chemoorganotrophs, Escherichia coli and

Leuconostoc mesenteroides, the examples used in the table. How-

ever, the simple defined medium supports growth of E. coli but

not of L. mesenteroides. Growth of the latter organism, a fastidi-

ous (nutritionally demanding) bacterium, in a defined medium

requires the addition of several nutrients not needed by E. coli.

By contrast, E. coli can synthesize everything it needs from a sin-

gle carbon compound, in this case, glucose. The nutritional

needs of L. mesenteroides can be satisfied by preparing either a

highly supplemented defined medium, a rather laborious under-

taking because of all the individual nutrients that need to be

added (Table 4.2), or by preparing a complex medium, a much

less demanding operation.

The fourth medium listed in Table 4.2 supports growth of the

sulfur chemolithotroph Thiobacillus thioparus; this medium

would not support growth of the chemoorganotrophs. T. thioparus
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Table 4.2 Examples of culture media for microorganisms with simple and demanding nutritional requirementsa

Defined culture medium 
for Escherichia coli

Defined culture medium for
Leuconostoc mesenteroides

Complex culture medium for either
E. coli or L. mesenteroides

Defined culture medium for
Thiobacillus thioparus

K2HPO4 7 g K2HPO4 0.6 g Glucose 15 g KH2PO4 0.5 g
KH2PO4 2 g KH2PO4 0.6 g Yeast extract 5 g NH4Cl 0.5 g
(NH4)2SO4 1 g NH4Cl 3 g Peptone 5 g MgSO4 0.1 g
MgSO4 0.1 g MgSO4 0.1 g KH2PO4 2 g CaCl2 0.05 g
CaCl2 0.02 g Glucose 25 g Distilled water 1000 ml KCl 0.5 g
Glucose 4–10 g Sodium acetate 25 g pH 7 Na2S2O3 2 g
Trace elements (Fe, Co, Mn, Zn, 

Cu, Ni, Mo) 2–10 �g each
Distilled water 1000 ml
pH 7

Amino acids (alanine, arginine, 
asparagine, aspartate, cysteine, 
glutamate, glutamine, glycine, 
histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, proline, 
serine, threonine, tryptophan, tyrosine,
valine) 100–200 �g of each

Trace elements (as in first column)
Distilled water 1000 ml
pH 7
Carbon source: CO2 from air

(a)

Purines and pyrimidines (adenine, 
guanine, uracil, xanthine) 10 mg of each

Vitamins (biotin, folate, nicotinic acid, 
pyridoxal, pyridoxamine, pyridoxine,
riboflavin, thiamine, pantothenate, 
p-aminobenzoic acid) 0.01–1 mg 
of each

Trace elements (as in first column) 
2–10 �g each

Distilled water 1000 ml
pH 7

(b)

aThe photos are tubes of (a) the defined medium described, and (b) the complex medium described. Note how the complex medium
is colored from the various organic extracts and digests that it contains. Photo credits: Cheryl L. Broadie and John Vercillo, Southern
Illinois University at Carbondale.
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is an autotroph and thus has no organic carbon requirements.

T. thioparus derives all of its carbon from CO2 and obtains its

energy from the oxidation of the reduced sulfur compound thio-

sulfate (Na2S2O3). Thus, T. thioparus has the greatest biosyn-

thetic capacity of all the organisms listed in the table, surpassing

even E. coli in this regard.

In a nutshell, what does Table 4.2 tell us? Simply put, it reveals

the fact that different microorganisms can have vastly different

nutritional requirements. Thus, for successful cultivation of any

microorganism, it is necessary to understand its nutritional

requirements and then supply it with the nutrients it needs in the

proper form and in the proper amounts. If care is taken in

preparing culture media, it is fairly easy to culture many different

types of microorganisms in the laboratory. We discuss some pro-

cedures for doing this now.

MiniQuiz
• Why would the routine culture of Leuconostoc mesenteroides be

easier in a complex medium than in a chemically defined medium?

• In which medium shown in Table 4.2, defined or complex, do you
think E. coli would grow the fastest? Why? E. coli will not grow in
the medium described for Thiobacillus thioparus; why?

4.3 Laboratory Culture 
Once a culture medium has been prepared and made sterile to

render it free of all life forms, organisms can be inoculated and the

culture can be incubated under conditions that will support

growth. In a laboratory, inoculation will typically be with a pure

culture, a culture containing only a single kind of microorganism.

It is essential to prevent other organisms from entering a

pure culture. Such unwanted organisms, called contaminants,

are ubiquitous (as Pasteur discovered over 125 years ago, 

Section 1.7), and microbiological techniques are designed

to avoid contamination. A major method for obtaining pure

cultures and for assessing the purity of a culture is the use of

solid media, specifically, solid media prepared in the Petri

plate, and we consider this now.

Solid and Liquid Culture Media
Liquid culture media are sometimes solidified by the addition of a

gelling agent. Solid media immobilize cells, allowing them to grow

and form visible, isolated masses called colonies (Figure 4.3).

Microbial colonies are of various shapes and sizes depending on

the organism, the culture conditions, the nutrient supply, and sev-

eral other physiological parameters, and can contain several bil-

lion individual cells. Some microorganisms produce pigments

that cause the colony to be colored (Figure 4.3). Colonies permit

the microbiologist to visualize the composition and presumptive
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Figure 4.3 Bacterial colonies. Colonies are visible masses of cells
formed from the division of one or a few cells and can contain over a
billion (109) individual cells. (a) Serratia marcescens, grown on MacConkey
agar. (b) Close-up of colonies outlined in part a. (c) Pseudomonas
aeruginosa, grown on trypticase soy agar. (d) Shigella flexneri, grown on
MacConkey agar.
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purity of the culture. Plates that contain more than one colony

type are indicative of a contaminated culture. The appearance and

uniformity of colonies on a Petri plate has been used as one crite-

rion of culture purity for over 100 years ( Section 1.8).

Solid media are prepared in the same way as liquid media

except that before sterilization, agar, a gelling agent, is added to

the medium, typically at a concentration of 1–2%. The agar melts

during the sterilization process, and the molten medium is then

poured into sterile glass or plastic plates and allowed to solidify

before use (Figure 4.3). www.microbiologyplace.com Online Tuto-
rial 4.1: Aseptic Transfer and the Streak Plate Method

Aseptic Technique
Because microorganisms are everywhere, culture media must be

sterilized before use. Sterilization is typically achieved with moist

heat in a large pressurized chamber called an autoclave. We dis-

cuss the operation and principles of the autoclave later, along

with other methods of sterilization ( Section 26.1).

Once a sterile culture medium has been prepared, it is ready to

receive an inoculum to start the growth process. This manipula-

tion requires aseptic technique, a series of steps to prevent con-

tamination during manipulations of cultures and sterile culture

media (Figures 4.4 and 4.5). A mastery of aseptic technique is
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Figure 4.4 Aseptic transfer. (a) Loop is heated until red hot and cooled in air briefly. (b) Tube is
uncapped. (c) Tip of tube is run through the flame. (d) Sample is removed on sterile loop for transfer to a
sterile medium. (e) The tube is reflamed. (f) The tube is recapped. Loop is reheated before being taken out
of service.

(c)(b)

(a)

Confluent growth at
beginning of streak

Isolated colonies
at end of streak
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Figure 4.5 Making a streak plate to obtain pure cultures (a) Loop is sterilized and a loopful of inocu-
lum is removed from tube. (b) Streak is made and spread out on a sterile agar plate. Following the initial
streak, subsequent streaks are made at angles to it, the loop being resterilized between streaks. (c) Appear-
ance of a well-streaked plate after incubation, showing colonies of the bacterium Micrococcus luteus on a
blood agar plate. It is from such well-isolated colonies that pure cultures can usually be obtained.
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required for success in the microbiology laboratory, and it is one

of the first methods learned by the novice microbiologist. Air-

borne contaminants are the most common problem because the

dust in laboratory air contains microorganisms. When containers

are opened, they must be handled in such a way that contaminant-

laden air does not enter (Figures 4.4 and 4.5).

Aseptic transfer of a culture from one tube of medium to

another is typically accomplished with an inoculating loop or

needle that has previously been sterilized in a flame (Figure 4.4).

Cells from liquid cultures can also be transferred to the surface of

agar plates where colonies develop from the growth and division

of single cells (Figure 4.5). Picking an isolated colony and

restreaking it is the main method for obtaining pure cultures

from samples containing several different organisms.

MiniQuiz
• What is meant by the word sterile? What would happen if freshly

prepared culture media were not sterilized and then left at room
temperature?

• Why is aseptic technique necessary for successful cultivation of
pure cultures in the laboratory?

II Energetics and Enzymes

Regardless of how a microorganism makes a living—whether

by chemoorganotrophy, chemolithotrophy, or phototrophy—

it must be able to conserve some of the energy released in its

energy-yielding reactions. Here we discuss the principles of

energy conservation, using some simple laws of chemistry and

physics to guide our understanding. We then consider enzymes,

the cell’s catalysts.

4.4 Bioenergetics
Energy is the ability to do work. In microbiology, energy is mea-

sured in kilojoules (kJ), a unit of heat energy. All chemical reac-

tions in a cell are accompanied by changes in energy, energy

either being required for or released during the reaction.

Basic Energetics
Although in any chemical reaction some energy is lost as heat, in

microbiology we are interested in free energy (abbreviated G),

which is the energy available to do work. The change in free

energy during a reaction is expressed as DG09, where the symbol

D is read as “change in.” The “0” and “prime” superscripts indicate

that the free-energy value is for standard conditions: pH 7, 258C,

1 atmosphere of pressure, and all reactants and products at molar

concentrations.

Consider the reaction

A 1 B S C 1 D

If DG09 for this reaction is negative in arithmetic sign, then the

reaction will proceed with the release of free energy, energy that

the cell may conserve as ATP. Such energy-yielding reactions are

called exergonic. However, if DG09 is positive, the reaction

requires energy in order to proceed. Such reactions are called

endergonic. Thus, exergonic reactions release energy whereas

endergonic reactions require energy.

Free Energy of Formation and Calculating DG09
To calculate the free-energy yield of a reaction, one first needs to

know the free energy of its reactants and products. This is the

free energy of formation (Gf
0), the energy released or required

during the formation of a given molecule from the elements.

Table 4.3 gives a few examples of Gf
0. By convention, the free

energy of formation of the elements in their elemental and elec-

trically neutral form (for instance, C, H2, N2) is zero. The free

energies of formation of compounds, however, are not zero. If the

formation of a compound from its elements proceeds exergoni-

cally, then the Gf
0 of the compound is negative (energy is

released). If the reaction is endergonic, then the Gf
0 of the com-

pound is positive (energy is required).

For most compounds Gf
0 is negative. This reflects the fact that

compounds tend to form spontaneously (that is, with energy

being released) from their elements. However, the positive Gf
0

for nitrous oxide (N2O) (1104.2 kJ/mol, Table 4.3) indicates that

this compound does not form spontaneously. Instead, over time

it decomposes spontaneously to yield N2 and O2. The free ener-

gies of formation of more compounds of microbiological interest

are given in Appendix 1.

Using free energies of formation, it is possible to calculate

DG09 of a given reaction. For the reaction A 1 B S C 1 D, DG09
is calculated by subtracting the sum of the free energies of forma-

tion of the reactants (A 1 B) from that of the products (C 1 D).

Thus

DG095 Gf
0[C 1 D] 2 Gf

0[A 1 B]

The value obtained for DG09 tells us whether the reaction is exer-

gonic or endergonic. The phrase “products minus reactants” is a

simple way to recall how to calculate changes in free energy dur-

ing chemical reactions. However, before free-energy calculations

can be made, it is first necessary to balance the reaction.

Table 4.3 Free energy of formation for a few compounds 
of biological interest

Compound Free energy of formation (Gf
0)a

Water (H2O) 2237.2

Carbon dioxide (CO2) 2394.4

Hydrogen gas (H2) 0

Oxygen gas (O2) 0

Ammonium (NH4
1) 279.4

Nitrous oxide (N2O) 1104.2

Acetate (C2H3O2
2) 2369.4

Glucose (C6H12O6) 2917.3

Methane (CH4) 250.8

Methanol (CH3OH) 2175.4

aThe free energy of formation values are in kJ/mol. See Table A1.1 in Appendix 1 for 
a more complete list of free energies of formation.
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Appendix 1 details the steps in balancing reactions both electri-

cally and atomically and calculating free energies for any hypo-

thetical reaction.

