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                                                                                 Chemistry of life           

Composition  of matter                                                       

                                                             
 

Sugars are common in the cell 

 Sugars store carbon and energy and are part of cellular structures  
 Sugars in biological systems are 3 to 7 carbons and contain a carbonyl group  
 Sugars can be monomers or polymers of 2, 3 or more sugars  

Sugars serve three basic purposes in the cell: as carbon and energy sources, as 
reservoirs of carbon and energy, and as parts of cellular structures. Large amounts 
of energy can be extracted from sugars by processes referred to as catabolism, as 
discussed in Chapter 9. This may explain why many microorganisms show a 
preference for sugars if given a choice of energy sources. The term carbohydrate 
is often used to refer to them because their chemical formula can be broken down 
into [C(H2O)]x where x is any number greater than three. 

 

 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayglossary#catabolism


Sugar Monomers 

Single sugar molecules are typically 3 to 7 carbons long and are termed 
monosaccharides. Figure 2-2 shows that each carbon on Single sugar molecules are 
typically 3 to 7 carbons long and are termed monosaccharides. Figure 2-2 shows 
that the sugar molecule is decorated with a hydroxyl group (OH) except for one 
carbon that forms a carbonyl group If the carbonyl group is at the end of the 
molecule, it forms an aldehyde; if the carbonyl group is in the middle of the 
molecule, it forms a ketone as shown in Figure 2-2. All sugars can exist as linear 
molecules in solution and those greater than 5 carbons long can also circularize with 
the carbonyl group attacking a hydroxyl on one of the other carbons. The circular 
sugar contains 5 to 7 members in the ring with one of the members being oxygen. 
Glucose, fructose and ribose are some of the more common sugars found in the cell. 

Figure 2-2 Common monosaccharides 

 

Structures of some important monosaccharides are shown. These will often serve as 
building blocks for major structures in the cell, such as the cell wall and the genome.  

Sugar Polymers 

Sugars will readily polymerize: the combination of two sugars is called a 
disaccharide, while the combination of three is called a trisaccharide, and polymers 
of greater than three sugars are referred to as polysaccharides. Sugars are 
connected by α or β linkages. If the hydrogen is pointing up, it is a α linkage, if the 
hydrogen is pointing down, it is a β linkage as shown in Figure 2-3. This distinction 
may seem trivial, but it greatly influences the properties of the molecule. (The name 
of the linkage further depends upon the orientation of the hydrogen on the lowest 
numbered carbon that forms the bond. The lowest numbered carbon is decided by 
the rules of organic chemistry, but this is really not important for our discussion. Just 
realize there is a set pattern of numbering for each organic molecule and this helps 
determines the α or β linkage.) For example, starch is made up of glucose linked by 
β-1,4 bonds. Starch is also water-soluble and can serve as a food source for many 
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organisms. In contrast, cellulose, containing glucose linked by α-1,4 bonds, is 
insoluble in water and is not as readily degraded by most microbes. Polysaccharides 
might contain only one type of sugar monomer or a variety of different ones, 
sometimes in repeating units. 

Figure 2-3 Common disaccharides, trisaccharides and 
polysaccharides 

 

Sugars can be linked together to form more complex polymers. Lactose is a common 
sugar in milk, while maltose is found in many grains. Starch found in potatoes and 
other vegetables is a long polymer of glucose units. A common form of starch 
contains 20% amylose and 80% amylopectin.  

Polymers of sugars can serve as storage products for the cell. The breakdown of 
sugar yields a huge amount of energy, which means that they are a terrific molecule 
to effectively store energy for later utilization. Starch and glycogen are two examples 



of sugar polymers that are used in this way. Polysaccharides also serve as structural 
components of many different molecules in the cell including nucleic acids and the 
cell wall. 

 

2-3 Nucleic acids store information and process it 

 DNA and RNA are composed of two parts, the sugar phosphate backbone and 
nucleotide bases.  

 The bases in DNA are purines (adenine and guanine) and pyrimidines 
(cytosine and thymine). RNA contains the same bases, except uracil is 
substituted for thymine and they contain an extra 5'-hydroxyl.  

 DNA polymers can be thousands of base pairs long. RNA polymers are 
hundreds to thousands of bases long.  

 RNA is single-stranded. DNA is double-stranded and forms a double helix in 
the cell.  

 RNA molecules have significant secondary and tertiary structure that is 
important in their functions.  

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are involved in information 
storage and processing. DNA serves as the cell's hereditary information, while RNA is 
involved in converting that information into functional products, such as proteins. 
RNA and DNA are long polymers of only 4 nucleotides: adenine, guanine, cytosine 
and thymine (or uracil for RNA). Figure 2-4 lists the structure of the five nucleotides 
found in nucleic acids. 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayfigure&book_id=4&fig_number=4&chap_number=2


Figure 2-5 A schematic of the nucleic acid polymer 

 

Each monomer is made of a sugar-phosphate backbone, from which a base 
protrudes. These can pair with a second strand forming the double helix. In this 
picture the bases of two strands are shown, pairing with a second complementary 

strand. 

The bases of the four nucleotides are different, but there is also a pattern. Adenine 
(A) and guanine (G) are purines, and therefore have a distinctive two-ring structure; 
they differ in the chemical groups attached to the rings. Likewise, cytosine (C), 
thymine (T) and uracil (U) are all pyrimidines and share a single-ringed structure, 
but also differ in their attached groups. Not surprisingly, as these extra chemical 
groups distinguish the different purines and pyrimidines structurally, they are also 
responsible for their important functional differences as well. 

The bases in a nucleic acid polymer are capable of forming hydrogen bonds with 
neighboring bases on a second strand of nucleic acid, a process termed a process 
termed base pairing. However, there are rules to this association. Adenine is capable 
of forming two hydrogen bonds with thymine (or uracil) and cytosine can base pair 
with guanine, forming three hydrogen bonds. Some of these bonds require the extra 
chemical groups mentioned above. If two single strands of nucleic acid have 
sequences that can base pair along the polymer (such sequences are sometimes 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayglossary#purines
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said to complement), they will generate a long double-stranded polymer that has a 
staircase topology as shown in Figure 2-6. This structure is termed a double helix, 
since two strands form the molecule and it spirals around an axis in a regular 
pattern. Such a reaction between two complementary DNA strands is spontaneous: 
if you mix two complementary single strands of nucleic acid together in a test tube 
at a reasonable temperature, pH and salt concentration, they will find each other 
and anneal to form a double-stranded polymer. 

Figure 2-6 The Double Helix 

Note how the two nucleic acid strands spiral around each other in a regular 
repeating pattern. There are 10 bases per turn of the double helix. Bases pair with 
one another in the center of the helix cylinder and form what some have likened to a 

spiral staircase. The above figure can be rotated by clicking on the arrows. 

Secondary and Tertiary DNA Structures 

DNA almost always exists in cells as a double-stranded structure of complementing 
strands. It happens that this double-stranded form is rather stable, and it does not 
tolerate tight twists and turns. It is often assumed that the stability is due to the 
hydrogen bonding between the bases, but this is not the case (the bases would 
hydrogen bond just as well to water). Instead, it is largely due to the interaction 
between adjacent base pairs along the helix, which is termed base stacking. As a 
consequence, pieces of DNA typically form relatively straight structures where the 
only obvious difference from one piece to the next is the actual sequence of the 
nucleotides themselves. This ordered sequence is termed the primary structure of 
the DNA. The relative stiffness of the molecule means that the position of any base 
with respect to bases on either side, termed its secondary structure, is almost 
always predictable See Figure 2-7 for an example. Finally, the larger organization of 
the DNA strands with respect to each other, termed the tertiary structure, is also 
fairly similar in all DNA molecules. One implication is that proteins that want to 
distinguish between different DNA molecules must do so by reading different 
primary structure sequences by interacting with the outer surface of the base pairs. 
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Figure 2-7 A molecular model of the lac 

 

The repressor binding to its recognition sequence. The protein makes specific 
contacts with its recognition sequence on the DNA by reading the pattern of bases in 

the DNA. 

Structures of RNA 

In composition and therefore primary structure, RNA is similar to DNA, except that 
uracil (U) takes the place of thymine in the molecule and the ribose unit on each 
sugar contains a hydroxyl group. However, most RNA in cells exists as single-
stranded molecules and not a complex of two different strands as with DNA. Now if 
complementary base sequences are present in an RNA molecule, it can fold back 
upon itself and base pair, so that many RNA molecules have at least some double-
stranded regions. However, this bending and folding means that RNA molecules will 
typically have much more complicated tertiary structures than does DNA. Both the 
single-stranded loops and the double-stranded stems are critical for the function of 
most RNA molecules. Many are involved in creating physical structures, such as 
ribosomes, that are involved in processing information. The other general class of 
RNAs are messenger RNAs, which represent a version of the DNA primary structure 
that is suitable for translation into protein. 

Proteins are made of amino acids 

 Amino acids are organic acids with a amine group attached to the α carbon  
 Amino acids are distinguished by their side group that dictates its properties  



Proteins and peptides (small proteins) are essential to the cell and serve two major 
functions. Many proteins are enzymes that catalyze almost all biological reactions in 
a living organism. Other proteins perform a structural role for the cell - either in the 
cell wall, the cell membrane or in the cytoplasm. In this section, we will look at the 
basic structural elements shared by all proteins. 

Structure of Amino Acids 

Proteins are polymers of amino acids.. Amino acids, with rare exception, contain an 
α carbon that is connected to an amino (NH3) group, a carboxyl group (COOH), and 
a variable side group (R). Figure 2-8 shows this generic amino acid structure. The 
side group gives each amino acid its distinctive properties and helps to dictate the 
folding of the protein. 

Figure 2-8 A general amino acid 

 

Each amino acid contains a carboxyl group, an amino group and a variable side 

group (R). These all connect to a central carbon termed the α-carbon 

 

2-5 The primary structure of proteins is the amino acid sequence 

 Proteins contain 20 different amino acids that are linked by peptide bonds to 
form long polymers  

 Amino acids can be classified into three groups, polar, non-polar, and 
charged.  

As with nucleic acids, primary structure refers to the ordered sequence of the 
different amino acids in a protein. The carboxyl group and the amino group of amino 
acids are reactive. As shown in Figure 2-9, cells synthesize proteins by attaching the 
carboxyl group of one amino acid to the amine group the next, with polymerization 
taking place at the ribosome. This is termed a peptide bond. Since each amino acid 
has a carboxyl group and an amino group, hundreds of amino acids can be linked 
together. 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayglossary#cytoplasm
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Figure 2-10 The common amino acids 

 

In the figure, the amino acids are organized into their chemical type and 

characteristics. 

 



 

The protein 

 .  

Peptides and proteins are formed when a ribosome and the rest of the translation 
machinery link amino acids together in polymers that range from 10 to 10,000 
residues in length. During and after protein synthesis, the residues of the primary 
sequence dictate how the protein folds. The simplest aspect of protein folding is 
termed its secondary structure, which refers to the geometry of the local polypeptide 
chain with respect to their immediate neighbors. How a protein folds is dictated by 
the primary sequence of amino acids, but predicting the overall structure from the 
primary sequence remains one of the most important unsolved problems in biology. 
Nevertheless, it is clear that the major determinants of this final structure are 
hydrophobic interactions. During protein folding, hydrophobic amino acids must be 
hidden from the water interface by being buried in the interior of the protein. This 
burying defines the protein core which then influences the immediate structure 
around it and greatly affects the protein's overall structure. 

Common Secondary Structures 

Peptide bonds between adjacent amino acids can rotate and twist to allow a large 
number of interactions, but two local organization schemes, the α helix and the β 
sheet, are found in many proteins. Their prevalence is certainly because they 
happen to form particularly energetically favorable structures. Formation of these 
structures is driven by favorable hydrogen bonding and hydrophobic interactions 
between nearby amino acids in the protein. The α helix resembles a ribbon of 
adjacent amino acids wrapped around a tube to form a staircase-like structure. 
Figure 2-11 shows different representations of an α helix. This structure is very 
stable, yet flexible and is often seen in parts of a protein that may need to bend or 
move. 

 

Figure 2-9 A peptide bond 

 

Peptide bonds can form between all 20 amino acids and consist of a link between 

the carboxyl of one a amino acid and the amine group of the next. 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayfigure&book_id=4&fig_number=11&chap_number=2


There are 20 common amino acids found in proteins and these amino acids can be 
roughly classified into 3 groups: polar, non-polar and charged. Polar and charged 
amino acids are hydrophilic and are often found on the surface of a protein, 
interacting with the surrounding water. In contrast, non-polar (or hydrophobic) 
amino acids will avoid water. While this simple categorization is adequate for most 
purposes, you should recognize that it is a bit simplistic. For example, arginine does 
have a charged hydrophilic group at one end, but the -CH2- backbone that makes up 
most of the amino acid is actually quite hydrophobic. Figure 2-10 shows the 
chemical structure of all 20 common amino acids. 

Figure 2-11 The α helix 

 

Two views of an α-helix. (a) A ball and stick version of the same helix showing the 
hydrogen bonds between the amino acids. (b) A ribbon representation of an α-helix 
emphasizing the helical nature of the structure.  

In the β sheet, two protein chains (perhaps different segments of the same protein) 
align themselves in a planar structure such that hydrogen bonds can form between 
facing amino acids in each sheet. Figure 2-12 shows different representations of this 
structure. The β sheet is different from the α helix in that it can involve amino acids 
from different sections of the protein, which come together to form this structure. 
Also, the structure tends to be rigid and less flexible than the α helix. 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayfigure&book_id=4&fig_number=10&chap_number=2
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Figure 2-12 The β-sheet 

 

Two views of a β-sheet. (a) A ball and stick version of a β sheet (b) A 
ribbon representation of a β-sheet. 

 

Tertiary structure is the 3D structure of individual 
polypeptides 

 Tertiary structure is stabilized by hydrophobic interactions, hydrogen bonds, 
ionic interactions, and sulfhydryl bonds.  

 Conserved tertiary structures are called motifs. There are many common 
motifs that have been discovered in many proteins. Some examples are ATP 
binding cassettes and DNA binding motifs  

 These structurally similar motifs may suggest a evolutionary relationship.  
 Proteins are flexible, dynamic structures that respond to their surroundings.  

 

Quaternary structure is the total complex of a functional protein 

 Proteins can contain several polypeptides that form a functional unit. These 
protein complexes can be composed of several copies of the same 
polypeptide or different polypeptides.  

 Glycoproteins are proteins with attached sugars.  

Many proteins are actually complexes of several polypeptides. The arrangement of 
more than a single polypeptide into one protein is termed the quaternary structure 
of that protein. Protein complexes might contain two or more copies of the same 
protein or they may consist of any number of different polypeptides in various ratios. 
Such complexes are certainly not random, but reflect precise interactions among the 



protein subunits based on the same sorts of interactions (e.g. hydrophobic, 
hydrogen bonds, etc) described above. 

Glycoproteins are proteins with attached sugars that are typically important for the 
proper function of the protein. In most cases the sugars are added to the protein 
after it has been translated. Proteins that encounter the outside environment of the 
cell will sometimes be glycosylated to stabilize the protein to attack from degradative 
enzymes and destructive physical forces. Glycolipids are combinations of lipids and 
polysaccharides. In these cases the third glycerol hydroxyl attaches to a 
polysaccharide instead of a small polar molecule. These polysaccharides can be quite 
long, extending several microns into the outside environment. Lipopolysaccharides 
(one type of glycolipid and usually abbreviated LPS) impart several unique 
properties to the surface of gram-negative bacteria and we will have more to say 
about them when examining the cell wall. 

 

 

Lipids are the building blocks of membranes 

 Membranes have lipids as their major constituent.  
 Lipids contain a glycerol backbone. To this backbone are attached a polar 

group and two long-chain fatty acids.  

Lipids are molecules with two personalities. One part of the molecule wants to 
associate with water and the other does not. Molecules with these properties are 
termed amphipathic. Figure 2-18 shows that the backbone of the lipid consists of a 
three-carbon glycerol molecule. Hydrophhobic, long-chain fatty acids attach to two 
hydroxyl groups on the glycerol. To the third hydroxyl group, a polar, and therefore 
hydrophilic, group is attached. Many bacteria contain phospholipids where this third 
group will contain a phosphate connected to a carbon molecule. The amphipathic 
nature of lipids is important in their function in the cell. 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayglossary#Glycolipids
http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayglossary#amphipathic
http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayfigure&book_id=4&fig_number=18&chap_number=2


Figure 2-18 The structure of phosphatidylethanolamine 

 

The chemical structure (a) and a space-filling model (b) of 

phosphatidylethanolamine 

 

Small molecules are also important in the cell 

 NAD and FAD are two common proton and electron carriers in the cell.  
 Tetrahydrofolate, cobalamin and coenzyme A are common carbon carriers in 

the cell.  
 Many enzymes require minerals for proper function in the cell. Common 

examples include, iron, zinc, magnesium, and calcium.  

There are also a number of important small molecules that shuttle protons, electrons 
or small carbon moieties around the cell. These small entities typically do their job in 
association with proteins to which they can be either loosely or tightly bound. All of 
life on this planet seems to have settled on a surprisingly small set of molecules to 
perform these tasks. Almost certainly this is because the use of these molecules 
evolved early and has been maintained through evolution. 

Proton and electron carriers 

Most amino acids are not particularly good at either donating or accepting electrons 
and when they do, it is under a limited range of conditions. As you will read in the 
chapter on metabolism, the ability to move electrons among proteins is critical to all 
life, so two general types of prosthetic group associated with proteins have evolved 
for this purpose. Figure 2-19 shows the first type, which are organic multi-ring 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayfigure&book_id=4&fig_number=19&chap_number=2


structures and the other type are iron-sulfur clusters. In both cases, these carriers 
have characteristic affinities for accepting and donating electrons and protons, but 
these affinities are also affected by the proteins in which they are found. Thus, a 
wide range of electron carriers with different properties has evolved. By organizing 
these carriers in precise patterns in the cell, the cell is able to use the transfer of 
electrons to do work. 

Figure 2-19 The structures of a few important electron and hydrogen 
carriers 

 

The chemical structures of quinone and nicotinamide adenine dinucleotide NAD. 
Both structures are shown carrying electrons and electron free. 

Carbon carriers 

There are also small molecules in the cell that serve as carriers of important carbon 
compounds. Essentially, these carriers have the right chemical properties that make 
it relatively easy for enzymes to add or remove a particular carbon unit. 
Tetrahydrofolate and cobalamin (vitamin B12) are often involved in adding or 
removing one-carbon units during the synthesis of various structures in the cell. 
Coenzyme A is necessary for the transfer of small 2 to 4 carbon units (acetyl, propyl) 
from one enzyme to another. It finds utility in both the synthesis and breakdown of 
organic molecules. The beauty of using a small set of carriers is that it allows the 
easy movement of carbon from one pathway to another. 

Important minerals 

Many types of minerals are important for the proper functioning of enzymes. For 
example, magnesium ions are essential for ATP-binding by many enzymes. Zinc is 
important in the proper folding of some enzymes and iron, in the form of iron-sulfur 
centers and hemes, is critical in many electron transport proteins. Minerals also help 



bind structures in the cell together. For example, magnesium and calcium are 
necessary for the stabilization of membranes. Potassium ions in the cell shield the 
large amount of negative charge on the DNA allowing it to pack more tightly 
together. More will be said in later chapters about their specific roles, but some of 
the more important ions include K+, PO4

-3, Mg+2, Zn+2, Ca+2, Mn+2, Fe+2 and Fe+3. 

The cell is organized into functional units 

 All cells are organized into functional units. Membranes, cytoplasm, ribosomes 
and nuclear regions are found in every cell.  

Now that you have had an introduction to the chemicals that make up the typical 
cell, we will now look at how this chemistry combines to form major functional units. 
These can be thought of as the organizations that carry out the major business of 
the cell: growth, replication, feeding and movement. We will first start with 
membranes because so many things interact with them. Next internal structures in 
the cytoplasm will be described and finally structures outside of the membrane. 

First, however, we should describe an important evolutionary hypothesis that will 
make sense of much of the following details. As you will see, there are a number of 
curious similarities and differences in the details of cellular structure among bacteria, 
archaea and eukaryotes. In general much of the machinery in a eukaryotic nucleus 
and in the cytoplasm looks rather a lot like what is present in the archaea. However, 
the organelles of eukaryotes, such as the mitochondria and chloroplasts, have 
properties that are much more similar to those of bacteria. How is this possible? One 
clue comes from observing organisms in nature. It is very common to find 
cooperative relationships between different species and this is also true in the 
microbial world. In some instances these relationships involved close physical 
contact between their participants, sometimes with one participant engulfing the 
other. In 1968 Dr. Lynn Margulis extended this observation and proposed that some 
of the organelles found in eukaryotes, specifically mitochondria and chloroplasts, 
were originally endosymbionts of their host. Originally these two microbes probably 
were able to live independently, but over time, the endosymbiont lost functionality 
that its host was already providing and then became dependent. Over the years 
amble evidence has accumulated to support this exceptional insight. 

 Both mitochondria and chloroplasts contain DNA that resembles the 
chromosomes of bacteria.  

 Both organelles are surrounded by two membranes reminiscent of Gram 
negative cell wall structure (see below) observed in a class of microbes.  

 Mitochondria and chloroplasts divide by a method that resembles binary 
fission.  

 Much of the internal structure and biochemistry of the photosynthetic 
organelle inside chloroplasts is very similar to that observed in cyanobacteria 
(a photosynthetic microbe).  

 The ribosomes of mitochondria and chloroplasts resemble those found in 
microbes and analysis of the sequence of the 16 S rRNA of these ribosomes 
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showed that the organelles are in fact closely related to proteobacteria 
(mitochondria) and cyanobacteria (chloroplasts) This last bit of proof is very 
strongest evidence substantiating Dr. Margulis's hypothesis.  

In summary, it seems clear that the eukaryotic cell was born by the merger of an 
archaean with a gram-negative bacteria from the proteobacteria. Photosynthetic 
eukaryotes arose from a second endosymbiosis, where the eukaryotic cell engulfed a 
cyanobacterium. Clearly, eukaryotes, including us, were the result of the cooperation 
of several bacterial species in the long distant past.  