DG09 versus DG
Although calculations of DG09 are usually reasonable estimates of

actual free-energy changes, under some circumstances they are

not. We will see later in this book that the actual concentrations

of products and reactants in nature, which are rarely at molar

levels, can alter the bioenergetics of reactions, sometimes in sig-

nificant ways. Thus, what may be most relevant to a bioenergetic

calculation is not DG09, but DG, the free-energy change that

occurs under the actual conditions in which the organism is

growing. The equation for DG takes into account the actual con-

centrations of reactants and products in the reaction and is

DG5 DG09 1 RT ln K

where R and T are physical constants and K is the equilibrium

constant for the reaction (Appendix 1). We distinguish between

DG09 and ΔG in important ways in Chapter 14, where we consider

metabolic diversity in more detail, but for now, we only need to

focus on the expression DG09 and what it tells us about a chemical

reaction catalyzed by a microorganism. Only reactions that are

exergonic yield energy that can be conserved by the cell as ATP.

MiniQuiz
• What is free energy?

• Using the data in Table 4.3, calculate DG09 for the reaction 
CH4 1 O2 S CH3OH. How does DG09 differ from ΔG?

• Does glucose formation from the elements release or require
energy?

4.5 Catalysis and Enzymes
Free-energy calculations reveal only whether energy is released

or required in a given reaction. The value obtained says nothing

about the rate of the reaction. Consider the formation of water

from gaseous oxygen (O2) and hydrogen (H2). The energetics of

this reaction are quite favorable: H2 1 O2 S H2O, DG09 5
2237 kJ. However, if we were to mix O2 and H2 together in a

sealed bottle and leave it for years, no measurable amount of

water would form. This is because the bonding of oxygen and

hydrogen atoms to form water requires that their chemical bonds

first be broken. The breaking of these bonds requires some

energy, and this energy is called activation energy.

Activation energy is the energy required to bring all molecules

in a chemical reaction into the reactive state. For a reaction that

proceeds with a net release of free energy (that is, an exergonic

reaction), the situation is as diagrammed in Figure 4.6. Although

the activation energy barrier is virtually insurmountable in the

absence of a catalyst, in the presence of the proper catalyst, this

barrier is greatly reduced.

Enzymes
The concept of activation energy leads us to consider catalysis

and enzymes. A catalyst is a substance that lowers the activation

1
2

1
2

energy of a reaction, thereby increasing the reaction rate. Cata-

lysts facilitate reactions but are not consumed or transformed by

them. Moreover, catalysts do not affect the energetics or the

equilibrium of a reaction; catalysts affect only the rate at which

reactions proceed.

Most cellular reactions do not proceed at useful rates without

catalysis. Biological catalysts are called enzymes. Enzymes are

proteins (or in a few cases, RNAs) that are highly specific for the

reactions they catalyze. That is, each enzyme catalyzes only a sin-

gle type of chemical reaction, or in the case of some enzymes, a

single class of closely related reactions. This specificity is a func-

tion of the precise three-dimensional structure of the enzyme

molecule.

In an enzyme-catalyzed reaction, the enzyme (E) combines

with the reactant, called a substrate (S), forming an enzyme–

substrate complex (E—S). Then, as the reaction proceeds, the

product (P) is released and the enzyme is returned to its original

state:

E 1 S M E—S M 1 P

The enzyme is generally much larger than the substrate(s), and

the portion of the enzyme to which substrate binds is called the

active site; the entire enzymatic reaction, from substrate binding

to product release, may take only a few milliseconds.

Many enzymes contain small nonprotein molecules that partic-

ipate in catalysis but are not themselves substrates. These small

molecules can be divided into two classes based on the way they

associate with the enzyme: prosthetic groups and coenzymes. Pros-

thetic groups bind very tightly to their enzymes, usually cova-

lently and permanently. The heme group present in cytochromes

(Section 4.9) is an example of a prosthetic group. Coenzymes, by

contrast, are loosely bound to enzymes, and a single coenzyme

molecule may associate with a number of different enzymes. Most

coenzymes are derivatives of vitamins, and NAD1/NADH, a

derivative of the vitamin niacin, is a good example.
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Figure 4.6 Activation energy and catalysis. Even chemical reactions
that release energy may not proceed spontaneously, because the reac-
tants must first be activated. Once they are activated, the reaction pro-
ceeds spontaneously. Catalysts such as enzymes lower the required
activation energy.
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Enzyme Catalysis
The catalytic power of enzymes is impressive. Enzymes increase

the rate of chemical reactions anywhere from to times

over that which would occur spontaneously. To catalyze a spe-

cific reaction, an enzyme must do two things: (1) bind its sub-

strate and (2) position the substrate relative to the catalytically

active amino acids in the enzyme’s active site. The enzyme–

substrate complex (Figure 4.7) aligns reactive groups and places

strain on specific bonds in the substrate(s). The net result is a

reduction in the activation energy required to make the reaction

proceed from substrate(s) to product(s) (Figure 4.6). These steps

are shown in Figure 4.7 for the enzyme lysozyme, an enzyme

whose substrate is the polysaccharide backbone of the bacterial

cell wall polymer, peptidoglycan ( Figure 3.16).

The reaction depicted in Figure 4.6 is exergonic because the

free energy of formation of the substrates is greater than that of

the products. Enzymes can also catalyze reactions that require

energy, converting energy-poor substrates into energy-rich

products. In these cases, however, not only must an activation

energy barrier be overcome, but sufficient free energy must also

be put into the reaction to raise the energy level of the substrates

to that of the products. This is done by coupling the energy-

requiring reaction to an energy-yielding one, such as the hydrol-

ysis of ATP.

Theoretically, all enzymes are reversible in their activity. How-

ever, enzymes that catalyze highly exergonic or highly endergonic

reactions typically act only unidirectionally. If a particularly

1020108

exergonic or endergonic reaction needs to be reversed, a differ-

ent enzyme usually catalyzes the reverse reaction.

MiniQuiz
• What is the function of a catalyst? What are enzymes made of?

• Where on an enzyme does the substrate bind?

• What is activation energy?

III Oxidation–Reduction and
Energy-Rich Compounds

The energy released in oxidation–reduction (redox) reactions

is conserved in cells by the simultaneous synthesis of energy-

rich compounds, such as ATP. Here we first consider

oxidation–reduction reactions and the major electron carriers

present in the cell. We then examine the compounds that actually

conserve the energy released in oxidation–reduction reactions.

4.6 Electron Donors and 
Electron Acceptors

An oxidation is the removal of an electron or electrons from a

substance, and a reduction is the addition of an electron or elec-

trons to a substance. Oxidations and reductions are common in

cellular biochemistry and can involve just electrons or an elec-

tron plus a proton (a hydrogen atom; H).
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H
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Figure 4.7 The catalytic cycle of an enzyme. The enzyme depicted here, lysozyme, catalyzes the
cleavage of the β-1,4-glycosidic bond in the polysaccharide backbone of peptidoglycan. Following binding
in the enzyme’s active site, strain is placed on the bond, and this favors breakage. Space-filling model of
lysozyme courtesy of Richard Feldmann.
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Redox Reactions
Redox reactions occur in pairs. For example, hydrogen gas (H2)

can release electrons and protons and become oxidized (Figure
4.8). However, electrons cannot exist alone in solution; they

must be part of atoms or molecules. Thus, the equation as drawn

does not itself represent an independent reaction. The reaction is

only a half reaction, a term that implies the need for a second half

reaction. This is because for any substance to be oxidized,

another substance must be reduced.

The oxidation of H2 can be coupled to the reduction of many

different substances, including oxygen (O2), in a second half

reaction. This reduction half reaction, when coupled to the oxi-

dation of H2, yields the overall balanced reaction in step 4 of

Figure 4.8. In reactions of this type, we refer to the substance

oxidized (in this case, H2) as the electron donor, and the sub-

stance reduced (in this case, O2) as the electron acceptor. The

concept of electron donors and electron acceptors is very impor-

tant in microbiology and underlies virtually all aspects of energy

metabolism.

Reduction Potentials and Redox Couples
Substances differ in their tendency to be electron donors or elec-

tron acceptors. This tendency is expressed as their reduction

potential (E09, standard conditions), measured in volts (V) in

reference to that of a standard substance, H2 (Figure 4.9). By

convention, reduction potentials are given for half reactions writ-

ten as reductions, with reactions at pH 7 because the cytoplasm

of most cells is neutral, or nearly so.

A substance can be either an electron donor or an electron

acceptor under different circumstances, depending on the sub-

stances with which it reacts. The constituents on each side of

the arrow in half reactions are called a redox couple, such as 

2 H1/H2, or O2/H2O (Figure 4.8). By convention, when writing a

redox couple, the oxidized form of the couple is always placed on

the left, before the forward slash, followed by the reduced form

after the forward slash. In the example of Figure 4.8, the E09 of the

2 H1/H2 couple is 20.42 V and that of the O2/H2O couple is

10.82 V. We will learn shortly that these values mean that O2 is

an excellent electron acceptor and H2 is an excellent electron

donor.

In redox reactions, the reduced substance of a redox couple

whose E09 is more negative donates electrons to the oxidized sub-

stance of a redox couple whose E09 is more positive. Thus, in the

couple 2 H1/H2, H2 has a greater tendency to donate electrons

than the tendency of 2 H1 to accept them, and in the couple

O2/H2O, H2O has a very weak tendency to donate electrons,

whereas O2 has a great tendency to accept them. It then follows

1
2

1
2

1
2

that in a reaction of H2 and O2, H2 will be the electron donor and

become oxidized, and O2 will be the electron acceptor and

become reduced (Figure 4.8).

H2      2 e–  + 2 H
+

 O2  +  2 e– O
2–

H2O2 H
+ H2  +     O2 H2OO

2–+–12 –12

Electron 
donor

Electron 
acceptor

Electron-donating
half reaction

1. 2.

Electron-accepting
half reaction

3. 4.

Formation of water Net reaction

Figure 4.8 Example of an oxidation–reduction reaction. The formation of H2O by reaction of the electron
donor H2 and the electron acceptor O2.

CO2/glucose (–0.43) 24 e–

SO4
2–/HSO3

– (–0.52) 2 e–

2H+/H2 (–0.42) 2 e–

CO2/methanol (–0.38) 6 e–

NAD+/NADH (–0.32) 2 e–

CO2/acetate (–0.28) 8 e–

SO3
2–/H2S (–0.17) 6 e–

FAD/FADH (–0.22) 2 e–
CO2/CH4 (–0.24) 8 e–

Pyruvate/lactate (–0.19) 2 e–

Cytochrome cox/red (+0.25) 1 e–

Cytochrome box/red (+0.035) 1 e–

   O2/H2O (+0.82) 2 e–

Fe3+/Fe2+ (+0.76) 1 e–, (pH 2)

Fe3+/Fe2+ (+0.2) 1 e–, (pH 7)

NO3
–/NO2

– (+0.42) 2 e–

Cytochrome aox/red (+0.39) 1 e–

Ubiquinoneox/red (+0.11) 2 e–

Fumarate/succinate (+0.03) 2 e–

S4O6
2–/S2O3

2– (+0.024) 2 e–

S0/H2S (–0.28) 2 e–

NO3
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Figure 4.9 The redox tower. Redox couples are arranged from the
strongest donors at the top to the strongest acceptors at the bottom.
Electrons can be “caught” by acceptors at any intermediate level as long
as the donor couple is more negative than the acceptor couple. The
greater the difference in reduction potential between electron donor and
electron acceptor, the more free energy is released. Note the differences
in energy yield when H2 reacts with three different electron acceptors,
fumarate, nitrate, and oxygen.
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tains energy but that the chemical reaction in which the electron

donor participates releases energy. The presence of a suitable

electron acceptor is just as important as the presence of a suitable

electron donor. Lacking one or the other, the energy-releasing

reaction cannot proceed. Many potential electron donors exist

in nature, including a wide variety of organic and inorganic

compounds.

Electron Carriers and NAD/NADH Cycling
Redox reactions in microbial cells are typically mediated by one

or more small molecules. A very common carrier is the coen-

zyme nicotinamide adenine dinucleotide (NAD1) (Figure 4.10).