 

Membranes surround the cell and hold it in 

 Membranes are thin, highly conserved structures found in all cells  
 Membranes are stabilized by hydrophobic interactions, hydrogen bonds and 

ionic interactions.  
 Membranes are composed of lipids and proteins. The lipids form a bilayer, 

with the hydrophilic portion of the lipids facing the aqueous environment, and 
the hydrophobic portions clustering together inside the membrane. The 
majority of membrane proteins are involved in moving small molecules across 
the membrane or in energy generation.  

General properties 

The cytoplasmic membrane immediately surrounds the inside of the cell and is 
perhaps the most conserved structure in living cells. Membranes are thin structures, 
measuring about 8 nm thick and every living thing on this planet has some type of 
membrane They are the major barrier separating the inside of the cell from the 
outside and allow cells to selectively interact with their environment. Membranes are 
highly organized and asymmetric. This asymmetry comes from the fact that the 
membrane that faces the environment performs very different functions than does 
the side that faces the cytoplasm. Membranes are also dynamic, constantly adapting 
to changing environmental conditions. 

Physical structure 

Membranes are composed of lipids and proteins. The majority of lipids are 
phospholipids as described earlier, but about 50% of all know bacterial species also 
contain hopanoids as shown in Figure 2-75. These molecules have a similar 
structure to sterols found in eukaryotic membranes and serve to help stabilize the 
membrane. Proteins are more numerous in bacterial membranes in comparison to 
eukaryotes. This is because bacteria in general only contain a single membrane in 
contact with the cytoplasm and this has to carry out all the functions of the cell. In 
eukaryotes these functions are divided amongst the cytoplasmic membrane and the 
other organelles. 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayfigure&book_id=4&fig_number=75&chap_number=2


Figure 2-75 Hopanoids 

 

The structure of hopanooids. These molecules are analogous to steroids found in 

animal membranes. 

Much of the general behavior of membranes is dictated by the behavior of lipids in 
water. Because phospholipids are amphipathic, they tend to congregate when placed 
in an aqueous environment. This is done in a very specific fashion such that the 
hydrophilic portions face the water and the hydrophobic portions are buried inside. 
Under the cell's direction lipids are organized into a bilayer, where there are two 
sheets of lipids oriented so that the hydrophobic faces of each sheet face each other 
as shown in Figure 2-20. Lipid bilayers can be almost any size and can form vesicles 
spontaneously, if lipids are placed in an aqueous environment. In the cell, however, 
the synthesis of membranes is performed by specific enzymes and is tightly 
controlled. 

Water and Solute Movement  

Cell membranes act as barriers to most, but not all, molecules. Development of a 

cell membrane that could allow some materials to pass while constraining the 

movement of other molecules was a major step in the evolution of the cell. Cell 

membranes are differentially (or semi-) permeable barriers separating the inner 

cellular environment from the outer cellular (or external) environment.  

Water potential is the tendency of water to move from an area of higher 

concentration to one of lower concentration. Energy exists in two forms: potential 

and kinetic. Water molecules move according to differences in potential energy 

between where they are and where they are going. Gravity and pressure are two 

enabling forces for this movement. These forces also operate in the hydrologic 

(water) cycle. Remember in the hydrologic cycle that water runs downhill 

(likewise it falls from the sky, to get into the sky it must be acted on by the sun and 

evaporated, thus needing energy input to power the cycle). 
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The hydrologic cycle. Image from Purves et al., Life: The Science of Biology, 4th Edition, 

by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

 

Introduction  

The Cell 

 
         The cell is one of the most basic units of life.  There are millions of different 

types of cells.  There are cells that are organisms onto themselves, such as microscopic 

amoeba and bacteria cells.  And there are cells that only function when part of a larger 

organism, such as the cells that make up your body.  The cell is the smallest unit of life 

in our bodies.  In the body, there are brain cells, skin cells, liver cells, stomach cells, 

and the list goes on.  All of these cells have unique functions and features.  And all have 

some recognizable similarities.  All cells have a 'skin', called the plasma membrane, 

protecting it from the outside environment.  The cell membrane regulates the 

movement of water, nutrients and wastes into and out of the cell.  Inside of the cell 

membrane are the working parts of the cell.  At the center of the cell is the cell 

nucleus.  The cell nucleus contains the cell's DNA, the genetic code that coordinates 

protein synthesis.  In addition to the nucleus, there are many organelles inside of the cell 
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- small structures that help carry out the day-to-day operations of the cell.  One 

important cellular organelle is the ribosome.  Ribosomes participate in protein 

synthesis.  The transcription phase of protein synthesis takes places in the cell nucleus.  

After this step is complete, the mRNA leaves the nucleus and travels to the cell's 

ribosomes, where translation occurs.  Another important cellular organelle is the 

mitochondrion.  Mitochondria (many mitochondrion) are often referred to as the power 

plants of the cell because many of the reactions that produce energy take place in 

mitochondria.  Also important in the life of a cell are the lysosomes.  Lysosomes are 

organelles that contain enzymes that aid in the digestion of nutrient molecules and other 

materials.  Below is a labelled diagram of a cell to help you identify some of these 

structures.  

Cell theory refers to the idea that cells are the basic unit of structure in every living 

thing. Development of this theory during the mid 17th century was made possible by 

advances in microscopy. This theory is one of the foundations of biology. The theory 

says that new cells are formed from other existing cells, and that the cell is a 

fundamental unit of structure, function and organization in all living organisms. 
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Drawing of the structure of cork as it appeared under the microscope to Robert Hooke from 

Micrographia which is the origin of the word "cell" being used to describe the smallest unit of 

a living organism 

 
Cells in culture, stained for keratin (red) and DNA (green) 

The cell is the functional basic unit of life. It was discovered by Robert Hooke and is the 

functional unit of all known living organisms. It is the smallest unit of life that is classified as 

a living thing, and is often called the building block of life.
[1]

 Some organisms, such as most 

bacteria, are unicellular (consist of a single cell). Other organisms, such as humans, are 

multicellular. Humans have about 100 trillion or 10
14

 cells; a typical cell size is 10 µm and a 

typical cell mass is 1 nanogram. The largest cells are about 135 µm in the anterior horn in the 

spinal cord while granule cells in the cerebellum, the smallest, can be some 4 µm and the 

longest cell can reach from the toe to the lower brain stem (Pseudounipolar cells).
[2]

 The 

largest known cells are unfertilised ostrich egg cells which weigh 3.3 pounds.
[3][4]

 

In 1835, before the final cell theory was developed, Jan Evangelista Purkyně observed small 

"granules" while looking at the plant tissue through a microscope. The cell theory, first 
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developed in 1839 by Matthias Jakob Schleiden and Theodor Schwann, states that all 

organisms are composed of one or more cells, that all cells come from preexisting cells, that 

vital functions of an organism occur within cells, and that all cells contain the hereditary 

information necessary for regulating cell functions and for transmitting information to the 

next generation of cells.
[5]

 

 

 

The word cell comes from the Latin cellula, meaning, a small room. The descriptive term for 

the smallest living biological structure was coined by Robert Hooke in a book he published in 

1665 when he compared the cork cells he saw through his microscope to the small rooms 

monks lived in.
[6]

 

History 

 1632–1723: Antonie van Leeuwenhoek teaches himself to grind lenses, builds a 

microscope and draws protozoa, such as Vorticella from rain water, and bacteria from 

his own mouth.  

 1665: Robert Hooke discovers cells in cork, then in living plant tissue using an early 

microscope.
[6]

  

 1839: Theodor Schwann and Matthias Jakob Schleiden elucidate the principle that 

plants and animals are made of cells, concluding that cells are a common unit of 

structure and development, and thus founding the cell theory.  

 The belief that life forms can occur spontaneously (generatio spontanea) is 

contradicted by Louis Pasteur (1822–1895) (although Francesco Redi had performed 

an experiment in 1668 that suggested the same conclusion).  

 1855: Rudolf Virchow states that cells always emerge from cell divisions (omnis 

cellula ex cellula).  

 1931: Ernst Ruska builds first transmission electron microscope (TEM) at the 

University of Berlin. By 1935, he has built an EM with twice the resolution of a light 

microscope, revealing previously unresolvable organelles.  

 1953: Watson and Crick made their first announcement on the double-helix structure 

for DNA on February 28.  

1981: Lynn Margulis published Symbiosis in Cell Evolution detailing the 

endosymbiotic theory    
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Anatomy 

There are two types of cells: eukaryotic and prokaryotic. Prokaryotic cells are usually 

independent, while eukaryotic cells are often found in multicellular organisms. 

Prokaryotic cells 

Main article: Prokaryote 

Diagram of a typical prokaryotic cell 

The prokaryote cell is simpler, and therefore smaller, than a eukaryote cell, lacking a nucleus 

and most of the other organelles of eukaryotes. There are two kinds of prokaryotes: bacteria 

and archaea; these share a similar structure. 

Nuclear material of prokaryotic cell consist of a single chromosome which is in direct contact 

with cytoplasm. Here the undefined nuclear region in the cytoplasm is called nucleoid. 

A prokaryotic cell has three architectural regions: 

 On the outside, flagella and pili project from the cell's surface. These are structures 

(not present in all prokaryotes) made of proteins that facilitate movement and 

communication between cells;  

 Enclosing the cell is the cell envelope – generally consisting of a cell wall covering 

a plasma membrane though some bacteria also have a further covering layer 

called a capsule. The envelope gives rigidity to the cell and separates the interior 

of the cell from its environment, serving as a protective filter. Though most 

prokaryotes have a cell wall, there are exceptions such as Mycoplasma (bacteria) 

and Thermoplasma (archaea). The cell wall consists of peptidoglycan in bacteria, 

and acts as an additional barrier against exterior forces. It also prevents the cell 

from expanding and finally bursting (cytolysis) from osmotic pressure against a 

hypotonic environment. Some eukaryote cells (plant cells and fungi cells) also 

have a cell wall;  

Inside the cell is the cytoplasmic region that contains the cell genome (DNA) and 

ribosomes and various sorts of inclusions. A prokaryotic chromosome is usually a 

circular molecule (an exception is that of the bacterium Borrelia burgdorferi, which 

causes Lyme disease). Though not forming a nucleus, the DNA is condensed in a 

nucleoid. Prokaryotes can carry extrachromosomal DNA elements called plasmids, 

which are usually circular. Plasmids enable additional functions, such as antibiotic 

resistance 

 

Eukaryotic cells 
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Animal  cell 

 

 

 

Diagram of a typical animal (eukaryotic) cell, showing subcellular 

components. 

Organelles: 

Eukaryotic cells are about 15 times wider than a typical prokaryote and can be as much 

as 1000 times greater in volume. The major difference between prokaryotes and 

eukaryotes is that eukaryotic cells contain membrane-bound compartments in which 

specific metabolic activities take place. Most important among these is a cell nucleus, a 

membrane-delineated compartment that houses the eukaryotic cell's DNA. This nucleus 

gives the eukaryote its name, which means "true nucleus." Other differences include: 

 The plasma membrane resembles that of prokaryotes in function, with minor 

differences in the setup. Cell walls may or may not be present.  

 The eukaryotic DNA is organized in one or more linear molecules, called 

chromosomes, which are associated with histone proteins. All chromosomal DNA 

is stored in the cell nucleus, separated from the cytoplasm by a membrane. Some 

eukaryotic organelles such as mitochondria also contain some DNA.  

 Many eukaryotic cells are ciliated with primary cilia. Primary cilia play 

important roles in chemosensation, mechanosensation, and thermosensation. 

Cilia may thus be "viewed as sensory cellular antennae that coordinate a large 

number of cellular signaling pathways, sometimes coupling the signaling to 

ciliary motility or alternatively to cell division and differentiation."
[7]
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 Eukaryotes can move using motile cilia or flagella. The flagella are more complex 

than those of prokaryotes.  

Table 1: Comparison of features of prokaryotic and eukaryotic cells 

  Prokaryotes Eukaryotes 

Typical organisms bacteria, archaea protists, fungi, plants, animals 

Typical size ~ 1–10 µm 
~ 10–100 µm (sperm cells, apart from the tail, are 

smaller) 

Type of nucleus 
nucleoid region; no 

real nucleus 
real nucleus with double membrane 

DNA circular (usually) 
linear molecules (chromosomes) with histone 

proteins 

RNA-/protein-

synthesis 
coupled in cytoplasm 

RNA-synthesis inside the nucleus 

protein synthesis in cytoplasm 

Ribosomes  
50S+30S 60S+40S 

Cytoplasmatic 

structure 
very few structures 

highly structured by endomembranes and a 

cytoskeleton 

Cell movement  

flagella made of 

flagellin 

flagella and cilia containing microtubules; 

lamellipodia and filopodia containing actin 

Mitochondria  
none 

one to several thousand (though some lack 

mitochondria) 

Chloroplasts 
none in algae and plants 

Organization usually single cells 
single cells, colonies, higher multicellular 

organisms with specialized cells 

Cell division 

Binary fission (simple 

division) 

Mitosis (fission or budding) 

Meiosis 

Table 2: Comparison of structures between animal and plant cells 

 
Typical animal cell Typical plant cell 

Organelles  Nucleus  

o Nucleolus (within 

nucleus)  

 Rough endoplasmic reticulum 

(ER)  

 Smooth ER  

 Ribosomes  

 Cytoskeleton  

 Golgi apparatus  

 Cytoplasm  

 Mitochondria  

 Vesicles  

 Lysosomes  

 Centrosome  

o Centrioles  

 Nucleus  

o Nucleolus (within 

nucleus)  

 Rough ER  

 Smooth ER  

 Ribosomes  

 Cytoskeleton  

 Golgi apparatus (dictiosomes)  

 Cytoplasm  

 Mitochondria  

 Plastids and its derivatives  

 Vacuole(s)  

 Cell wall  

Subcellular components 
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The cells of eukaryotes (left) and prokaryotes (right) 

All cells, whether prokaryotic or eukaryotic, have a membrane that envelops the cell, 

separates its interior from its environment, regulates what moves in and out (selectively 

permeable), and maintains the electric potential of the cell. Inside the membrane, a salty 

cytoplasm takes up most of the cell volume. All cells possess DNA, the hereditary material of 

genes, and RNA, containing the information necessary to build various proteins such as 

enzymes, the cell's primary machinery. There are also other kinds of biomolecules in cells. 

This article will list these primary components of the cell, then briefly describe their function. 

Membrane 

The cytoplasm of a cell is surrounded by a cell membrane or plasma membrane. The plasma 

membrane in plants and prokaryotes is usually covered by a cell wall. This membrane serves 

to separate and protect a cell from its surrounding environment and is made mostly from a 

double layer of lipids (hydrophobic fat-like molecules) and hydrophilic phosphorus 

molecules. Hence, the layer is called a phospholipid bilayer. It may also be called a fluid 

mosaic membrane. Embedded within this membrane is a variety of protein molecules that act 

as channels and pumps that move different molecules into and out of the cell. The membrane 

is said to be 'semi-permeable', in that it can either let a substance (molecule or ion) pass 

through freely, pass through to a limited extent or not pass through at all. Cell surface 

membranes also contain receptor proteins that allow cells to detect external signaling 

molecules such as hormones. 
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Cytoskeleton 

 
Bovine Pulmonary Artery Endothelial cell: nuclei stained blue, mitochondria stained red, and 

F-actin, an important component in microfilaments, stained green. Cell imaged on a 

fluorescent microscope. 

The cytoskeleton acts to organize and maintain the cell's shape; anchors organelles in place; 

helps during endocytosis, the uptake of external materials by a cell, and cytokinesis, the 

separation of daughter cells after cell division; and moves parts of the cell in processes of 

growth and mobility. The eukaryotic cytoskeleton is composed of microfilaments, 

intermediate filaments and microtubules. There is a great number of proteins associated with 
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them, each controlling a cell's structure by directing, bundling, and aligning filaments. The 

prokaryotic cytoskeleton is less well-studied but is involved in the maintenance of cell shape, 

polarity and cytokinesis.
[8]

 

Genetic material 

Two different kinds of genetic material exist: deoxyribonucleic acid (DNA) and ribonucleic 

acid (RNA). Most organisms use DNA for their long-term information storage, but some 

viruses (e.g., retroviruses) have RNA as their genetic material. The biological information 

contained in an organism is encoded in its DNA or RNA sequence. RNA is also used for 

information transport (e.g., mRNA) and enzymatic functions (e.g., ribosomal RNA) in 

organisms that use DNA for the genetic code itself. Transfer RNA (tRNA) molecules are 

used to add amino acids during protein translation. 

Prokaryotic genetic material is organized in a simple circular DNA molecule (the bacterial 

chromosome) in the nucleoid region of the cytoplasm. Eukaryotic genetic material is divided 

into different, linear molecules called chromosomes inside a discrete nucleus, usually with 

additional genetic material in some organelles like mitochondria and chloroplasts (see 

endosymbiotic theory). 

A human cell has genetic material contained in the cell nucleus (the nuclear genome) and in 

the mitochondria (the mitochondrial genome). In humans the nuclear genome is divided into 

23 pairs of linear DNA molecules called chromosomes. The mitochondrial genome is a 

circular DNA molecule distinct from the nuclear DNA. Although the mitochondrial DNA is 

very small compared to nuclear chromosomes, it codes for 13 proteins involved in 

mitochondrial energy production and specific tRNAs. 

Foreign genetic material (most commonly DNA) can also be artificially introduced into the 

cell by a process called transfection. This can be transient, if the DNA is not inserted into the 

cell's genome, or stable, if it is. Certain viruses also insert their genetic material into the 

genome. 

Organelles 

The human body contains many different organs, such as the heart, lung, and kidney, with 

each organ performing a different function. Cells also have a set of "little organs," called 

organelles, that are adapted and/or specialized for carrying out one or more vital functions. 

Both eukaryotic and prokaryotic cells have organelles but organelles in eukaryotes are 

generally more complex and may be membrane bound. 

There are several types of organelles in a cell. Some (such as the nucleus and golgi apparatus) 

are typically solitary, while others (such as mitochondria, peroxisomes and lysosomes) can be 

numerous (hundreds to thousands). The cytosol is the gelatinous fluid that fills the cell and 

surrounds the organelles. 

Cell nucleus – eukaryotes only - a cell's information center   

The cell nucleus is the most conspicuous organelle found in a 

eukaryotic cell. It houses the cell's chromosomes, and is the place 

where almost all DNA replication and RNA synthesis 

Diagram of a cell 

nucleus 
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(transcription) occur. The nucleus is spherical and separated from 

the cytoplasm by a double membrane called the nuclear envelope. 

The nuclear envelope isolates and protects a cell's DNA from 

various molecules that could accidentally damage its structure or 

interfere with its processing. During processing, DNA is 

transcribed, or copied into a special RNA, called messenger RNA 

(mRNA). This mRNA is then transported out of the nucleus, 

where it is translated into a specific protein molecule. The 

nucleolus is a specialized region within the nucleus where 

ribosome subunits are assembled. In prokaryotes, DNA processing 

takes place in the cytoplasm.  

Mitochondria and Chloroplasts – eukaryotes only - the power generators   

Mitochondria are self-replicating organelles that occur in various 

numbers, shapes, and sizes in the cytoplasm of all eukaryotic 

cells. Mitochondria play a critical role in generating energy in the 

eukaryotic cell. Mitochondria generate the cell's energy by 

oxidative phosphorylation, using oxygen to release energy stored 

in cellular nutrients (typically pertaining to glucose) to generate 

ATP. Mitochondria multiply by splitting in two. Respiration 

occurs in the cell mitochondria.  

Organelles that are modified chloroplasts are broadly called 

plastids, and are involved in energy storage through 

photosynthesis, which uses solar energy to generate carbohydrates 

and oxygen from carbon dioxide and water.
[citation needed]

  

Mitochondria and chloroplasts each contain their own genome, 

which is separate and distinct from the nuclear genome of a cell. 

Both organelles contain this DNA in circular plasmids, much like 

prokaryotic cells, strongly supporting the evolutionary theory of 

endosymbiosis; since these organelles contain their own genomes 

and have other similarities to prokaryotes, they are thought to 

have developed through a symbiotic relationship after being 

engulfed by a primitive cell.
[citation needed]

  

 

Endoplasmic reticulum – eukaryotes only   

The endoplasmic reticulum (ER) is the transport network for 

molecules targeted for certain modifications and specific 

destinations, as compared to molecules that will float freely in the 

cytoplasm. The ER has two forms: the rough ER, which has 

ribosomes on its surface and secretes proteins into the cytoplasm, 

and the smooth ER, which lacks them. Smooth ER plays a role in 

calcium sequestration and release.  

 

Golgi apparatus – eukaryotes only   

The primary function of the Golgi apparatus is to process and 

package the macromolecules such as proteins and lipids that are 

synthesized by the cell. It is particularly important in the 

processing of proteins for secretion. The Golgi apparatus forms a 

part of the endomembrane system of eukaryotic cells. Vesicles 

that enter the Golgi apparatus are processed in a cis to trans 

direction, meaning they coalesce on the cis side of the apparatus 

and after processing pinch off on the opposite (trans) side to form 

Diagram of an 

endomembrane 

system 
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a new vesicle in the animal cell.
[citation needed]

  

Ribosomes   

The ribosome is a large complex of RNA and protein molecules. 

They each consist of two subunits, and act as an assembly line 

where RNA from the nucleus is used to synthesise proteins from 

amino acids. Ribosomes can be found either floating freely or 

bound to a membrane (the rough endoplasmatic reticulum in 

eukaryotes, or the cell membrane in prokaryotes).
[9]

  

 

Lysosomes and Peroxisomes – eukaryotes only   

Lysosomes contain digestive enzymes (acid hydrolases). They digest excess or worn-

out organelles, food particles, and engulfed viruses or bacteria. Peroxisomes have 

enzymes that rid the cell of toxic peroxides. The cell could not house these destructive 

enzymes if they were not contained in a membrane-bound system. These organelles 

are often called a "suicide bag" because of their ability to detonate and destroy the 

cell.
[citation needed]

  

Centrosome – the cytoskeleton organiser   

The centrosome produces the microtubules of a cell – a key component of the 

cytoskeleton. It directs the transport through the ER and the Golgi apparatus. 

Centrosomes are composed of two centrioles, which separate during cell division and 

help in the formation of the mitotic spindle. A single centrosome is present in the 

animal cells. They are also found in some fungi and algae cells.
[citation needed]

  

Vacuoles   

Vacuoles store food and waste. Some vacuoles store extra water. They are often 

described as liquid filled space and are surrounded by a membrane. Some cells, most 

notably Amoeba, have contractile vacuoles, which can pump water out of the cell if 

there is too much water. The vacuoles of eukaryotic cells are usually larger in those of 

plants than animals.  