NAD1 is an electron plus proton carrier, transporting 2 e2 and 

2 H1 at the same time.

The reduction potential of the NAD1/NADH couple is 20.32 V,

which places it fairly high on the electron tower; that is, NADH is

a good electron donor (Figure 4.10). Coenzymes such as NADH

increase the diversity of redox reactions possible in a cell by allow-

ing chemically dissimilar electron donors and acceptors to inter-

act, with the coenzyme acting as the intermediary. For example,

electrons removed from an electron donor can reduce NAD1 to

NADH, and the latter can be converted back to NAD1 by donat-

ing electrons to the electron acceptor. Figure 4.11 shows an exam-

ple of such electron shuttling by NAD1/NADH. In the reaction,

NAD1 and NADH facilitate the redox reaction without being

Enzyme I

Enzyme II

NAD+ 

binding 
site

Active 
site 

NADH 

binding 
site

Active
site 

Enzyme–
substrate
complex

Enzyme–
substrate
complex

Electron 
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reduced
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NAD+

NAD+ reduction

NADH oxidation

Electron donor
(substrate)

Electron 
donor
oxidized
(product)

Electron 
acceptor
(substrate)

Enzyme I reacts with electron donor and 
oxidized form of coenzyme, NAD+

Enzyme II reacts with electron 
acceptor and reduced form 
of coenzyme, NADH

+

+

+

+
NADH

Figure 4.11 NAD1/NADH cycling. A schematic example of redox reac-
tions in two different enzymes linked by their use of either NAD1 or NADH.

As previously mentioned, all half reactions are written as

reductions. However, in an actual reaction between two redox

couples, the half reaction with the more negative E09 proceeds as

an oxidation and is therefore written in the opposite direction. In

the reaction between H2 and O2 shown in Figure 4.8, H2 is thus

oxidized and is written in the reverse direction from its formal

half reaction.

The Redox Tower and Its Relationship to DG09
A convenient way of viewing electron transfer reactions in bio-

logical systems is to imagine a vertical tower (Figure 4.9). The

tower represents the range of reduction potentials possible for

redox couples in nature, from those with the most negative E09
on the top to those with the most positive E09 at the bottom; thus,

we can call the tower a redox tower. The reduced substance in the

redox couple at the top of the tower has the greatest tendency to

donate electrons, whereas the oxidized substance in the redox

couple at the bottom of the tower has the greatest tendency to

accept electrons.

Using the tower analogy, imagine electrons from an electron

donor near the top of the tower falling and being “caught” by

electron acceptors at various levels. The difference in reduc-

tion potential between the donor and acceptor redox couples is

expressed as DE09. The further the electrons drop from a donor

before they are caught by an acceptor, the greater the amount

of energy released. That is, is proportional to 

(Figure 4.9). Oxygen, at the bottom of the redox tower, is the

strongest electron acceptor of any significance in nature. In the

middle of the redox tower, redox couples can be either electron

donors or acceptors depending on which redox couples they

react with. For instance, the 2 H1/H2 couple (20.42 V) can react

with the fumarate/succinate (10.03 V), NO3
2/NO2

2 (10.42 V), or

couples, with increasing amounts of energy

being released, respectively (Figure 4.9).

Electron donors used in energy metabolism are also called

energy sources because energy is released when they are oxidized

(Figure 4.9). The point is not that the electron donor per se con-

1
2 O2/H2O(1 8.82 V)

DG09D  E09
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consumed in the process. Recall that the cell requires large

amounts of a primary electron donor (the substance that was oxi-

dized to yield NADH) and a final electron acceptor (such as O2).

But the cell needs only a tiny amount of NAD1/NADH because

they are constantly being recycled. All that is needed is an amount

sufficient to service the redox enzymes in the cell that use these

coenzymes in their reaction mechanisms (Figure 4.11).

NADP1/NADPH is a related redox coenzyme in which a phos-

phate group is added to NAD1/NADH. NADP1/NADPH typi-

cally participate in redox reactions distinct from those that use

NAD1/NADH, most commonly in anabolic (biosynthetic) reac-

tions in which oxidations and reductions occur.

MiniQuiz
• In the reaction H2 1 O2 S H2O, what is the electron donor and

what is the electron acceptor?

• Why is nitrate (NO3
2) a better electron acceptor than fumarate?

• Is NADH a better electron donor than H2? Is NAD1 a better
acceptor than H1? How do you determine this?

4.7 Energy-Rich Compounds 
and Energy Storage

Energy released from redox reactions must be conserved by the

cell if it is to be used later to drive energy-requiring cell func-

tions. In living organisms, chemical energy released in redox

reactions is conserved primarily in phosphorylated compounds.

The free energy released upon hydrolysis of the phosphate in

these energy-rich compounds is significantly greater than that of

1
2

the average covalent bond in the cell, and it is this released

energy that is conserved by the cell.

Phosphate can be bonded to organic compounds by either ester

or anhydride bonds, as illustrated in Figure 4.12. However, not all

phosphate bonds are energy-rich. As seen in the figure, the DG09
of hydrolysis of the phosphate ester bond in glucose 6-phosphate

is only 213.8 kJ/mol. By contrast, the DG09 of hydrolysis of the

phosphate anhydride bond in phosphoenolpyruvate is 251.6

kJ/mol, almost four times that of glucose 6-phosphate. Although

either compound could be hydrolyzed to yield energy, cells typi-

cally use a small group of compounds whose DG09 of hydrolysis is

greater than 230 kJ/mol as energy “currencies” in the cell. Thus,

phosphoenolpyruvate is energy-rich whereas glucose 6-phosphate

is not. Notice in Figure 4.12 that ATP contains three phosphates,

but only two of them have free energies of hydrolysis of .30 kJ.

Also notice that the thioester bond between the C and S atoms of

coenzyme A has a free energy of hydrolysis of .30 kJ.

Adenosine Triphosphate
The most important energy-rich phosphate compound in cells is

adenosine triphosphate (ATP). ATP consists of the ribonucleo-

side adenosine to which three phosphate molecules are bonded in

series. ATP is the prime energy currency in all cells, being generated

during exergonic reactions and consumed in endergonic reactions.

From the structure of ATP (Figure 4.12), it can be seen that two of

the phosphate bonds are phosphoanhydrides that have free ener-

gies of hydrolysis greater than 30 kJ. Thus, the reactions ATP S
ADP 1 Pi and ADP S AMP 1 Pi each release roughly 32 kJ/mol of

energy. By contrast, AMP is not energy-rich because its free energy

of hydrolysis is only about half that of ADP or ATP (Figure 4.12).
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Figure 4.12 Phosphate bonds in compounds that conserve energy in bacterial metabolism. Notice,
by referring to the table, the range in free energy of hydrolysis of the phosphate bonds highlighted in the
compounds. The “R” group of acetyl-CoA is a 39 phospho ADP group.
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Although the energy released in ATP hydrolysis is 232 kJ, a

caveat must be introduced here to define more precisely the

energy requirements for the synthesis of ATP. In an actively

growing Escherichia coli cell, the ratio of ATP to ADP is about

7.5:1. This deviation from equilibrium affects the energy require-

ments for ATP synthesis. In such a cell, the actual energy expen-

diture (that is, the ΔG, Section 4.4) for the synthesis of 1 mole of

ATP is on the order of 255 to 260 kJ. Nevertheless, for the pur-

poses of learning and applying the basic principles of bioenerget-

ics, we assume that reactions conform to “standard conditions”

(DG09), and thus we assume that the energy required for synthe-

sis or hydrolysis of ATP is 32 kJ/mol.

Coenzyme A
Cells can use the free energy available in the hydrolysis of other

energy-rich compounds as well as phosphorylated compounds.

These include, in particular, derivatives of coenzyme A (for exam-

ple, acetyl-CoA; see structure in Figure 4.12). Coenzyme A deriv-

atives contain thioester bonds. Upon hydrolysis, these yield

sufficient free energy to drive the synthesis of an energy-rich

phosphate bond. For example, in the reaction

acetyl-S-CoA 1 H2O 1 ADP 1 Pi S
acetate2 1 HS-CoA 1 ATP 1 H1

the energy released in the hydrolysis of coenzyme A is conserved

in the synthesis of ATP. Coenzyme A derivatives (acetyl-CoA is

just one of many) are especially important to the energetics of

anaerobic microorganisms, in particular those whose energy

metabolism depends on fermentation. We return to the impor-

tance of coenzyme A derivatives many times in Chapter 14.

Energy Storage
ATP is a dynamic molecule in the cell; it is continuously being

broken down to drive anabolic reactions and resynthesized at the

expense of catabolic reactions. For longer-term energy storage,

microorganisms produce insoluble polymers that can be catabo-

lized later for the production of ATP.

Examples of energy storage polymers in prokaryotes include

glycogen, poly-β-hydroxybutyrate and other polyhydroxyalka-

noates, and elemental sulfur, stored from the oxidation of H2S by

sulfur chemolithotrophs. These polymers are deposited within

the cell as large granules that can be seen with the light or elec-

tron microscope ( Section 3.10). In eukaryotic microorga-

nisms, polyglucose in the form of starch and lipids in the form of

simple fats are the major reserve materials. In the absence of an

external energy source, a cell can break down these polymers to

make new cell material or to supply the very low amount of

energy, called maintenance energy, needed to maintain cell

integrity when it is in a nongrowing state.

MiniQuiz
• How much energy is released per mole of ATP converted to 

ADP 1 Pi under standard conditions? Per mole of AMP con-
verted to adenosine and Pi?

• During periods of nutrient abundance, how can cells prepare for
periods of nutrient starvation?

IV Essentials of Catabolism

Two series of reactions—fermentation and respiration—are

linked to energy conservation in chemoorganotrophs:

Fermentation is the form of anaerobic catabolism in which an

organic compound is both an electron donor and an electron

acceptor, and ATP is produced by substrate-level phosphoryla-

tion; and respiration is the catabolism in which a compound is

oxidized with O2 (or an O2 substitute) as the terminal electron

acceptor, usually accompanied by ATP production by oxidative

phosphorylation. In both series of reactions, ATP synthesis is

coupled to energy released in oxidation–reduction reactions.

One can look at fermentation and respiration as alternative

metabolic choices available to some microorganisms. In orga-

nisms that can both ferment and respire, such as yeast, fermenta-

tion is necessary when conditions are anoxic and terminal

electron acceptors are absent. When O2 is available, respiration

can take place. We will see that much more ATP is produced in

respiration than in fermentation and thus respiration is the pre-

ferred choice (see the Microbial Sidebar, “Yeast Fermentation, the

Pasteur Effect, and the Home Brewer”). But many microbial habi-

tats lack O2 or other electron acceptors that can substitute for O2

in respiration (see Figure 4.22), and in such habitats, fermentation

is the only option for energy conservation by chemoorganotrophs.

4.8 Glycolysis
In fermentation, ATP is produced by a mechanism called

substrate-level phosphorylation. In this process, ATP is syn-

thesized directly from energy-rich intermediates during steps in

the catabolism of the fermentable substrate (Figure 4.13a). This
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Figure 4.13 Energy conservation in fermentation and respiration.

(a) In fermentation, substrate-level phosphorylation produces ATP. (b) In respi-
ration, the cytoplasmic membrane, energized by the proton motive force, dis-
sipates energy to synthesize ATP from ADP 1 Pi by oxidative phosphorylation.



MICROBIAL SIDEBAR

Yeast Fermentation, the Pasteur Effect, 
and the Home Brewer

Every home wine maker, brewer, and
baker is an amateur microbiologist, per-

haps without even realizing it. Indeed, anaer-
obic mechanisms of microbial energy
generation are at the heart of some of the
most commonly consumed fermented foods
and beverages (Figure 1).

In the production of breads and most alco-
holic beverages, the yeast Saccharomyces
cerevisiae or a related species is exploited to
produce ethanol (ethyl alcohol) and carbon
dioxide (CO2). Found in various sugar-rich
environments such as fruit juices and nectar,
yeasts can carry out the two opposing
modes of chemoorganotrophic metabolism
discussed in this chapter, fermentation and
respiration. When oxygen (O2) is present in
high amounts, yeast grows efficiently on vari-
ous sugars, making yeast cells and CO2 (the
latter from the citric acid cycle, Section 4.11)
in the process. However, when conditions are
anoxic, yeasts switch to fermentative meta-
bolism using the glycolytic pathway. This
reduces the production of new cells but
yields significant amounts of the fermentation
products ethanol and CO2.

During his studies on fermentation, the
early microbiologist Louis Pasteur ( Sec-
tion 1.7) recognized that yeast switch
between aerobic and anaerobic metabolism.
He showed that the ratio of glucose con-
sumed by a yeast suspension to the weight
of cells produced varied with the concentra-
tion of O2 supplied; the ratio was maximal in
the absence of O2. In Pasteur’s own words,
“the ferment lost its fermentative abilities in
proportion to the concentration of this gas.”
He referred to the yeast cells as “the fer-
ment” because it had not yet been estab-
lished that the yeast in the fermenting mixture
were actually living cells! He described what
has come to be known as the “Pasteur
effect,” a phenomenon that occurs in any
organism (even humans) that can both
ferment and respire glucose. The fermenta-
tion of glucose is maximal under anoxic con-
ditions and is incrementally inhibited by O2

because respiration yields much
more energy per glucose than
does fermentation. As a rule,
cells carry out the metabolism
that is most energetically benefi-
cial to them.