Structures outside the cell wall 

Capsule 

A gelatinous capsule is present in some bacteria outside the cell wall. The capsule may be 

polysaccharide as in pneumococci, meningococci or polypeptide as Bacillus anthracis or 

hyaluronic acid as in streptococci.
[citation needed]

 Capsules are not marked by ordinary stain and 

can be detected by special stain. The capsule is antigenic. The capsule has antiphagocytic 

function so it determines the virulence of many bacteria. It also plays a role in attachment of 

the organism to mucous membranes.
[citation needed]

 

Flagella 

Flagella are the organelles of cellular mobility. They arise from cytoplasm and extrude 

through the cell wall. They are long and thick thread-like appendages, protein in nature. Are 

most commonly found in bacteria cells but are found in animal cells as well. 

Fimbriae (pili) 
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They are short and thin hair like filaments, formed of protein called pilin (antigenic). 

Fimbriae are responsible for attachment of bacteria to specific receptors of human cell 

(adherence). There are special types of pili called (sex pili) involved in conjunction.
[citation 

needed]
 

Functions 

. 

An overview of protein synthesis. 

Within the nucleus of the cell (light blue), genes (DNA, dark blue) are transcribed into RNA. 

This RNA is then subject to post-transcriptional modification and control, resulting in a 

mature mRNA (red) that is then transported out of the nucleus and into the cytoplasm 

(peach), where it undergoes translation into a protein. mRNA is translated by ribosomes 

(purple) that match the three-base codons of the mRNA to the three-base anti-codons of the 

appropriate tRNA. Newly synthesized proteins (black) are often further modified, such as by 

binding to an effector molecule (orange), to become fully active. 

Creation 

Protein synthesis 

Cells are capable of synthesizing new proteins, which are essential for the modulation and 

maintenance of cellular activities. This process involves the formation of new protein 

molecules from amino acid building blocks based on information encoded in DNA/RNA. 

Protein synthesis generally consists of two major steps: transcription and translation. 

Transcription is the process where genetic information in DNA is used to produce a 

complementary RNA strand. This RNA strand is then processed to give messenger RNA 

(mRNA), which is free to migrate through the cell. mRNA molecules bind to protein-RNA 

complexes called ribosomes located in the cytosol, where they are translated into polypeptide 

sequences. The ribosome mediates the formation of a polypeptide sequence based on the 

mRNA sequence. The mRNA sequence directly relates to the polypeptide sequence by 

binding to transfer RNA (tRNA) adapter molecules in binding pockets within the ribosome. 

The new polypeptide then folds into a functional three-dimensional protein molecule. 

Movement or motility 

Cells can move during many processes: such as wound healing, the immune response and 

cancer metastasis. For wound healing to occur, white blood cells and cells that ingest bacteria 

move to the wound site to kill the microorganisms that cause infection. 

At the same time fibroblasts (connective tissue cells) move there to remodel damaged 

structures. In the case of tumor development, cells from a primary tumor move away and 

spread to other parts of the body. Cell motility involves many receptors, crosslinking, 

bundling, binding, adhesion, motor and other proteins.
[10]

 The process is divided into three 

steps – protrusion of the leading edge of the cell, adhesion of the leading edge and de-

adhesion at the cell body and rear, and cytoskeletal contraction to pull the cell forward. Each 

step is driven by physical forces generated by unique segments of the cytoskeleton.
[11][12]
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Origin of eukaryotic cells 

The eukaryotic cell seems to have evolved from a symbiotic community of prokaryotic cells. 

DNA-bearing organelles like the mitochondria and the chloroplasts are almost certainly what 

remains of ancient symbiotic oxygen-breathing proteobacteria and cyanobacteria, 

respectively, where the rest of the cell seems to be derived from an ancestral archaean 

prokaryote cell – a theory termed the endosymbiotic theory. 

There is still considerable debate about whether organelles like the hydrogenosome predated 

the origin of mitochondria, or viceversa: see the hydrogen hypothesis for the origin of 

eukaryotic cells. 

Sex, as the stereotyped choreography of meiosis and syngamy that persists in nearly all extant 

eukaryotes, may have played a role in the transition from prokaryotes to eukaryotes. An 

'origin of sex as vaccination' theory suggests that the eukaryote genome accreted from 

prokaryan parasite genomes in numerous rounds of lateral gene transfer. Sex-as-syngamy 

(fusion sex) arose when infected hosts began swapping nuclearized genomes containing co-

evolved, vertically transmitted symbionts that conveyed protection against horizontal 

infection by more virulent symbionts.
[15]

 

PLANT CELL 

The cell is the basic unit of life. Plant cells (unlike animal cells) are surrounded by 

a thick, rigid cell wall.  
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The following is a glossary of plant cell anatomy terms. 

amyloplast - an organelle in some plant cells that stores starch. Amyloplasts are 

found in starchy plants like tubers and fruits. 

ATP - ATP is short for adenosine triphosphate; it is a high-energy molecule used 

for energy storage by organisms. In plant cells, ATP is produced in the cristae of 

mitochondria and chloroplasts. 

cell membrane - the thin layer of protein and fat that surrounds the cell, but is 

inside the cell wall. The cell membrane is semipermeable, allowing some 

substances to pass into the cell and blocking others. 

cell wall - a thick, rigid membrane that surrounds a plant cell. This layer of 

cellulose fiber gives the cell most of its support and structure. The cell wall also 

bonds with other cell walls to form the structure of the plant. 

centrosome - (also called the "microtubule organizing center") a small body 

located near the nucleus - it has a dense center and radiating tubules. The 

centrosomes is where microtubules are made. During cell division (mitosis), the 

centrosome divides and the two parts move to opposite sides of the dividing cell. 

Unlike the centrosomes in animal cells, plant cell centrosomes do not have 

centrioles. 

chlorophyll - chlorophyll is a molecule that can use light energy from sunlight to 

turn water and carbon dioxide gas into sugar and oxygen (this process is called 

photosynthesis). Chlorophyll is magnesium based and is usually green. 

chloroplast - an elongated or disc-shaped organelle containing chlorophyll. 

Photosynthesis (in which energy from sunlight is converted into chemical energy - 

food) takes place in the chloroplasts. 

christae - (singular crista) the multiply-folded inner membrane of a cell's 

mitochondrion that are finger-like projections. The walls of the cristae are the site 

of the cell's energy production (it is where ATP is generated). 

cytoplasm - the jellylike material outside the cell nucleus in which the organelles 

are located. 

Golgi body - (also called the golgi apparatus or golgi complex) a flattened, 

layered, sac-like organelle that looks like a stack of pancakes and is located near 

the nucleus. The golgi body packages proteins and carbohydrates into membrane-

bound vesicles for "export" from the cell. 

granum - (plural grana) A stack of thylakoid disks within the chloroplast is called 

a granum. 

mitochondrion - spherical to rod-shaped organelles with a double membrane. The 

inner membrane is infolded many times, forming a series of projections (called 

cristae). The mitochondrion converts the energy stored in glucose into ATP 

(adenosine triphosphate) for the cell. 

nuclear membrane - the membrane that surrounds the nucleus. 

nucleolus - an organelle within the nucleus - it is where ribosomal RNA is 

produced. 

nucleus - spherical body containing many organelles, including the nucleolus. The 
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nucleus controls many of the functions of the cell (by controlling protein synthesis) 

and contains DNA (in chromosomes). The nucleus is surrounded by the nuclear 

membrane 

photosynthesis - a process in which plants convert sunlight, water, and carbon 

dioxide into food energy (sugars and starches), oxygen and water. Chlorophyll or 

closely-related pigments (substances that color the plant) are essential to the 

photosynthetic process. 

ribosome - small organelles composed of RNA-rich cytoplasmic granules that are 

sites of protein synthesis. 

rough endoplasmic reticulum - (rough ER) a vast system of interconnected, 

membranous, infolded and convoluted sacks that are located in the cell's cytoplasm 

(the ER is continuous with the outer nuclear membrane). Rough ER is covered 

with ribosomes that give it a rough appearance. Rough ER transport materials 

through the cell and produces proteins in sacks called cisternae (which are sent to 

the Golgi body, or inserted into the cell membrane). 

smooth endoplasmic reticulum - (smooth ER) a vast system of interconnected, 

membranous, infolded and convoluted tubes that are located in the cell's cytoplasm 

(the ER is continuous with the outer nuclear membrane). The space within the ER 

is called the ER lumen. Smooth ER transport materials through the cell. It contains 

enzymes and produces and digests lipids (fats) and membrane proteins; smooth ER 

buds off from rough ER, moving the newly-made proteins and lipids to the Golgi 

body and membranes 

stroma - part of the chloroplasts in plant cells, located within the inner membrane 

of chloroplasts, between the grana. 

thylakoid disk - thylakoid disks are disk-shaped membrane structures in 

chloroplasts that contain chlorophyll. Chloroplasts are made up of stacks of 

thylakoid disks; a stack of thylakoid disks is called a granum. Photosynthesis (the 

production of ATP molecules from sunlight) takes place on thylakoid disks. 

vacuole - a large, membrane-bound space within a plant cell that is filled with 

fluid. Most plant cells have a single vacuole that takes up much of the cell. It helps 

maintain the shape of the cell. 

 

              There are many different types of cells.  One major  

difference in cells occurs between plant cells and animal cells.  While both plant and 

animal cells contain the structures discussed above, plant cells have some additional 

specialized structures.  Many animals have skeletons to give their body structure and 

support.  Plants do not have a skeleton for support and yet plants don't just flop over in 

a big spongy mess.  This is because of a unique cellular structure called the cell wall.  

The cell wall is a rigid structure outside of the cell membrane composed mainly of the 

polysaccharide cellulose.  As pictured at left, the cell wall gives the plant cell a defined 

shape which helps support individual parts of plants.  In addition to the cell  

wall, plant cells contain an organelle called the chloroplast.  The chloroplast allow  
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plants to harvest energy from sunlight.  Specialized pigments in the chloroplast 

(including the common green pigment chlorophyll) absorb sunlight and use this energy 

to complete the chemical reaction:  

 

 

 6 CO2 + 6 H2O + energy (from sunlight)  C6H12O6 + 6 O2 

In this way, plant cells manufacture glucose and other carbohydrates that they can 

store for later use.  

        Organisms contain many different types of cells that perform many different 

functions.  In the next lesson, we will examine how individual cells come together to 

form larger structures in the human body 

Microorganisms typically face the world as single cells rather than as the 
multi-cellular assemblies of higher organisms. Each single cell must 
therefore contain all the structures necessary for managing its internal 
state and dealing with the outside environment. Not surprisingly, this 
evolutionary process results in the use of rather similar structures and 
processes to solve similar need in different microorganisms. However, 
prokaryotes have been on this earth for a long period of time and this has 
allowed them to differentiate into a dizzying number of different species. 
Eukaryotic microbes are not quite so diverse, but they still display a 
remarkable range of properties. The diversity of the microbial organisms 
also means that this survey of structures is not exhaustive. No one cell 
contains all the structures that we describe here, but we will explore the 
more common structures that have been observed by scientists in the past 
150 years as show in Figure 2-1. A distinction in this discussion must be 
made between the two types of prokaryotes: the Archaea and their 
cousins, the Bacteria. We will initially focus on the Bacteria, since that is  
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what we know the most about. Many of the structures we will examine 
are found in both the Bacteria and the Archaea, but there are some 
significant differences and these will be covered at the end of the chapter. 
Finally, we will talk about the features that are distinctive among the 
microbial eukaryotes. 

Figure 2-1 The general bacterium 

 

So how did scientists find out so much about such very small organisms? 
As you might guess, many techniques come into play when tackling a 
subject as complex as bacterial structure. electron microscopes have been 
important, of course, but so have genetics, molecular biology and 
biochemistry. Microscopes help scientists to visualize where these 
structures are located and how they are arranged spatially in the microbe. 
Bacterial genetics and molecular biology identify and analyze the genes 
necessary for the synthesis and regulation of these structures. 
Biochemistry permits the detailed examination of each part separately, 
with implications for its role in the living bacterium. The powerful 
combination of these disciplines has provided a deep understanding of 
how a bacterium is put together, but there is still much to learn. 

This chapter on microbial structure is separated into two sections. In the 
first section, we describe the chemical nature of the types of molecules 
and polymers that are important in carrying out the business of biology. In 
the second section, we examine the functional units in the cell, describing 
how the various chemical structures in the cell interact to carry out 
important cellular functions. In this discussion we assume that the 
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student has had an introductory chemistry course (at least in high school) 
and is somewhat familiar with chemical notation. 

First and foremost, it is important to point out that there are some 
universal structures that all living cells contain. They are the basic 
building blocks of life: DNA, RNA, protein and cellular membranes. Most, 
but not all, bacteria also possess cell walls. Beyond these essentials, the 
frequency of the rest of the structures we mention here ranges in the 
bacterial world from quite common to very rare. 

 

The Cell Membrane  

The cell membrane functions as a semi-permeable barrier, allowing a very few 

molecules across it while fencing the majority of organically produced chemicals 

inside the cell. Electron microscopic examinations of cell membranes have led to 

the development of the lipid bilayer model (also referred to as the fluid-mosaic 

model). The most common molecule in the model is the phospholipid, which has a 

polar (hydrophilic) head and two nonpolar (hydrophobic) tails. These 

phospholipids are aligned tail to tail so the nonpolar areas form a hydrophobic 

region between the hydrophilic heads on the inner and outer surfaces of the 

membrane. This layering is termed a bilayer since an electron microscopic 

technique known as freeze-fracturing is able to split the bilayer.  

 

Diagram of a phospholipid bilayer. Image from Purves et al., Life: The Science of 

Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Phospholipids and glycolipids are important structural components of cell 

membranes. Phospholipids are modified so that a phosphate group (PO4
-) replaces 
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one of the three fatty acids normally found on a lipid. The addition of this group 

makes a polar "head" and two nonpolar "tails". 

 

Structure of a phospholipid, space-filling model (left) and chain model (right). 
Image from Purves et al., Life: The Science of Biology, 4th Edition, by Sinauer Associates 

(http://www.sinauer.com/) and WH Freeman (http://www.whfreeman.com/), used with 

permission. 

 

Diagram of a cell membrane. Image from Purves et al., Life: The Science of Biology, 4th 

Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 
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Cell Membranes from Opposing Neurons (TEM x436,740). This image is copyright 

Dennis Kunkel at http://www.denniskunkel.com/, used with permission. 

Cholesterol is another important component of cell membranes embedded in the 

hydrophobic areas of the inner (tail-tail) region. Most bacterial cell membranes do 

not contain cholesterol.  

Proteins are suspended in the inner layer, although the more hydrophilic areas of 

these proteins "stick out" into the cells interior as well as the outside of the cell. 

These integral proteins are sometimes known as gateway proteins. Proteins also 

function in cellular recognition, as binding sites for substances to be brought into 

the cell, through channels that will allow materials into the cell via a passive 

transport mechanism, and as gates that open and close to facilitate active transport 

of large molecules. 

The outer surface of the membrane will tend to be rich in glycolipids, which have 

their hydrophobic tails embedded in the hydrophobic region of the membrane and 

their heads exposed outside the cell. These, along with carbohydrates attached to 

the integral proteins, are thought to function in the recognition of self. 

Multicellular organisms may have some mechanism to allow recognition of those 

cells that belong to the organism and those that are foreign. Many, but not all, 

animals have an immune system that serves this sentry function. When a cell does 

not display the chemical markers that say "Made in Mike", an immune system 

response may be triggered. This is the basis for immunity, allergies, and 

autoimmune diseases. Organ transplant recipients must have this response 
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suppressed so the new organ will not be attacked by the immune system, which 

would cause rejection of the new organ. Allergies are in a sense an over reaction 

by the immune system. Autoimmune diseases, such as rheumatoid arthritis and 

systemic lupus erythmatosis, happen when for an as yet unknown reason, the 

immune system begins to attack certain cells and tissues in the body 

 

TRANSPORT IN AND OUT OF CELLS 

There are three basic types of transport systems 

 Facilitated Diffusion  
 Group Translocation  
 Active Transport  

Many of the proteins in the membrane function to help carry out selective 
transport, particularly of polar compounds. These proteins typically span the entire 
membrane, making contact with the outside environment and the cytoplasm. They 
often require the expenditure of energy to help compounds move across the 
membrane, though cells can also use concentration gradients of these compounds to 
generate energy, as described below. 

 

Diffusion is the net movement of a substance (liquid or gas) from an area of higher 

concentration to one of lower concentration. You are on a large (10 ft x 10 ft x10 

ft) elevator. An obnoxious individual with a lit cigar gets on at the third floor with 

the cigar still burning. You are also unfortunate enough to be in a very tall building 

and the person says "Hey we're both going to the 62nd floor!" Disliking smoke you 

move to the farthest corner you can. Eventually you are unable to escape the 

smoke! An example of diffusion in action. Nearer the source the concentration of a 

given substance increases. You probably experience this in class when someone 

arrives freshly doused in perfume or cologne, especially the cheap stuff.  

Since the molecules of any substance (solid, liquid, or gas) are in motion when that 

substance is above absolute zero (0 degrees Kelvin or -273 degrees C), energy is 

available for movement of the molecules from a higher potential state to a lower 

potential state, just as in the case of the water discussed above. The majority of the 

molecules move from higher to lower concentration, although there will be some 

that move from low to high. The overall (or net) movement is thus from high to 

low concentration. Eventually, if no energy is input into the system the molecules 

will reach a state of equilibrium where they will be distributed equally throughout 

the system. 
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Diffusion of a dye in a beaker of water. The above image is from 

http://www.biosci.uga.edu/almanac/bio_103/notes/may_13.html. 

.  

Water, carbon dioxide, and oxygen are among the few simple molecules that can 

cross the cell membrane by diffusion (or a type of diffusion known as osmosis ). 

Diffusion is one principle method of movement of substances within cells, as well 

as the method for essential small molecules to cross the cell membrane. Gas 

exchange in gills and lungs operates by this process. Carbon dioxide is produced 

by all cells as a result of cellular metabolic processes. Since the source is inside the 

cell, the concentration gradient is constantly being replenished/re-elevated, thus the 

net flow of CO2 is out of the cell. Metabolic processes in animals and plants 

usually require oxygen, which is in greater concentration inside the cell, thus the 

net flow of oxygen is into the cell. 

 

Movement of selected molecules across the cell membrane. The above image is from 

http://www.biosci.uga.edu/almanac/bio_103/notes/may_13.html. 

Osmosis is the diffusion of water across a semi-permeable (or differentially 

permeable or selectively permeable) membrane. The cell membrane, along with 

such things as dialysis tubing and cellulose acetate sausage casing, is such a 

membrane. The presence of a solute decreases the water potential of a substance. 

Thus there is more water per unit of volume in a glass of fresh-water than there is 

in an equivalent volume of sea-water. In a cell, which has so many organelles and 

other large molecules, the water flow is generally into the cell. 
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Animated image/movie illustrating osmosis (water is the red dots) and the selective 

permeability of a membrane (blue dashed line). Image from the Internet. Click on 

image to view movie. 

Hypertonic solutions are those in which more solute (and hence lower water 

potential) is present. Hypotonic solutions are those with less solute (again read as 

higher water potential). Isotonic solutions have equal (iso-) concentrations of 

substances. Water potentials are thus equal, although there will still be equal 

amounts of water movement in and out of the cell, the net flow is zero. 

 

Water relations and cell shape in blood cells. Image from Purves et al., Life: The 

Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH 

Freeman (http://www.whfreeman.com/), used with permission. 
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Water relations in a plant cell. Image from Purves et al., Life: The Science of Biology, 

4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

One of the major functions of blood in animals is the maintain an isotonic internal 

environment. This eliminates the problems associated with water loss or excess 

water gain in or out of cells. Again we return to homeostasis. Paramecium and 

other single-celled freshwater organisms have difficulty since they are usually 

hypertonic relative to their outside environment. Thus water will tend to flow 

across the cell membrane, swelling the cell and eventually bursting it. Not good for 

any cell! The contractile vacuole is the Paramecium's response to this problem. 

The pumping of water out of the cell by this method requires energy since the 

water is moving against the concentration gradient. Since ciliates (and many 

freshwater protozoans) are hypotonic, removal of water crossing the cell 

membrane by osmosis is a significant problem. One commonly employed 

mechanism is a contractile vacuole. Water is collected into the central ring of the 

vacuole and actively transported from the cell.  

 

The functioning of a contractile vacuole in Paramecium. Image from Purves et al., 

Life: The Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) 

and WH Freeman (http://www.whfreeman.com/), used with permission. 

Active and Passive Transport  
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Passive transport requires no energy from the cell. Examples include the diffusion 

of oxygen and carbon dioxide, osmosis of water, and facilitated diffusion. 

 

 

 

 

 

 

 

Types of passive transport. Image from Purves et al., Life: The Science of Biology, 4th 

Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Active transport requires the cell to spend energy, usually in the form of ATP. 

Examples include transport of large molecules (non-lipid soluble) and the sodium-

potassium pump. 
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Types of active transport. Image from Purves et al., Life: The Science of Biology, 4th 

Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Carrier-assisted Transport  

The transport proteins integrated into the cell membrane are often highly selective 

about the chemicals they allow to cross. Some of these proteins can move materials 

across the membrane only when assisted by the concentration gradient, a type of 

carrier-assisted transport known as facilitated diffusion. Both diffusion and 

facilitated diffusion are driven by the potential energy differences of a 

concentration gradient. Glucose enters most cells by facilitated diffusion. There 

seem to be a limiting number of glucose-transporting proteins. The rapid 

breakdown of glucose in the cell (a process known as glycolysis) maintains the 

concentration gradient. When the external concentration of glucose increases, 

however, the glucose transport does not exceed a certain rate, suggesting the 

limitation on transport. 

In the case of active transport, the proteins are having to move against the 

concentration gradient. For example the sodium-potassium pump in nerve cells. 