The Pasteur effect occurs in
alcoholic beverage fermenta-
tion. When grapes are squeezed
to make juice, called must,
small numbers of yeast cells
present on the grapes are trans-
ferred to the must. During the
first several days of the wine-
making process, yeast grow pri-
marily by respiration and
consume O2, making the juice
anoxic. The yeast respire the
glucose in the juice rather than
fermenting it because more
energy is available from the res-
piration of glucose than from its
fermentation. However, as soon
as the O2 in the grape juice is depleted,
fermentation begins along with alcohol
formation. This switch from aerobic to
anaerobic metabolism is crucial in wine
making, and care must be taken to ensure
that O2 is kept out of the fermentation vessel.
The vessel is thus sealed against the intro-
duction of air. Laboratory studies of yeast
have shown that the introduction of O2 to a
fermenting yeast culture triggers the expres-
sion of hundreds of genes necessary for
respiration, and such events would interrupt
ethanol formation and other desirable reac-
tions in wine production.

Wine is only one of many alcoholic prod-
ucts made with yeast. Others include beer
and distilled spirits such as brandy, whisky,
vodka, and gin (Chapter 15). In distilled
spirits, the ethanol, produced in relatively
low amounts (10–15% by volume) by the
yeast, is concentrated by distilling to make
a beverage containing 40–70% alcohol.
Even alcohol for motor fuel is made with
yeast in parts of the world where sugar is

plentiful but petroleum is in short supply
(such as Brazil). In the United States, ethyl
alcohol for use as an industrial solvent and
motor fuel is produced using corn starch as
a source of the fermentable substrate (glu-
cose). Yeast also serves as the leavening
agent in bread, although here it is not the
alcohol that is important, but CO2, the other
product of the alcohol fermentation (see
Figure 4.14). The CO2 raises the dough,
and the alcohol produced along with it is
volatilized during the baking process. We
discuss yeast and yeast products in
Chapters 15 and 20.

The yeast cell, forced to carry out a
fermentative lifestyle because the O2 it
needs for respiration is absent, has had a
considerable impact on the lives of humans.
Substances that from the physiological
standpoint of the yeast cell are “waste 
products” of the glycolytic pathway—
ethanol and CO2—are, respectively, the
foundation of the alcoholic beverage and
baking industries.
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Figure 1 Major food and beverage products of fermentation
by the yeast Saccharomyces cerevisiae.
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and fermentation products are made from it. The blue table at the bottom left lists the energy yields from the
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is in contrast to oxidative phosphorylation, typical of respira-

tion, in which ATP is produced at the expense of the proton

motive force (Figure 4.13b).

The fermentable substrate in a fermentation is both the electron

donor and electron acceptor; not all compounds can be fermented,

but sugars, especially hexoses such as glucose, are excellent fer-

mentable substrates. A common pathway for the catabolism of

glucose is glycolysis, which breaks down glucose into pyruvate.

Glycolysis is also called the Embden–Meyerhof–Parnas pathway

for its major discoverers. Whether glucose is fermented or

respired, it travels through this pathway. Here we focus on the

reactions of glycolysis and the reactions that follow under anoxic

conditions.

Glycolysis can be divided into three stages, each involving a

series of enzymatic reactions. Stage I comprises “preparatory”

reactions; these are not redox reactions and do not release energy

but instead lead to the production of a key intermediate of the

pathway. In Stage II, redox reactions occur, energy is conserved

in the form of ATP, and two molecules of pyruvate are formed.

The reactions of glycolysis are finished at this point. However,

redox balance has not yet been achieved. So, in Stage III, redox

reactions occur once again and fermentation products are

formed (Figure 4.14).

Stage I: Preparatory Reactions
In Stage I glucose is phosphorylated by ATP, yielding glucose 

6-phosphate; the latter is then isomerized to fructose 6-phosphate.

A second phosphorylation leads to the production of fructose

1,6-bisphosphate. The enzyme aldolase then splits fructose 1,6-

bisphosphate into two 3-carbon molecules, glyceraldehyde 

3-phosphate and its isomer, dihydroxyacetone phosphate, which

can be converted into glyceraldehyde 3-phosphate. To this point,

all of the reactions, including the consumption of ATP, have pro-

ceeded without redox reactions.
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Stage II: Production of NADH, ATP, and Pyruvate
The first redox reaction of glycolysis occurs in Stage II during the

oxidation of glyceraldehyde 3-phosphate to 1,3-bisphosphoglyceric

acid. In this reaction (which occurs twice, once for each of the

two molecules of glyceraldehyde 3-phosphate produced from

glucose), the enzyme glyceraldehyde-3-phosphate dehydroge-

nase reduces its coenzyme NAD1 to NADH. Simultaneously,

each glyceraldehyde 3-phosphate molecule is phosphorylated by

the addition of a molecule of inorganic phosphate. This reaction,

in which inorganic phosphate is converted to organic form, sets

the stage for energy conservation. ATP formation is possible

because 1,3-bisphosphoglyceric acid is an energy-rich compound

(Figure 4.12). ATP is then synthesized when (1) each molecule of

1,3-bisphosphoglyceric acid is converted to 3-phosphoglyceric

acid, and (2) each molecule of phosphoenolpyruvate is converted

to pyruvate (Figure 4.14).

During Stages I and II of glycolysis, two ATP molecules have

been consumed and four ATP molecules have been synthesized

(Figure 4.14). Thus, the net energy yield in glycolysis is two mole-

cules of ATP per molecule of glucose fermented.

Stage III: Consumption of NADH and Production 
of Fermentation Products
During the formation of two molecules of 1,3-bisphosphoglyceric

acid, two NAD1 are reduced to NADH (Figure 4.14). However,

as previously discussed (Section 4.6 and Figure 4.11), NAD1 is

only an electron shuttle, not a net (terminal) acceptor of elec-

trons. Thus, the NADH produced in glycolysis must be oxidized

back to NAD1 in order for glycolysis to continue, and this is

accomplished when pyruvate is reduced (by NADH) to fermenta-

tion products (Figure 4.14). For example, in fermentation by

yeast, pyruvate is reduced to ethanol with the subsequent pro-

duction of carbon dioxide (CO2). By contrast, lactic acid bacteria

reduce pyruvate to lactate. Many other possibilities for pyru-

vate reduction are possible depending on the organism (see sec-

tions on fermentative diversity in Chapter 14), but the net result is

the same: NADH is reoxidized to NAD1 during the production

of fermentation products, allowing reactions of the pathway that

depend on NAD1 to continue.

Glucose Fermentation: Net and Practical Results
During glycolysis, glucose is consumed, two ATPs are made, and

fermentation products are generated. For the organism the cru-

cial product is ATP, which is used in energy-requiring reactions;

fermentation products are merely waste products. However, fer-

mentation products are not considered wastes by the distiller, the

brewer, the cheese maker, or the baker (see the Microbial

Sidebar). Thus, fermentation is more than just an energy-yielding

process for a cell; it is also a means of making natural products

useful to humans.

MiniQuiz
• Which reactions in glycolysis involve oxidations and reductions?

• What is the role of NAD1/NADH in glycolysis?

• Why are fermentation products made during glycolysis?

4.9 Respiration and Electron Carriers
We have just seen that fermentation is an anaerobic process and

releases only a small amount of energy. As a result, only a few ATP

molecules are synthesized. Why is more energy not conserved in

fermentation? The simple answer is that, although the fermenta-

tion products excreted still contain a large amount of potential

energy, the organism cannot oxidize these further because O2 is

absent. By contrast, if O2 (or other usable terminal acceptors, see

Figure 4.22) are present, pyruvate can be oxidized to CO2 instead

of being reduced to fermentation products and excreted. When

pyruvate is oxidized to CO2, a far higher yield of ATP is possible.

Oxidation using O2 as the terminal electron acceptor is called

aerobic respiration; oxidation using other acceptors under anoxic

conditions is called anaerobic respiration (Section 4.12).

Our discussion of respiration covers both carbon transforma-

tions and redox reactions and focuses on two issues: (1) how

electrons are transferred from the organic compound to the ter-

minal electron acceptor and how this is coupled to energy con-

servation, and (2) the pathway by which organic carbon is

oxidized into CO2. During the former, ATP is synthesized at the

expense of the proton motive force (Figure 4.13b); thus we begin

with a consideration of electron transport, the series of reactions

that lead to the proton motive force.

Electron transport is a membrane-mediated process and has

two basic functions: (1) facilitating the transfer of electrons

from primary donor to terminal acceptor and (2) participating

in membrane events whose end result is energy conservation.

Several types of oxidation–reduction enzymes participate in

electron transport. These include NADH dehydrogenases, flavo-

proteins (Figure 4.15), iron–sulfur proteins, and cytochromes. Also

participating are nonprotein electron carriers called quinones.

The carriers are arranged in the membrane in order of increas-

ingly more positive reduction potential, with NADH dehydroge-

nase first and the cytochromes last (see Figure 4.19).

NADH dehydrogenases are proteins bound to the inside sur-

face of the cytoplasmic membrane. They have an active site

that binds NADH and accepts two electrons plus two protons

(2 e2 1 2 H1) when NADH is oxidized to NAD1 (Figures 4.10
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Several classes of cytochromes are known, differing widely

in their reduction potentials (Figure 4.9). Different classes of

cytochromes are designated by letters, such as cytochrome a,

cytochrome b, cytochrome c, and so on, depending upon the

type of heme they contain. The cytochromes of a given class in

one organism may differ slightly from those of another, and so

there are designations such as cytochromes a1, a2, a3, and 

so on among cytochromes of the same class. Occasionally,

cytochromes form complexes with other cytochromes or with

iron–sulfur proteins. An important example is the cytochrome

bc1 complex, which contains two different b-type cytochromes

and one c-type cytochrome. The cytochrome bc1 complex plays

an important role in energy metabolism, as we will see later.

In addition to the cytochromes, in which iron is bound to

heme, one or more proteins with nonheme iron are typically

present in electron transport chains. Centered in these proteins

are clusters of iron and sulfur atoms, with Fe2S2 and Fe4S4 clus-

ters being the most common (Figure 4.17). Ferredoxin, a com-

mon nonheme iron–sulfur protein, has an Fe2S2 configuration.

The reduction potentials of iron–sulfur proteins vary over a

wide range depending on the number of iron and sulfur atoms

present and how the iron centers are embedded in the protein.

Thus, different iron–sulfur proteins can function at different

locations in the electron transport chain. Like cytochromes, 

nonheme iron–sulfur proteins carry electrons only.

Quinones (Figure 4.18) are hydrophobic molecules that lack a

protein component. Because they are small and hydrophobic,

quinones are free to move about within the membrane. Like the
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and 4.11). The 2 e21 2 H1 are then transferred to a flavoprotein,

the next carrier in the chain.

Flavoproteins contain a derivative of the vitamin riboflavin. The

flavin portion, which is bound to a protein, is a prosthetic group

that is reduced as it accepts 2 e2 1 2 H1 and oxidized when 2 e2

are passed on to the next carrier in the chain. Note that flavopro-

teins accept 2 e2 1 2 H1 but donate only electrons. We will con-

sider what happens to the 2 H1 later. Two flavins are commonly

found in cells, flavin mononucleotide (FMN) and flavin adenine

dinucleotide (FAD). In the latter, FMN is bonded to ribose and

adenine through a second phosphate. Riboflavin, also called vita-

min B2, is a source of the parent flavin molecule in flavoproteins

and is a required growth factor for some organisms.

The cytochromes are proteins that contain heme prosthetic

groups (Figure 4.16). Cytochromes undergo oxidation and re-

duction through loss or gain of a single electron by the iron atom

in the heme of the cytochrome:

Cytochrome—Fe21
M Cytochrome—Fe311 e2
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flavoproteins, quinones accept 2 e2 1 2 H1 but transfer only 

2 e2 to the next carrier in the chain; quinones typically participate

as links between iron–sulfur proteins and the first cytochromes

in the electron transport chain.

MiniQuiz
• In what major way do quinones differ from other electron carriers

in the membrane?

• Which electron carriers described in this section accept 
2 e2 1 2 H1? Which accept electrons only?

4.10 The Proton Motive Force
The conservation of energy by oxidative phosphorylation is

linked to an energized state of the membrane (Figure 4.13b). This

energized state is established by electron transport reactions

between the electron carriers just discussed. To understand how

electron transport is linked to ATP synthesis, we must first

understand how the electron transport system is oriented in the

cytoplasmic membrane. Electron transport carriers are oriented

in the membrane in such a way that, as electrons are transported,

protons are separated from electrons. Two electrons plus two

protons enter the electron transport chain from NADH through

NADH dehydrogenase to initiate the process. Carriers in the

electron transport chain are arranged in the membrane in order

of their increasingly positive reduction potential, with the final

carrier in the chain donating the electrons plus protons to a ter-

minal electron acceptor such as O2 (Figure 4.19).

During electron transport, H1 are extruded to the outer sur-

face of the membrane. These H1 originate from two sources: (1)

NADH and (2) the dissociation of water (H2O) into H1 and OH2

in the cytoplasm. The extrusion of H1 to the environment results

in the accumulation of OH2 on the inside of the membrane.

However, despite their small size, neither H1 nor OH2 can dif-

fuse through the membrane because they are charged (

Section 3.4). As a result of the separation of H1 and OH2, the

two sides of the membrane differ in both charge and pH.
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The result of electron transport is thus the formation of an elec-

trochemical potential across the membrane (Figure 4.19). This

potential, along with the difference in pH across the membrane, is

called the proton motive force (pmf) and causes the membrane

to be energized much like a battery. Some of the potential energy

in the pmf is then conserved in the formation of ATP. However,

besides driving ATP synthesis, the pmf can also be tapped to do

other forms of work, such as ion transport, flagellar rotation, and

a few other energy-requiring reactions in the cell.

We now consider the individual electron transport reactions

that lead to formation of the proton motive force.

Generation of the Proton Motive 
Force: Complexes I and II
The proton motive force develops from the activities of flavin

enzymes, quinones, the cytochrome bc1 complex, and the termi-

nal cytochrome oxidase. Following the donation of NADH 1 H1

to form FMNH2, 4 H1 are extruded to the outer surface of the

membrane when FMNH2 donates 2 e2 to a series of nonheme

iron proteins (Fe/S), forming the membrane protein section of

Complex I (shown in Figure 4.19). These electron carriers are

called complexes because each consists of several proteins that

function together. For example, Complex I in Escherichia coli

contains 14 different proteins and the equivalent complex in the

mitochondrion contains at least 44 proteins. Complex I is also

called NADH:quinone oxidoreductase because the reaction is one

in which NADH is initially oxidized and quinone is ultimately

reduced. Notably, 2 H1 are taken up from the dissociation of

H2O in the cytoplasm when coenzyme Q is reduced at a catalytic

site of Complex 1 formed by Fe/S centers (Figure 4.19).

Complex II simply bypasses Complex I and feeds e2 and H1

from FADH directly into the quinone pool. Complex II is also

called the succinate dehydrogenase complex because of the spe-

cific substrate, succinate (a product of the citric acid cycle,

Section 4.11), that it oxidizes. However, because Complex II

bypasses Complex I, fewer H1 are pumped per 2 e2 that enter

the electron transport chain here than for 2 e2 that enter from

NADH (Figure 4.19).

Complexes III and IV: bc1 and a-Type Cytochromes
Reduced coenzyme Q passes electrons one at a time to the

cytochrome bc1 complex (Complex III, Figure 4.19). The cy-

tochrome bc1 complex consists of several proteins that contain

hemes (Figure 4.16) or other metal cofactors. These include two

b-type hemes (bL and bH), one c-type heme (c1), and one

iron–sulfur protein. The bc1 complex is present in the electron

transport chain of almost all organisms that can respire. It also

plays a fundamental role in photosynthetic electron flow of pho-

totrophic organisms ( Sections 13.4 and 13.5).

The major function of the cytochrome bc1 complex is to trans-

fer e2 from quinones to cytochrome c. Electrons travel from the

bc1 complex to a molecule of cytochrome c, located in the

periplasm. Cytochrome c functions as a shuttle to transfer e2 to

the high-potential cytochromes a and a3 (Complex IV, Figure

4.19). Complex IV is the terminal oxidase and reduces O2 to H2O

in the final step of the electron transport chain. Complex IV also

pumps protons to the outer surface of the membrane, thereby

increasing the strength of the proton motive force (Figure 4.19).

Besides transferring e2 to cytochrome c, the cytochrome bc1

complex can also interact with quinones in such a way that on

average, two additional H1 are pumped at the Q-bc1 site. This

happens in a series of electron exchanges between cytochrome

bc1 and Q, called the Q cycle. Because quinone and bc1 have

roughly the same (near 0 V, Figure 4.19), quinone molecules

can alternately become oxidized and reduced using e2 fed back

to quinones from the bc1 complex. This mechanism allows on

average a total of 4 H1 (instead of 2 H1) to be pumped to the

outer surface of the membrane at the Q-bc1 site for every 2 e2

that enter the chain in Complex I.

The electron transport chain shown in Figure 4.19 is one of

many different sequences of electron carriers known from differ-

ent organisms. However, three features are characteristic of all

electron transport chains: (1) arrangement of carriers in order of

increasingly more positive , (2) alternation of electron-only

and electron-plus-proton carriers in the chain, and (3) genera-

tion of a proton motive force.

As we will see now, it is this last characteristic, the proton

motive force, that drives ATP synthesis.

ATP Synthase
How does the proton motive force generated by electron trans-

port actually drive ATP synthesis? Interestingly, a strong parallel

exists between the mechanism of ATP synthesis and the mecha-

nism of the motor that drives rotation of the bacterial flagellum

( Section 3.13). In analogy to how dissipation of the pmf

applies torque that rotates the bacterial flagellum, the pmf also

creates torque in a large protein complex that makes ATP. This

complex is called ATP synthase, or ATPase for short.

ATPases consist of two components, a multiprotein cytoplas-

mic complex called F1 that carries out the chemical function

(ATP synthesis), connected to a membrane-integrated compo-

nent called Fo that carries out the ion-translocating function

(Figure 4.20). ATPase catalyzes a reversible reaction between

ATP and ADP 1 Pi as shown in the figure. The structure of

ATPase proteins is highly conserved throughout all the domains

of life, suggesting that this mechanism of energy conservation

was a very early evolutionary invention ( Section 16.2).

F1 and Fo are actually two rotary motors. Pmf-driven H1

movement through Fo causes rotation of its c proteins. This gen-

erates a torque that is transmitted to F1 via the coupled rotation

of the γε subunits (Figure 4.20). The latter activity causes confor-

mational changes in the β subunits that allows them to bind

ADP 1 Pi. ATP is synthesized when the β subunits return to their

original conformation, releasing the free energy needed to drive

the synthesis.

ATPase-catalyzed ATP synthesis is called oxidative phosphor-

ylation if the proton motive force originates from respiration

reactions and photophosphorylation if it originates from photo-

synthetic reactions. Quantitative measures (stoichiometry) of H1

consumed by ATPase per ATP produced yield a number between

3 and 4.

E09

E09
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Reversibility of ATPase
ATPase is reversible. The hydrolysis of ATP supplies torque for γε
to rotate in the opposite direction from that in ATP synthesis,

and this catalyzes the pumping of H1 from the inside to the out-

side of the cell through Fo. The net result is generation instead of

dissipation of the proton motive force. Reversibility of the

ATPase explains why strictly fermentative organisms that lack

electron transport chains and are unable to carry out oxidative

phosphorylation still contain ATPases. As we have said, many

important reactions in the cell, such as motility and transport,

require energy from the pmf rather than from ATP. Thus,

ATPase in organisms incapable of respiration, such as the strictly

fermentative lactic acid bacteria, for example, functions unidirec-

tionally to generate the pmf necessary to drive these important

cell functions.

MiniQuiz
• How do electron transport reactions generate the proton motive

force?

• What is the ratio of H1 extruded per NADH oxidized through the
electron transport chain of Paracoccus shown in Figure 4.19? 
At which sites in the chain is the proton motive force being
established?

• What structure in the cell converts the proton motive force to
ATP? How does it function?

4.11 The Citric Acid Cycle
Now that we have a grasp of how ATP is made in respiration, we

need to consider the important reactions in carbon metabolism

associated with formation of ATP. Our focus here is on the citric

acid cycle, also called the Krebs cycle, a key pathway in 

virtually all cells.

Respiration of Glucose
The early biochemical steps in the respiration of glucose are the

same as those of glycolysis; all steps from glucose to pyruvate

(Figure 4.14) are the same. However, whereas in fermentation

pyruvate is reduced and converted into products that are

excreted, in respiration pyruvate is oxidized to CO2. The pathway

by which pyruvate is completely oxidized to CO2 is called the

citric acid cycle (CAC), summarized in Figure 4.21.

Pyruvate is first decarboxylated, leading to the production of

CO2, NADH, and the energy-rich substance acetyl-CoA (Figure

4.12). The acetyl group of acetyl-CoA then combines with the

four-carbon compound oxalacetate, forming the six-carbon com-

pound citric acid. A series of reactions follow, and two additional

CO2 molecules, three more NADH, and one FADH are formed.

Ultimately, oxalacetate is regenerated to return as an acetyl

acceptor, thus completing the cycle (Figure 4.21).

CO2 Release and Fuel for Electron Transport
The oxidation of pyruvate to CO2 requires the concerted activity

of the citric acid cycle and the electron transport chain. For each

pyruvate molecule oxidized through the citric acid cycle, three

CO2 molecules are released (Figure 4.21). Electrons released dur-

ing the oxidation of intermediates in the citric acid cycle are

transferred to NAD1 to form NADH, or to FAD to form FADH2.

This is where respiration and fermentation differ in a major way.

Instead of being used in the reduction of pyruvate as in fermenta-

tion (Figure 4.14), in respiration, electrons from NADH and

FADH2 are fuel for the electron transport chain, ultimately result-

ing in the reduction of an electron acceptor (O2) to H2O. This

allows for the complete oxidation of glucose to CO2 along with a

much greater yield of energy. Whereas only 2 ATP are produced

per glucose fermented in alcoholic or lactic acid fermentations

(Figure 4.14), a total of 38 ATP can be made by aerobically respir-

ing the same glucose molecule to CO2 1 H2O (Figure 4.21b).

U
N

IT
 2

F1

Fo

Fo

c12

cc aaa

Out

b2 b2

In

F1

Out

In

H+H+H+

α

α

α

α

β β

β

γ γ

δ
δ

ε

ε

Membrane

(a) (b)

S
ie

gf
rie

d
 E

ng
el

b
re

ch
t-

Va
nd

ré

ATP

ADP + Pi

Figure 4.20 Structure and function of ATP

synthase (ATPase) in Escherichia coli. (a)
Schematic. F1 consists of five different polypeptides
forming an α3β3γεδ complex, the stator. F1 is the
catalytic complex responsible for the interconver-
sion of ADP 1 Pi and ATP. Fo, the rotor, is integrated
in the membrane and consists of three polypep-
tides in an ab2c12 complex. As protons enter, the
dissipation of the proton motive force drives ATP
synthesis (3 H1/ATP). ATPase is reversible in that
ATP hydrolysis can drive formation of a proton
motive force. (b) Space-filling model. The color-
coding corresponds to the art in part a. Since pro-
ton translocation from outside the cell to inside the
cell leads to ATP synthesis by ATPase, it follows
that proton translocation from inside to outside in
the electron transport chain (Figure 4.19) repre-
sents work done on the system and a source of
potential energy. 
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(1) Glycolysis: Glucose + 2 NAD+ 

(a) Substrate-level phosphorylation
 2 ADP + Pi       2 ATP
(b) Oxidative phosphorylation
 2 NADH       6 ATP

2 Pyruvate– + 2 ATP + 2 NADH

to CAC

8 ATP

to Complex I

Energetics Balance Sheet for Aerobic Respiration

(a) (b)

3 CO2  +  4 NADH  + FADH2 + GTP(2) CAC: Pyruvate– + 4 NAD+ + GDP + FAD

(3) Sum: Glycolysis plus CAC       38 ATP per glucose

(a) Substrate-level phosphorylation
 1 GDP + Pi       1 GTP (=1 ATP)
 
(b) Oxidative phosphorylation
 4 NADH       12 ATP
 1 FADH2       2 ATP

15 ATP (   2)

to Complex IIto Complex I

NAD(P)H

NAD+ + CoA

CoA

Oxalacetate2– Citrate3–

Aconitate3– 

Isocitrate3– 

Malate2–

NADH

NAD+

Fumarate2–

Succinate2–

Succinyl-CoA

FADH2

FAD

CoA
GTP GDP + Pi NADH

CoA + NAD+

NAD(P)+

Acetyl-CoA 

Pyruvate– (three carbons)

C2

C4

C5

C6

-Ketoglutarate2– 

NADH

CO2

CO2

CO2

Figure 4.21 The citric acid cycle. (a) The citric acid cycle (CAC) begins when the two-carbon compound
acetyl-CoA condenses with the four-carbon compound oxalacetate to form the six-carbon compound citrate.
Through a series of oxidations and transformations, this six-carbon compound is ultimately converted back to
the four-carbon compound oxalacetate, which then begins another cycle with addition of the next molecule
of acetyl-CoA. (b) The overall balance sheet of fuel (NADH/FADH2) for the electron transport chain and CO2
generated in the citric acid cycle. NADH and FADH2 feed into electron transport chain Complexes I and II,
respectively (Figure 4.19).