Na+ is maintained at low concentrations inside the cell and K+ is at higher 

concentrations. The reverse is the case on the outside of the cell. When a nerve 

message is propagated, the ions pass across the membrane, thus sending the 

message. After the message has passed, the ions must be actively transported back 

to their "starting positions" across the membrane. This is analogous to setting up 

100 dominoes and then tipping over the first one. To reset them you must pick 

each one up, again at an energy cost. Up to one-third of the ATP used by a resting 

animal is used to reset the Na-K pump. 
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Types of transport molecules  

Uniport transports one solute at a time. Symport transports the solute and a 

cotransported solute at the same time in the same direction. Antiport transports the 

solute in (or out) and the co-transported solute the opposite direction. One goes in 

the other goes out or vice-versa. 

Vesicle-mediated transport  

Vesicles and vacuoles that fuse with the cell membrane may be utilized to release 

or transport chemicals out of the cell or to allow them to enter a cell. Exocytosis is 

the term applied when transport is out of the cell. 

 

This GIF animation is from http://www.stanford.edu/group/Urchin/GIFS/exocyt.gif. Note the 

vesicle on the left, and how it fuses with the cell membrane on the right, expelling the 

vesicle's contents to the outside of the cell. 

Endocytosis is the case when a molecule causes the cell membrane to bulge 

inward, forming a vesicle. Phagocytosis is the type of endocytosis where an entire 

cell is engulfed. Pinocytosis is when the external fluid is engulfed. Receptor-

mediated endocytosis occurs when the material to be transported binds to certain 

specific molecules in the membrane. Examples include the transport of insulin and 

cholesterol into animal cells. 
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Endocytosis and exocytosis. Image from Purves et al., Life: The Science of Biology, 4th 

Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 
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Figure 2-20 A model of a lipid bilayer 

 

A space-filling representation of a lipid bilayer. This model was developed by H. 
Heller, M. Schaefer and K. Schulten.(H Heller, M Schaefer, & K Schulten, Molecular 
dynamics simulation of a bilayer of 200 lipids in the gel and in the liquid-crystal 
phases, J. Phys. Chem. 97:8343-60, 1993.) 

The cytoplasmic membrane is held together by a number of forces. Hydrophobic 
interactions between the alkyl chains of neighboring lipids are a major component of 
membrane stability. Hydrogen bonds between lipids and between membrane 
proteins and lipids also hold a membrane together. Further stability comes from 
negative charges on proteins that form ionic interactions with divalent cations such 
as Mg+2 and Ca+2 and the hydrophilic head of lipids. 

The hydrophobic region of the membrane provides a critical function: it prevents 
polar compounds, such as ions and most biological molecules, from passing through 
it. This allows the cell to create and maintain gradients of ions and small molecules 
across the membrane by mechanisms described below.  

So how do polar molecules ever cross this membrane, since this represents an 
important interaction between the cell and its environment? This transfer across the 



membrane comes about through the specific functioning of proteins that are 
imbedded in the membrane. Some proteins span the membrane while others are 
exposed on the outside or the inside. These proteins may move within the plane of 
the membrane or they may be anchored to structures in or near the membrane. 
Many of the membrane-spanning proteins are involved in transport of the polar 
molecules that must pass through the membranes. A subset of these proteins are 
also involved in energy generation as discussed below. 

The membrane is fluid and has the consistency of a light grade oil. It has been 
termed a fluid mosaic: "fluid" because the lipids are free to move about on each side 
of the membrane and "mosaic" because there is a definite pattern to it. Lipids do not 
generally switch from outside to inside or vice versa, because of the problem of 
trying to move the hydrophilic group through the hydrophobic core of the bilayer.  

        

    SUMMARY                                                                                                        

Membranes are a selective barrier 

 Membranes are semi-permeable structures that prevent most common 
biological compounds from moving across them.  

 Biological compounds can be moved across the membrane by facilitated 
diffusion, group translocation, and active transport. All of these functions are 
mediated by proteins in the membrane.  

The concentration of solutes, sugars, and most ions is generally much higher within 
the cell than outside. A fundamental principle of nature is that different 
concentrations of a given solute will tend to equilibrate across the boundary due to 
diffusion. However, the cell boundary is the membrane and its hydrophobic core 
prevents this diffusion for polar molecules. Compounds such as amino acids, organic 
acids and inorganic salts must therefore be specifically transported across the 
membrane by proteins and once inside these molecules cannot escape. The cell can 
therefore control the nature and amount of these compounds that enter or leave the 
cell. 

Though hydrophilic, water is not very polar and can flow freely across the 
membrane, as can some small non-polar molecules. This creates a serious problem. 
The inside of the cell is full of many types of solutes: proteins, nucleic acids, other 
small molecules and ions. In comparison the outside environment is very dilute. 
Because of this there is a higher concentration of water outside the cell than inside 
the cell. Nature hates imbalances such as this and in an effort to correct the 
problem; water tends to flow into the cell, by a process called osmosis. Osmosis 
causes a high pressure against the cell membrane. This pressure would rapidly 
cause lysis of most cells and one of the major purposes of the peptidoglycan of the 
cell wall (discussed below) is to prevent the cell membrane from bursting. 

For molecules that are soluble in both the lipid membrane and the surrounding 
aqueous environment, the law of simple diffusion directs transport. The membrane 
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is not a barrier for such molecules. These types of molecules are uncommon since 
solubility in both a hydrophobic and a hydrophilic environment is unusual. There is 
no transport protein for such compounds, so there is no specificity of control or 
energy cost. The cell cannot create a concentration gradient of these molecules. One 
important example is water. Water can pass freely into and out of cells. 

Facilitated diffusion 

This process involves a protein that binds the molecule to be transported and 
physically moves that compound through the membrane. Binding of the molecule to 
the protein causes a conformational change in the protein so that the molecule now 
faces the opposite side from where it was. Facilitated diffusion, as shown in Figure 
2-21, is therefore specific because a protein must bind the molecule. However, these 
small molecules are readily moved in and out of the cell, so a gradient cannot be 
formed nor is energy required. One example of a protein involved in facilitated 
diffusion is the glycerol facilitator protein. In E. coli this enzyme binds glycerol and a 
few other polyalcohols and allows their diffusion into the cell. Once inside, the 
glycerol is immediately phosphorylated, preventing its diffusion back outside the cell. 

Figure 2-21 Facilitated Difusion 

A animation of the migration of solutes in and out of the cell as regulated by a 
protein. Notice that the concentration of solute does not become higher inside the 

cell. 

Group translocation 

In this process, a protein specifically binds the target molecule and transports it 
inside the cell while simultaneously modifying it chemically. Most group 
translocations require energy and tend to be unidirectional, unlike facilitated 
diffusion. The substrates of catabolic pathways, such as sugars, are sometimes 
transported by group translocation. This is an efficient way to both bring substrate 
into the cell and begin the breakdown process. Figure 2-22 shows an animation of 
group translocation. 

Figure 2-22 Group Translocation 

An animation of Group Translocation.. The molecule that is being transported is 
modified from glucose to glucose-6-phosphate. In this case the phosphate comes 

from phosphoenolpyruvate so a form of energy is required. 

Active transport 

In active transport, energy is expended to transport the small molecules, but they 
are not chemically altered. The process is efficient enough to cause the internal 
concentration in the cell to reach many times its external concentration. Active 
transport proteins are molecular pumps that expend energy to pump their substrates 
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against a concentration gradient. This energy comes in two forms: ATP and ion 
gradients (both ATP and ion gradients are made by central metabolism and we will 
cover their formation in the chapter on metabolism). In ATP-based active transport, 
ATP hydrolysis is coupled to the movement of the small molecule across the 
membrane. One large group of proteins involved in this type of transport is the ATP 
binding cassette (ABC) transporters. ABC transporters have been found in all living 
species with 80 identified in the E. coli genome and 48 in the human genome. The 
mechanism of ABC transporters is exemplified by the maltose binding protein of E. 
coli. 

Figure 2-23 Active Transport 

Three separate types of transport are shown. A symporter, moves a small molecule 
inside the cell during transport of the target molecule. An antiporter moves a small 
molecule outside the cell membrane during target molecule transport. A uniporter, 
binds and transports the target molecule only. Energy is required for these processes 

and the cell can accumulate molecules inside the cell using this mechanism. 

Ion gradient active transport uses the energy of one chemical gradient, that of the 
specific ion, to drive the creation of a different gradient, the uptake of the small 
molecule. The ion gradient that supports the work is at a higher concentration on 
one side of the membrane than the other. The transport protein both binds its small 
molecule to transport and provides a gateway for this ion to fall down its 
concentration gradient. When the ion moves through its gateway, it causes a 
conformational change in the protein and this change is used to transport the target 
small molecule into the cell. 

Active transport proteins may be highly specific for only one molecule or may be 
able to carry a class of chemically related molecules. The animation in Figure 2-23 
shows several different types of transport molecules. An example of a more general 
transport protein is the branch chain amino acid transporter of Pseudomonas 
aeruginosa, which transports leucine, valine, and isoleucine. Figure 2-63 summarizes 
the various properties of transport mechanisms. 

Figure 2-63 Properties of various transport systems 

Property  
Passive 
Diffusion  

Facilitated 
Diffusion  

Active 
Transport  

Group 
Translocation  

Carrier Mediated  -  +  +  +  

Concentration 
Against Gradient  

-  -  +  Not Applicable  

Specificity  -  +  +  +  

Energy Expended  -  -  +  +  

Solute Modified 
During Transport  

-  -  -  +  
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A comparison of the methods for transporting molecules through the membrane and 

into the cell. 

 

Membranes can help generate energy 

 In many microorganisms a collection of proteins are involved in generating 
energy. These proteins move high energy electrons down an electron 
transport chain and in the process move protons from the inside to the 
outside of the membrane.  

 This proton gradient can do work by driving other proteins that form ATP, 
that transport molecules across the membrane, or that move the cell.  

Many cells use respiratory processes to obtain their energy. During respiration, 
organic or inorganic compounds that contain energy are oxidized, releasing electrons 
to do work. In many microorganisms these electrons find their way to the membrane 
where they are passed down a series of electron carriers as shown in Figure 2-24. 
During this operation, protons are transported outside the cell. This creates a 
gradient of protons across the cell membrane, energizing it, in a fashion similar to 
charging a battery. The energy of this gradient can then be used to do work directly, 
a process known as the proton motive force, or can be channeled into a special 
protein known as ATP synthase. ATP synthase can convert: ADP to ATP, and the 
ATP can itself do work. 

Figure 2-24 Generating the proton motive force 

 

Membranes are critical in many cells for the generation of energy. Pictured here is a 
cartoon of the various membrane proteins involved in generating energy through 
making a proton motive force. This will be discussed in greater detail in the chapter 

on metabolism. 

The prokaryotic cells performing photosynthesis have a membrane system specific to 
that process. Light excites electrons found in pigmented proteins in the membrane 
and the electrons are again passed down through a series of electron carriers. As 
above, a proton motive force is generated and used to synthesize ATP. The specifics 
of these systems are discussed in the chapter on metabolism. 
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Membranes are also important in their own synthesis and can fold inward 
for specialized functions 

 Membranes also contain some of the enzymes that are necessary for 
membrane synthesis.  

 Some functions that occur in the membrane require large amounts of surface 
area. Membranes can fold inward, into the cytoplasm to provide the extra 
needed space.  