Biosynthesis and the Citric Acid Cycle
Besides playing a key role in catabolism, the citric acid cycle plays

another important role in the cell. The cycle generates several key

compounds, small amounts of which can be drawn off for biosyn-

thetic purposes when needed. Particularly important in this

regard are α-ketoglutarate and oxalacetate, which are precursors

of several amino acids (Section 4.14), and succinyl-CoA, needed to

form cytochromes, chlorophyll, and several other tetrapyrrole com-

pounds (Figure 4.16). Oxalacetate is also important because it can

be converted to phosphoenolpyruvate, a precursor of glucose. In

addition, acetate provides the starting material for fatty acid biosyn-

thesis (Section 4.15, and see Figure 4.27). The citric acid cycle thus

plays two major roles in the cell: bioenergetic and biosynthetic.

Much the same can be said about the glycolytic pathway, as certain

intermediates from this pathway are drawn off for various biosyn-

thetic needs as well (Section 4.13).

MiniQuiz
• How many molecules of CO2 and pairs of electrons are released

per pyruvate oxidized in the citric acid cycle?

• What two major roles do the citric acid cycle and glycolysis have
in common?

4.12 Catabolic Diversity
Thus far in this chapter we have dealt only with catabolism by

chemoorganotrophs. We now briefly consider catabolic diver-

sity, some of the alternatives to the use of organic compounds as

electron donors, with emphases on both electron and carbon

flow. Figure 4.22 summarizes the mechanisms by which cells

generate energy other than by fermentation and aerobic respira-

tion. These include anaerobic respiration, chemolithotrophy, and

phototrophy.

Anaerobic Respiration
Under anoxic conditions, electron acceptors other than oxygen

can be used to support respiration in certain prokaryotes. These

processes are called anaerobic respiration. Some of the electron

acceptors used in anaerobic respiration include nitrate (NO3
2,

reduced to nitrite, NO2
2, by Escherichia coli or to N2 by

Pseudomonas species), ferric iron (Fe31, reduced to Fe21 by

Geobacter species), sulfate (SO4
22, reduced to hydrogen sulfide,

H2S, by Desulfovibrio species), carbonate (CO3
22, reduced to

methane, CH4, by methanogens or to acetate by acetogens), and

even certain organic compounds. Some of these acceptors, for

example Fe31, are often only available in the form of insoluble
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minerals, such as metal oxides. These common minerals, widely

distributed in nature, allow for anaerobic respiration in a wide

variety of microbial habitats.

Because of the positions of these alternative electron acceptors

on the redox tower (none has an as positive as the O2/H2O

couple; Figure 4.9), less energy is released when they are reduced

instead of oxygen (recall that DG09 is proportional to ;

Section 4.6). Nevertheless, because O2 is often limiting or absent

in many microbial habitats, anaerobic respirations can be very

important means of energy generation. As in aerobic respiration,

anaerobic respirations involve electron transport, generation of a

proton motive force, and the activity of ATPase.

Chemolithotrophy
Organisms able to use inorganic chemicals as electron donors are

called chemolithotrophs. Examples of relevant inorganic elec-

tron donors include H2S, hydrogen gas (H2), Fe21, and NH3.

Chemolithotrophic metabolism is typically aerobic and

begins with the oxidation of the inorganic electron donor

(Figure 4.22). Electrons from the inorganic donor enter an elec-

tron transport chain and a proton motive force is formed in

D  E09

E09

exactly the same way as for chemoorganotrophs (Figure 4.19).

However, one important distinction between chemolithotrophs

and chemoorganotrophs, besides their electron donors, is their

source of carbon for biosynthesis. Chemoorganotrophs use

organic compounds (glucose, acetate, and the like) as carbon

sources. By contrast, chemolithotrophs use carbon dioxide

(CO2) as a carbon source and are therefore autotrophs (organ-

isms capable of biosynthesizing all cell material from CO2 as

the sole carbon source). We consider many examples of

chemolithotrophy in Chapter 13.

Phototrophy
Many microorganisms are phototrophs, using light as an energy

source in the process of photosynthesis. The mechanisms by

which light is used as an energy source are complex, but the end

result is the same as in respiration: generation of a proton motive

force that is used to drive ATP synthesis. Light-mediated ATP

synthesis is called photophosphorylation. Most phototrophs

use energy conserved in ATP for the assimilation of CO2 as the

carbon source for biosynthesis; they are called photoautotrophs.

However, some phototrophs use organic compounds as carbon
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Figure 4.22 Catabolic diversity.

(a) Chemoorganotrophs. (b) Chemolithotrophs.
(c) Phototrophs. Chemoorganotrophs differ
from chemolithotrophs in two important ways:
(1) The nature of the electron donor (organic
versus inorganic compounds, respectively),
and (2) The nature of the source of cellular
carbon (organic compounds versus CO2
respectively). However, note the importance of
electron transport driving proton motive force
formation in all forms of respiration and in
photosynthesis.
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sources with light as the energy source; these are the photo-

heterotrophs (Figure 4.22).

As we discussed in Chapter 2, there are two types of photosyn-

thesis: oxygenic and anoxygenic. Oxygenic photosynthesis, car-

ried out by cyanobacteria and their relatives and also by green

plants, results in O2 evolution. Anoxygenic photosynthesis is a

simpler process used by purple and green bacteria that does not

evolve O2. The reactions leading to proton motive force forma-

tion in both forms of photosynthesis have strong parallels, as we

see in Chapter 13.

The Proton Motive Force 
and Catabolic Diversity
Microorganisms show an amazing diversity of bioenergetic

strategies. Thousands of organic compounds, many inorganic

compounds, and light can be used by one or another microor-

ganism as an energy source. With the exception of fermentations,

in which substrate-level phosphorylation occurs (Section 4.8),

energy conservation in respiration and photosynthesis is driven

by the proton motive force.

Whether electrons come from the oxidation of organic or

inorganic chemicals or from phototrophic processes, in all

forms of respiration and photosynthesis, energy conservation is

linked to the pmf through ATPase (Figure 4.20). Considered in

this way, respiration and anaerobic respiration are simply meta-

bolic variations employing different electron acceptors. Likewise,

chemoorganotrophy, chemolithotrophy, and photosynthesis are

simply metabolic variations upon a theme of different electron

donors. Electron transport and the pmf link all of these

processes, bringing these seemingly quite different forms of

metabolism into a common focus. We pick up on this theme in

Chapters 13 and 14.

MiniQuiz
• In terms of their electron donors, how do chemoorganotrophs

differ from chemolithotrophs?

• What is the carbon source for autotrophic organisms?

• Why can it be said that the proton motive force is a unifying
theme in most of bacterial metabolism?

V Essentials of Anabolism

We close this chapter with a brief consideration of biosynthe-

sis. Our focus here will be on biosynthesis of the building

blocks of the four classes of macromolecules—sugars, amino

acids, nucleotides, and fatty acids. Collectively, these biosynthe-

ses are called anabolism. In Chapters 6 and 7 we consider synthe-

sis of the macromolecules themselves, in particular, nucleic acids

and proteins.

Many detailed biochemical pathways support the metabolic

patterns we present here, but we will keep our focus on the

essential principles. We finish with a glimpse at how the

enzymes that drive these biosynthetic processes are controlled

by the cell. For a cell to be competitive, it must regulate its

metabolism. This happens in several ways and at several levels,

one of which, the control of enzyme activity, is relevant to our

discussion here.

4.13 Biosynthesis of Sugars 
and Polysaccharides

Polysaccharides are key constituents of the cell walls of many

organisms, and in Bacteria, the peptidoglycan cell wall 

( Section 3.6) has a polysaccharide backbone. In addition,

cells often store carbon and energy reserves in the form of the

polysaccharides glycogen and starch ( Section 3.10). The

monomeric units of these polysaccharides are six-carbon sug-

ars called hexoses, in particular, glucose or glucose derivatives.

In addition to hexoses, five-carbon sugars called pentoses are

common in the cell. Most notably, these include ribose and

deoxyribose, present in the backbone of RNA and DNA,

respectively.

In prokaryotes, polysaccharides are synthesized from either

uridine diphosphoglucose (UDPG; Figure 4.23) or adenosine

diphosphoglucose (ADPG), both of which are activated forms of

glucose. ADPG is the precursor for the biosynthesis of glycogen.

UDPG is the precursor of various glucose derivatives needed for

the biosynthesis of other polysaccharides in the cell, such as 

N-acetylglucosamine and N-acetylmuramic acid in peptidogly-

can or the lipopolysaccharide component of the gram-negative

outer membrane ( Sections 3.6 and 3.7). Polysaccharides are

produced by adding glucose (from the activated form) to the pre-

existing polymer; for example, ADPG 1 glycogen S ADP 1
glycogen-glucose.

When a cell is growing on a hexose such as glucose, obtaining

glucose for polysaccharide synthesis is obviously not a problem.

But when the cell is growing on other carbon compounds, glu-

cose must be synthesized. This process, called gluconeogenesis,

uses phosphoenolpyruvate, one of the intermediates of glycoly-

sis (Figure 4.14), as starting material. Phosphoenolpyruvate can

be synthesized from oxalacetate, a citric acid cycle intermediate

(Figure 4.21). An overview of gluconeogenesis is shown in

Figure 4.23b.

Pentoses are formed by the removal of one carbon atom from

a hexose, typically as CO2. The pentoses needed for nucleic acid

synthesis, ribose and deoxyribose, are formed as shown in

Figure 4.23c. The enzyme ribonucleotide reductase converts

ribose into deoxyribose by reduction of the hydroxyl (-OH)

group on the 2¿ carbon of the 5-carbon sugar ring. Interestingly,

this reaction occurs after, not before, synthesis of nucleotides.

Thus, ribonucleotides are biosynthesized, and some of them

are later reduced to deoxyribonucleotides for use as precursors

of DNA.

MiniQuiz
• How does anabolism differ from catabolism? Give an example of

each.

• What form of activated glucose is used in the biosynthesis 
of glycogen by bacteria?

• What is gluconeogenesis?
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Figure 4.23 Sugar metabolism. (a) Polysaccharides are synthesized
from activated forms of hexoses such as UDPG. Glucose is shown here
in blue. (b) Gluconeogenesis. When glucose is needed, it can be biosyn-
thesized from other carbon compounds, generally by the reversal of
steps in glycolysis. (c) Pentoses for nucleic acid synthesis are formed by
decarboxylation of hexoses such as glucose-6-phosphate. Note how the
precursors of DNA are produced from the precursors of RNA by the
enzyme ribonucleotide reductase. This enzyme reduces the 2¿ hydroxyl
group of the sugar, converting ribose to deoxyribose and reducing the
hydroxyl group to water, and is active on all four ribonucleotides.

4.14 Biosynthesis of Amino Acids 
and Nucleotides

The monomers in proteins and nucleic acids are amino acids and

nucleotides, respectively. Their biosyntheses are often long, mul-

tistep pathways and so we approach their biosyntheses here by

identifying the key carbon skeletons needed to begin the biosyn-

thetic pathways.

Monomers of Proteins: Amino Acids
Organisms that cannot obtain some or all of their amino acids

preformed from the environment must synthesize them from

other sources. Amino acids are grouped into structurally related

families that share several biosynthetic steps. The carbon skele-

tons for amino acids come almost exclusively from intermediates

of glycolysis (Figure 4.14) or the citric acid cycle (Figure 4.21;

Figure 4.24).

The amino group of amino acids is typically derived from

some inorganic nitrogen source in the environment, such as

ammonia (NH3). Ammonia is most often incorporated in for-

mation of the amino acids glutamate or glutamine by the

enzymes glutamate dehydrogenase and glutamine synthetase,

respectively (Figure 4.25). When NH3 is present at high levels,

glutamate dehydrogenase or other amino acid dehydrogenases

are used. However, when NH3 is present at low levels, gluta-

mine synthetase, with its energy-consuming reaction mecha-

nism (Figure 4.25b) and high affinity for substrate, is employed.

We discuss control of the activity of the important enzyme

glutamine synthetase in Section 4.16.

Glutamate family
 Proline
 Glutamine
 Arginine

Aspartate family
 Asparagine
 Lysine
 Methionine
 Threonine
 Isoleucine

Alanine family
 Valine
 Leucine

Serine family
 Glycine
 Cysteine

Aromatic family
 Phenylalanine
 Tyrosine
 Tryptophan

a-Ketoglutarate

Oxalacetate

Pyruvate

3-Phosphoglycerate

Chorismate
Erythrose-4-P

Phospho-
enolpyruvate

Glycolysis

Citric acid cycle

Figure 4.24 Amino acid families. The citric acid cycle and glycolysis
provide the carbon skeletons for most amino acids. Synthesis of the vari-
ous amino acids in a family may require many steps starting with the par-
ent amino acid (shown in bold as the name of the family). Glycolysis is
discussed in Section 4.8 (see Figure 4.14) and the citric acid cycle is dis-
cussed in Section 4.11 (see Figure 4.21).
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Once ammonia is incorporated into glutamate or glutamine,

the amino group can be transferred to form other nitrogenous

compounds. For example, glutamate can donate its amino

group to oxalacetate in a transaminase reaction, producing

α-ketoglutarate and aspartate (Figure 4.25c). Alternatively, gluta-

mine can react with α-ketoglutarate to form two molecules of

glutamate in an aminotransferase reaction (Figure 4.25d). The

end result of these types of reactions is the shuttling of ammonia

into various carbon skeletons from which further biosynthetic

reactions can occur to form all 22 amino acids ( Figure 6.29)

needed to make proteins.

Monomers of Nucleic Acids: Nucleotides
The biochemistry behind purine and pyrimidine biosynthesis is

quite complex. Purines are constructed literally atom by atom

from several carbon and nitrogen sources, including even CO2

(Figure 4.26). The first key purine, inosinic acid (Figure 4.26b), is

the precursor of the purine nucleotides adenine and guanine.

Once these are synthesized (in their triphosphate forms) and

attached to ribose, they are ready to be incorporated into DNA

(following ribonucleotide reductase activity) or RNA.

Like the purine ring, the pyrimidine ring is also constructed

from several sources (Figure 4.26c). The first key pyrimidine is

the compound uridylate (Figure 4.26d), and from this the pyrim-

idines thymine, cytosine, and uracil are derived. Structures of all

of the purines and pyrimidines are shown in Figure 6.1.

MiniQuiz
• What is an amino acid family?

• List the steps required for the cell to incorporate NH3 into 
amino acids.

• Which nitrogen bases are purines and which are 
pyrimidines?

4.15 Biosynthesis of Fatty Acids 
and Lipids

Lipids are important constituents of cells, as they are major

structural components of membranes. Lipids can also be carbon

and energy reserves. Other lipids function in and around the cell

surface, including, in particular, the lipopolysaccharide layer of

the outer membrane of gram-negative bacteria ( Section 3.7).

A cell can make many different types of lipids, some of which are

produced only under certain conditions or have special functions

in the cells. The biosynthesis of fatty acids is thus a major series

of reactions in cells. Recall that Archaea do not contain fatty

acids in their membrane lipids, but have instead branched side

chains constructed of multiples of isoprene, a C5 branched

chained hydrocarbon ( Figure 3.7).

Fatty Acid Biosynthesis
Fatty acids are biosynthesized two carbon atoms at a time with

the help of a protein called acyl carrier protein (ACP). ACP holds

the growing fatty acid as it is being synthesized and releases it

once it has reached its final length (Figure 4.27). Although fatty

acids are constructed two carbons at a time, each C2 unit origi-

nates from the C3 compound malonate, which is attached to the

ACP to form malonyl-ACP. As each malonyl residue is donated,

one molecule of CO2 is released (Figure 4.27).
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Figure 4.26 Composition of purines and pyrimidines. (a) Compo-
nents of the purine skeleton. (b) Inosinic acid, the precursor of all purine
nucleotides. (c) Components of the pyrimidine skeleton, orotic acid. 
(d) Uridylate, the precursor of all pyrimidine nucleotides. Uridylate is
formed from orotate following a decarboxylation and the addition of
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(a) α-Ketoglutarate + NH3 Glutamate

(b) Glutamate +  NH3 Glutamine
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Figure 4.25 Ammonia incorporation in bacteria. To emphasize the
flow of nitrogen, both free ammonia (NH3) and the amino groups of all
amino acids are shown in green. Two major pathways for NH3 assimila-
tion in bacteria are those catalyzed by the enzymes (a) glutamate dehy-
drogenase and (b) glutamine synthetase. (c) Transaminase reactions
transfer an amino group from an amino acid to an organic acid. (d) The
enzyme glutamate synthase forms two glutamates from one glutamine
and one α-ketoglutarate.
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The fatty acid composition of cells varies from species to

species and can also vary within a species due to differences in

temperature. Growth at low temperatures promotes the biosyn-

thesis and insertion in membrane lipids of shorter-chain fatty

acids whereas growth at higher temperatures promotes longer-

chain fatty acids. The most common fatty acids in lipids of

Bacteria are those with chain lengths of C12–C20.

In addition to saturated, even-carbon-number fatty acids, fatty

acids can also be unsaturated, branched, or have an odd number

of carbon atoms. Unsaturated fatty acids contain one or more

double bonds in the long hydrophobic portion of the molecule.

The number and position of these double bonds is often species-

specific or group-specific, and double bonds typically form by

desaturation reactions after the saturated fatty acid has formed.

Branched-chain fatty acids are biosynthesized using an initiating

molecule that contains a branched-chain fatty acid, and odd-

carbon-number fatty acids are biosynthesized using an initiating

molecule that contains a propionyl (C3) group.

Lipid Biosynthesis
In the assembly of lipids in cells of Bacteria and Eukarya, fatty

acids are added to glycerol. For simple triglycerides (fats), all

three glycerol carbons are esterified with fatty acids. In complex

lipids, one of the carbon atoms in glycerol contains a molecule of

phosphate, ethanolamine, carbohydrate, or some other polar

substance ( Figure 3.4a). In Archaea, membrane lipids contain

phytanyl (C15) or biphytanyl (C30) side chains ( Figure 3.7)

instead of fatty acids, and the biosynthesis of phytanyl is distinct

from that described here for fatty acids. However, as for the lipids

of Bacteria or Eukarya, the glycerol backbone of archaeal mem-

brane lipids also contains a polar group (a sugar, phosphate, sul-

fate, or polar organic compound) that facilitates formation of the

typical membrane architecture: a hydrophobic interior with

hydrophilic surfaces ( Figure 3.7).

MiniQuiz
• Explain why in fatty acid synthesis fatty acids are constructed

two carbon atoms at a time even though the immediate donor for
these carbons contains three carbon atoms.

4.16 Regulating the Activity 
of Biosynthetic Enzymes

We have just reviewed some of the key cellular biosyntheses.

Anabolism requires hundreds of different enzymatic reactions,

and many of the enzymes that catalyze these reactions are highly

regulated. The advantage of regulation is clear: If the compound

to be biosynthesized is available from the environment, neither

carbon nor energy need be wasted in its biosynthesis.

There are two major modes of enzyme regulation in cells, one

that controls the amount (or even the complete presence or

absence) of an enzyme and another that controls the activity of

an enzyme. In prokaryotic cells, the amount of a given enzyme is

regulated at the gene level, and we reserve discussion of this until

after we have considered some principles of molecular biology.

Here we focus on what the cell can do to control the activity of

enzymes already present in the cell.

Inhibition of an enzyme’s activity is typically the result of

either covalent or noncovalent changes in its structure. We begin

with feedback inhibition and isoenzymes, both examples of non-

covalent interactions, and end with the example of covalent mod-

ification of the enzyme glutamine synthetase.

Feedback Inhibition
A major means of controlling enzymatic activity is by feedback

inhibition. This mechanism temporarily shuts off the reactions

in an entire biosynthetic pathway. The reactions are shut off

because an excess of the end product of the pathway inhibits

activity of an early (typically the first) enzyme of the pathway.

Inhibiting an early step effectively shuts down the entire pathway

because no intermediates are generated for enzymes farther

down the pathway (Figure 4.28). Feedback inhibition is reversible,

however, because once levels of the end product become limit-

ing, the pathway again becomes functional.

How can the end product of a pathway inhibit the activity of an

enzyme whose substrate is quite unrelated to it? This occurs

because the inhibited enzyme is an allosteric enzyme, an enzyme

that has two binding sites, the active site (where substrate binds,

Section 4.5), and the allosteric site, where the end product of the

pathway binds. When the end product is in excess, it binds at the
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Figure 4.27 The biosynthesis of the C16 fatty acid palmitate. The
condensation of acetyl-ACP and malonyl-ACP forms acetoacetyl-CoA.
Each successive addition of an acetyl unit comes from malonyl-ACP.
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allosteric site, changing the conformation of the enzyme such

that the substrate can no longer bind at the active site (Figure
4.29). When the concentration of the end product in the cell

begins to fall, however, the end product no longer binds to the

allosteric site, so the enzyme returns to its catalytic form and

once again becomes active.

Isoenzymes
Some biosynthetic pathways controlled by feedback inhibition

employ isoenzymes (“iso” means “same”). Isoenzymes are differ-

ent enzymes that catalyze the same reaction but are subject to

different regulatory controls. Examples are enzymes required for

the synthesis of the aromatic amino acids tyrosine, tryptophan,

and phenylalanine in Escherichia coli.

The enzyme 3-deoxy-D-arabino-heptulosonate 7-phosphate

(DAHP) synthase plays a central role in aromatic amino acid

biosynthesis. In E. coli, three DAHP synthase isoenzymes cat-

alyze the first reaction in this pathway, each regulated inde-

pendently by a different one of the end-product amino acids.

However, unlike the example of feedback inhibition where an

end product completely inhibits enzyme activity, enzyme

activity is diminished incrementally; enzyme activity falls to

zero only when all three end products are present in excess

(Figure 4.30).

Enzyme Regulation by Covalent Modification
Some biosynthetic enzymes are regulated by covalent modifica-

tion, typically the attachment or removal of some small molecule

to the protein that affects its activity. Binding of the small mole-

cule changes the conformation of the protein, inhibiting its cat-

alytic activity. Removal of the molecule then returns the enzyme

to an active state. Common modifiers include the nucleotides

adenosine monophosphate (AMP) and adenosine diphosphate

(ADP), inorganic phosphate (PO4
22), and methyl (CH3) groups.

We consider here the well-studied case of glutamine synthetase

(GS), a key enzyme in ammonia (NH3) assimilation, whose activ-

ity is modulated by the addition of AMP, a process called

adenylylation.

INHIBITION: 
Substrate cannot 
bind; enzyme 
reaction inhibited

ACTIVITY: 
Enzyme reaction 
proceeds

Allosteric site

Enzyme

End product
(allosteric effector)

Active site

Substrate

Figure 4.29 The mechanism of allosteric inhibition by the end

product of a pathway. When the end product binds at the allosteric site,
the conformation of the enzyme is so altered that the substrate can no
longer bind to the active site. However, inhibition is reversible, and end
product limitation will once again activate the enzyme.
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Figure 4.30 Isoenzymes and feedback inhibition. In Escherichia
coli, the pathway leading to the synthesis of the aromatic amino acids
contains three isoenzymes of DAHP synthase. Each of these enzymes is
feedback-inhibited by one of the aromatic amino acids. However, note
how an excess of all three amino acids is required to completely shut 
off the synthesis of DAHP. In addition to feedback inhibition at the DAHP
site, each amino acid feedback inhibits its further metabolism at the 
chorismate step.
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Figure 4.28 Feedback inhibition of enzyme activity. The activity of
the first enzyme of the pathway is inhibited by the end product, thus shut-
ting off the production of the three intermediates and the end product.
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Each molecule of GS is composed of 12 identical subunits, and

each subunit can be adenylylated. When the enzyme is fully

adenylylated (that is, each molecule of GS contains 12 AMP

groups), it is catalytically inactive. When it is partially adenyly-

lated, it is partially active. As the glutamine pool in the cell

increases, GS becomes more adenylylated, and its activity dimin-

ishes. As glutamine levels diminish, GS becomes less adenylylated

and its activity increases (Figure 4.31). Other enzymes in the cell

add and remove the AMP groups from GS, and these enzymes are

themselves controlled, ultimately by levels of NH3 in the cell.

Why should there be all of this elaborate regulation surround-

ing the enzyme GS? The activity of GS requires ATP (Figure

4.25b), and nitrogen assimilation is a major biosynthetic process

in the cell. However, when NH3 is present at high levels in the

cell, it can be assimilated into amino acids by enzymes that do

not consume ATP (Figure 4.25a); under these conditions, GS

remains inactive. When NH3 levels are very low, however, GS is

forced to become catalytically active. By having GS active only

when NH3 is present at low levels, the cell conserves ATP that

would be used unnecessarily if GS were active when NH3 was

present at high levels.

The modulation of GS activity in this very precise way stands

in contrast to enzymes subject to feedback inhibition (Figures

4.29 and 4.30), whose activity is either “on” or “off”, depending on

the concentration of the effector molecule. This finer type of

control allows GS to remain partially active until NH3 is at such

high levels that NH3 assimilating systems that have a lower affin-

ity for NH3 than does GS and that do not require ATP, have suffi-

cient NH3 to be fully active.

MiniQuiz
• What is feedback inhibition?

• What is an allosteric enzyme?

• In glutamine synthetase, what does adenylylation do 
to enzyme activity?
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Figure 4.31 Regulation of glutamine synthetase by covalent modifi-

cation. (a) When cells are grown with excess ammonia (NH3), glutamine
synthetase (GS) is covalently modified by adenylylation; as many as 
12 AMP groups can be added. When cells are NH3-limited, the groups
are removed, forming ADP. (b) Adenylylated GS subunits are catalytically
inactive, so the overall GS activity decreases progressively as more sub-
units are adenylylated. See Figure 4.25b for the reaction carried out by
glutamine synthetase.

Big Ideas
4.1
Cells are primarily composed of the elements H, O, C, N, P, and S.

The various chemical compounds found in a cell are formed from

nutrients present in the environment. Elements required in fairly

large amounts are called macronutrients, whereas metals and

organic compounds needed in very small amounts (micronutri-

ents) are trace elements and growth factors, respectively.

4.2 
Culture media that supply the nutritional needs of microorga-

nisms are either defined or complex. “Selective,” “differential,” and

“enriched” are terms that describe media used for the culture of

particular species or for comparative studies of microorganisms.

4.3
Many microorganisms can be grown in the laboratory in liquid

or solid culture media that contain the nutrients they require.

Pure cultures of microorganisms can be cultured and maintained

if aseptic technique is practiced.

4.4
Chemical reactions in the cell are accompanied by changes in

energy, expressed in kilojoules. A chemical reaction may release

free energy (may be exergonic) or may consume free energy (may

be endergonic). DG09 is a measure of the energy released or con-

sumed in a reaction.
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4.5
Enzymes are protein catalysts that speed up the rate of biochemi-

cal reactions by activating the substrates when they bind to their

active site. Enzymes are highly specific in the reactions they cat-

alyze, and this specificity resides in the three-dimensional struc-

tures of the polypeptides that make up the proteins.

4.6
Oxidation–reduction reactions require electron donors and elec-

tron acceptors. The tendency of a compound to accept or release

electrons is expressed quantitatively by its reduction potential,

Redox reactions in a cell typically employ electron carriers

such as NAD1/NADH.

4.7
The energy released in redox reactions is conserved in com-

pounds that contain energy-rich phosphate or sulfur bonds. The

most common of these compounds is ATP, the prime energy car-

rier in the cell. Longer-term storage of energy is linked to the for-

mation of polymers, which can be consumed to yield ATP.

4.8
Fermentation through the glycolytic pathway, which breaks glu-

cose down to pyruvate, is a widespread mechanism of anaerobic

catabolism. Glycolysis releases a small amount of ATP and makes

fermentation products. For each molecule of glucose consumed

in glycolysis, two ATPs are produced.

4.9
Electron transport systems consist of membrane-associated elec-

tron carriers that function in an integrated fashion to carry elec-

trons from the primary electron donor to the terminal electron

acceptor (oxygen in aerobic respiration).

4.10
When electrons are transported through an electron transport

chain, protons are extruded to the outside of the membrane,

forming the proton motive force. Key electron carriers include

E09.

flavins, quinones, the cytochrome bc1 complex, and other cy-

tochromes. The cell uses the proton motive force to make ATP

through the activity of ATPase.

4.11
Respiration completely oxidizes an organic compound to CO2

with an energy yield that is much greater than that of fermenta-

tion. The citric acid cycle generates CO2 and electrons for the

electron transport chain and is also a source of key biosynthetic

intermediates.

4.12
When conditions are anoxic, several compounds can be terminal

electron acceptors for energy generation in anaerobic respiration.

Chemolithotrophs use inorganic compounds as electron donors,

whereas phototrophs use light to form a proton motive force.

The proton motive force supports energy generation in all forms

of respiration and photosynthesis.

4.13
Polysaccharides are important structural components of cells and

are biosynthesized from activated forms of their monomers. Gluco-

neogenesis is the production of glucose from nonsugar precursors.

4.14
Amino acids are formed from carbon skeletons to which ammo-

nia is added from either glutamate or glutamine. Nucleotides are

biosynthesized using carbon from several sources.

4.15
Fatty acids are synthesized two carbons at a time and then

attached to glycerol to form lipids. Only in Bacteria and Eukarya

do lipids contain fatty acids.

4.16
Enzyme activity is regulated. In feedback inhibition, an excess

of the final product of a biosynthetic pathway inhibits an

allosteric enzyme at the beginning of the pathway. Enzyme

activity can also be modulated by isoenzymes or by reversible

covalent modification.

Activation energy the energy required to bring

the substrate of an enzyme to the reactive

state

Adenosine triphosphate (ATP) a nucleotide

that is the primary form in which chemical

energy is conserved and utilized in cells

Allosteric enzyme an enzyme containing an

active site for binding substrate and an

allosteric site for binding an effector mole-

cule such as the end product of a biochemical

pathway

Anabolic reactions (Anabolism) the sum 

total of all biosynthetic reactions in the 

cell

Anaerobic respiration a form of respiration in

which oxygen is absent and alternative elec-

tron acceptors are reduced

Aseptic technique manipulations to prevent

contamination of sterile objects or microbial

cultures during handling

ATPase (ATP synthase) a multiprotein enzyme

complex embedded in the cytoplasmic mem-

brane that catalyzes the synthesis of ATP

coupled to dissipation of the proton motive

force

Autotroph an organism capable of biosynthe-

sizing all cell material from CO2 as the sole

carbon source

Catabolic reactions (Catabolism) biochemical

reactions leading to energy conservation

(usually as ATP) by the cell

Catalyst a substance that accelerates a chemical

reaction but is not consumed in the reaction

Chemolithotroph an organism that can grow

with inorganic compounds as electron

donors in energy metabolism

Citric acid cycle a cyclical series of reactions

resulting in the conversion of acetate to two

molecules of CO2

Coenzyme a small and loosely bound nonpro-

tein molecule that participates in a reaction

as part of an enzyme

Review of Key Terms
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1. Why are carbon and nitrogen macronutrients but cobalt is a

micronutrient (Section 4.1)?

2. What are siderophores and why are they necessary (Section 4.1)?

3. Why would the following medium not be considered a chemi-

cally defined medium: glucose, 5 grams (g); NH4Cl, 1 g; KH2PO4,

1 g; MgSO4, 0.3 g; yeast extract, 5 g; distilled water, 1 liter

(Section 4.2)?

4. What is aseptic technique and why is it necessary (Section 4.3)?

5. Describe how you would calculate DG09 for the reaction: 

glucose 1 6 O2 S 6 CO2 1 6 H2O. If you were told that this

reaction is highly exergonic, what would be the arithmetic sign

(negative or positive) of the DG09 you would expect for this

reaction (Section 4.4)?

6. Distinguish between DG09, DG, and Gf
0 (Section 4.4).

7. Why are enzymes needed by the cell (Section 4.5)?

8. The following is a series of coupled electron donors and electron

acceptors (written as donor/acceptor). Using just the data in Figure

4.9, order this series from most energy yielding to least energy

yielding: H2/Fe31, H2S/O2, methanol/NO3
2 (producing NO2

2),

H2/O2, Fe21/O2, NO2
2/Fe31, and H2S/NO3

2 (Section 4.6).

9. What is the reduction potential of the NAD1/NADH couple

(Section 4.7)?

10. Why is acetyl phosphate considered an energy-rich compound but

glucose 6-phosphate is not (Section 4.7)?

11. How is ATP made in fermentation and in respiration (Section 4.8)?

12. Where in glycolysis is NADH produced? Where is NADH con-

sumed (Section 4.8)?

13. List some of the important electron carriers found in electron

transport chains (Section 4.9).

14. What is meant by the term proton motive force, and why is this

concept so important in biology (Section 4.10)?

15. How is rotational energy in the ATPase used to produce ATP

(Section 4.10)?

16. Work through the energy balance sheets for fermentation and res-

piration, and account for all sites of ATP synthesis. Organisms can

obtain nearly 20 times more ATP when growing aerobically on glu-

cose than by fermenting it. Write one sentence that accounts for

this difference (Section 4.11).

17. Why can it be said that the citric acid cycle plays two major roles in

the cell (Section 4.11)?

18. What are the differences in electron donor and carbon source used

by Escherichia coli and Thiobacillus thioparus (a sulfur chemo-

lithotroph) (Section 4.12 and Table 4.2)?

19. What two catabolic pathways supply carbon skeletons for sugar

and amino acid biosyntheses (Sections 4.13 and 4.14)?

20. Describe the process by which a fatty acid such as palmitate (a C16

straight-chain saturated fatty acid) is synthesized in a cell (Section

4.15).

21. Contrast regulation of DAHP synthase and glutamine synthetase

(Section 4.16).

Review Questions

Complex medium a culture medium com-

posed of chemically undefined substances

such as yeast and meat extracts

Culture medium an aqueous solution of vari-

ous nutrients suitable for the growth of

microorganisms

Defined medium a culture medium whose pre-

cise chemical composition is known

Electron acceptor a substance that can accept

electrons from an electron donor, becoming

reduced in the process

Electron donor a substance that can donate

electrons to an electron acceptor, becoming

oxidized in the process

Endergonic requires energy

Enzyme a protein that can speed up (catalyze) a

specific chemical reaction

Exergonic releases energy

Feedback inhibition a process in which an

excess of the end product of a multistep path-

way inhibits activity of the first enzyme in the

pathway

Fermentation anaerobic catabolism in which

an organic compound is both an electron

donor and an electron acceptor and ATP is

produced by substrate-level phosphorylation

Free energy (G) energy available to do 

work; G09 is free energy under standard

conditions

Glycolysis a biochemical pathway in which

glucose is fermented, yielding ATP and vari-

ous fermentation products; also called the

Embden–Meyerhof–Parnas pathway

Metabolism the sum total of all the chemical

reactions in a cell

Oxidative phosphorylation the production of

ATP from a proton motive force formed by

electron transport of electrons from organic

or inorganic electron donors

Photophosphorylation the production of ATP

from a proton motive force formed from

light-driven electron transport

Phototrophs organisms that use light as their

source of energy

Proton motive force a source of energy

resulting from the separation of protons

from hydroxyl ions across the cytoplasmic

membrane, generating a membrane

potential

Pure culture a culture that contains a single

kind of microorganism

Reduction potential (E09) the inherent ten-

dency, measured in volts under standard

conditions, of a compound to donate

electrons

Respiration the process in which a compound

is oxidized with O2 (or an O2 substitute) as

the terminal electron acceptor, usually

accompanied by ATP production by oxidative

phosphorylation

Siderophore an iron chelator that can bind iron

present at very low concentrations

Substrate-level phosphorylation production

of ATP by the direct transfer of an energy-

rich phosphate molecule from a phosphory-

lated organic compound to ADP
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1. Design a defined culture medium for an organism that can grow

aerobically on acetate as a carbon and energy source. Make sure all

the nutrient needs of the organism are accounted for and in the

correct relative proportions.

2. Desulfovibrio can grow anaerobically with H2 as electron donor

and SO4
22 as electron acceptor (which is reduced to H2S). Based

on this information and the data in Table A1.2 (Appendix 1), indi-

cate which of the following components could not exist in the elec-

tron transport chain of this organism and why: cytochrome c,

ubiquinone, cytochrome c3, cytochrome aa3, ferredoxin.

3. Again using the data in Table A1.2, predict the sequence of elec-

tron carriers in the membrane of an organism growing aerobically

and producing the following electron carriers: ubiquinone,

cytochrome aa3, cytochrome b, NADH, cytochrome c, FAD.

4. Explain the following observation in light of the redox tower:

Cells of Escherichia coli fermenting glucose grow faster when

NO3
2 is supplied to the culture (NO2

2 is produced) and then

grow even faster (and stop producing NO2
2) when the culture 

is highly aerated.

Application Questions

Need more practice? Test your understanding with Quantitative Questions; access additional

study tools including tutorials, animations, and videos; and then test your knowledge with

chapter quizzes and practice tests at www.microbiologyplace.com.

www.microbiologyplace.com