Membranes also contain specialized enzymes that carry out certain biosynthetic 
functions. For example, the last few steps of lipid synthesis take place inside the 
membrane. Another example is cell wall synthesis and assembly. Much of the 
synthesis of cell wall monomers occurs there and the stitching together of the cell 
wall polymer takes places while it is anchored to the membrane. In addition, any 
cellular protein that carries out its function outside the cell membrane (such as outer 
membrane and extracellular proteins) must pass through that membrane. During 
their synthesis the ribosome is guided to the cytoplasmic face of the membrane and 
the growing peptide chain is synthesized directly into the lipid bilayer. Integral 
membrane proteins then fold up and stay in the membrane while extracellular 
proteins move through the membrane and take on their final shape on the other 
side. 

Infoldings of the membrane are found in some photosynthetic bacteria. These 
bacteria use pigments in their membranes to capture light energy. Under low light, 
they need to increase the surface area to catch more light. They cannot make the 
membrane thicker, but they can increase the surface area by creating regions where 
the membrane folds into the cytoplasm. These invaginations are still attached to the 
cytoplasmic membrane and a picture of such structures, termed the intracytoplasmic 
membrane in the case of Rhodobacter sphaeroides, is shown in Figure 2-25. 
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Figure 2-25 The intracytoplasmic membrane of Rhodobacter sphaeroides 

 

This type of electron micrograph shows the many infolding of the cytoplasmic 
membrane in R. sphaeroides. Infoldings create a larger area of membrane into 
which light-harvesting complexes can be inserted. Under low light conditions many 
light harvesting complexes are needed to capture the small number of photons 
striking the microbe. Photo courtesy of Samuel Kaplan, University of California-San 

Diego. 

 

The cytoplasm is the area inside the membrane 

 The prokaryotic cytoplasm, while visually unadorned, is structured and is the 
site of most of the important metabolic reactions in the cell.  

 There is little free water in the cytoplasm. This gives it a gel-like consistency.  

The cytoplasm or protoplasm is the portion of the cell that lies within the cytoplasmic 
membrane. The cytoplasmic matrix is defined as substances within this 
membrane, excluding the genetic material. In most prokaryotes, it appears to be 
relatively featureless by electron microscope, but that simply means that there are 
no large structures in the matrix. This is in contrast to eukaryotic cells, which have 
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nuclei, mitochondria, and typically other visible organelles that exist for different 
specific functions. Despite this visual simplicity, the prokaryotic cytoplasm is the site 
of almost all of the important metabolic functions in the cell. 

The cytoplasm has a gel-like consistency, with rather different properties than the 
simple solutions that we typically make up in the laboratory. This is because there is 
surprisingly little free water in the cell. Rather than picturing the cytoplasm as a pool 
of water with the occasional large molecule floating around, it is better to think of it 
as a bag of proteins and other macromolecules, each coated with a layer of water, 
and with a modest number of free water molecules bouncing around in between. In 
fact, there is so little free water in the cell that one-third of all water molecules are 
making hydrophilic contacts with the macromolecules in the cell. Given this 
difference between our lab solutions and the actual nature of the cytoplasm, it is a 
bit surprising that the biochemical analyses we perform in the lab mimic the 
behavior observed in the cell. 

 

2-17 Enzymes serve as catalysts in the cytoplasm 

 The cytoplasm can be highly structured. One example is the complex 
assembly of enzymes that perform DNA replication.  

The cytoplasm is the site of the majority of metabolism of the cell and the details of 
these processes are covered in the chapters on metabolism and photosynthesis. 
However, there are a few general issues concerning enzymes in the cytoplasm that 
should be mentioned here. 

Though the cytoplasm appears featureless, there is actually a significant amount of 
local organization. A good illustration of this can be found by examining the enzymes 
of DNA replication. Though too small to be seen, the proteins that perform 
replication are in complex assemblies of many proteins. This is much more efficient 
that having each protein float around, and simply finding the right time and place to 
perform its function by random chance. For example, DNA gyrase, which unwinds 
and opens the DNA for copying, has to function in coordination with DNA 
polymerase, which inserts each new nucleotide in the growing strand. Without this 
coordination, the DNA would not open up for replication and the process would 
simply not occur. In some other processes it would certainly be possible for the 
enzymes to float around in the cytoplasm without any interaction, but often it is 
much more efficient to organize in some fashion. The glycolytic enzymes (enzymes 
that oxidize sugars for energy) are an example of this type of multi-enzyme 
complex. One enzyme directly hands over its product to the next enzyme for which it 
is the substrate - a sort of molecular assembly line. This is much more efficient, 
because substrate does not accumulate where it should not and the local 
concentration of substrate for each enzyme is very high. 
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The cell DNA is organized into a nucleoid 

 Prokaryotic DNA is organized into a DNA-protein complex called the nucleoid.  
 The chromosome is much longer than the typical prokaryote and must be 

compacted to fit inside the cell. This is accomplished by supercoiling the DNA 
(adding twists)and complexing it with DNA binding proteins.  

The nucleoid is a bit difficult to define because unlike eukaryotes with their nuclei, 
prokaryotic chromosomes are not confined to a specific organelle. The nucleoid is 
sometimes referred to as the region of the bacterial cell that contains the 
chromosome, but that suggests there is a specific region in any cell where the 
chromosomes is always found, and this is probably not true. A better definition 
might be that the nucleoid is the region of the cell that is currently occupied by the 
DNA-protein complex that makes up the chromosome. So what do we know about 
prokaryotic chromosomes? What does a typical chromosome look like? 

It is a little awkward to talk about "typical" anything in prokaryotes, since there is 
always such a large range for any given property. In the case of prokaryotic 
chromosomes, the smallest known is about 600 kB, while the largest is about 
10,000 kB. E. coli is certainly well-studied and might well be considered typical, with 
strain K12 having a chromosome of 4,639,221 bp containing 4405 genes. The 
chromosome for this bacterium is circular and this is a common arrangement, but 
there are a number of species with linear chromosomes. If stretched out, this 
material would be about 1400 µm long or about 1/16th of an inch. The E. coli cell is 
about 1-5 µm in length so it is clear that an amazing degree of packing is necessary 
to fit the chromosome inside its tiny host. The nucleoid occupies about half of the 
bacterial cytoplasm and has a density of 20-50 mg/ml, similar to what is observed 
for the nucleus of a non-dividing eukaryotic cells. The following description of the 
nucleoid refers specifically to that of E. coli, but is probably generally similar to that 
of other prokaryotes. Figure 2-26 shows the nucleoid of E. coli. 
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Figure 2-26 Electron micrograph of the nucleoid 

 

The nucleoid as seen in thin sections of growing E. coli. Panels A and B show the 
same section; in panel B the ribosome-free spaces were enhanced by coloring by 
hand. Panel C contains a similar cell, stained with antibodies specific for DNA. The 
micrograph in panel A was prepared in Basel with Markus Durrenberger and Werner 
Villiger, and the micrograph in panel C was also prepared in Basel by Bernd 

Bohrmann. Photomicrographs courtesy of E Kellenberger. 

The nucleoid is composed of DNA in association with a number of DNA-binding 
proteins that help it maintain its structure. The protein HU non-specifically binds to 
DNA and bends it, with the DNA apparently wrapping around the HU protein. 
Another protein found on DNA is IHF, whose sequence is reminiscent of that of HU 
and is therefore evolutionarily related. It also facilitates bending of DNA, but it does 
so by binding to specific DNA sites. A third protein, H-NS, binds to DNA non-
specifically and is apparently involved in compacting DNA structure. It is found 
throughout the nucleoid and is likely the major DNA-binding protein that organizes 
the chromosome. The nucleoid also contains a large amount of RNA polymerase and 
RNA, as well as small amounts of many different proteins that regulate the 



expression of specific genes. These seem not to perform any structural role, but 
reflect the importance of RNA transcription in the nucleoid in growing cells. 

The DNA double helix typically has a bit of twisting tension in the opposite direction 
of the helix ladder (the twists typically "unwind" the left-handed DNA helix). 
Negative supercoiling, as it is called, is produced by the action of enzymes termed 
topoisomerases. Figure 2-27 shows supercoiling of the DNA. This negative 
supercoiling makes it slightly easier to separate the two strands of the double helix, 
as must be done to start transcription and replication. 

Figure 2-27 Supercoiling of DNA strands 

 

The twisting of the DNA strand creates tension in it and causes it to fold back upon 

itself, much like a twisted rubber band will fold into a tight ball. 

As shown in Figure 2-28, the chromosome is further folded into 50 or so loops of 
about 100,000 base pairs. These domains supercoil independently and indeed, even 
small sections within the same loop can transiently have different degrees of 
supercoiling. Because supercoiling changes fairly rapidly, it has been extremely 
difficult to study in living cells. Nevertheless, it is clear that a variety of 
environmental effects and even the act of transcription itself can affect the 
supercoiling of a region. In turn, the specific supercoiling of a region can affect the 
ability of the cell to express genes in that region. Because supercoiling is affected by 
so many things and in turn can affect expression of much of the genome, it will be 
important for microbiologists to develop a better understanding of this phenomenon 
in the future. 
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Figure 2-28 Chromosome structural organization 

 

A model of the bacterial structure. (A) The unfolded chromosome from E. coli with a 
diameter of 430 µm. (B) The DNA folded into chromosomal domains by protein-DNA 
associations. Six domains are shown, but the actual number is about 50. (C) 
Supercoiling and other interactions causes further compaction, such that it fills an 
area of about 1 µm.  

 

Transcription and translation occur on the surface of the nucleoid 

So we have told you that the DNA in the cell has a very compact structure because 
of DNA-binding proteins, but we have also said that that structure is very dynamic 
because gene transcription is going on all of the time. This paradox creates a very 
difficult situation for the cell that only becomes worse when it is time to replicate the 
chromosome. Remember that prokaryotes continue to perform gene expression 
throughout replication, in contrast to eukaryotes. As you will learn below, 
transcription and translation are coupled in bacteria - the 5' end of messenger RNA 
(mRNA) is being actively translated while the 3' end is still being synthesized. This 
process is depicted in Figure 2-29. Yet the internal regions of the nucleoid appear to 
be devoid of ribosomes and non DNA-binding proteins, suggesting that all 
transcription and translation must occur on the surface of the nucleoid. Therefore 
the cell must shift this large tangle of DNA around by some unknown mechanism as 
gene expression of certain buried sequences is needed. It is a marvel that the whole 
process of transcription, translation and replication works at all, especially within the 
very small confines of the cell. 
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Figure 2-29 The coupling of transcription and translation 

 

In prokaryotes the process of transcription and translation are tightly coupled. This 
increases the rate at which proteins can be expressed and is one reason that some 
bacteria can multiply so quickly. 

 

2-20 Translation involves messenger RNA 

 Most messenger RNAs do not contain a great deal of secondary or tertiary 
structure.  

 Messenger RNA is normally unstable with half-lives of less than 3 minutes.  
 Prokaryotic messenger RNA has short stretches of adendine added to the 3' 

end of the message. This poly-A tail serves as a target for degradation.  

Translation is the process of converting the instructions coded in the DNA into the 
proteins that actually carry out the work. The macromolecules that perform this task 
consist of mRNA, transfer RNA (tRNA) and the ribosome, which is made of ribosomal 
RNA (rRNA) and ribosomal proteins. In brief, this process consists of making an 
mRNA copy of a region in the DNA that gives directions for the synthesis of a protein 
or proteins. The mRNA is then bound by a ribosome that translates the mRNA into a 
amino acid sequence. The amino acids necessary for the protein are carried to the 
ribosome by tRNA that actually read the information in the mRNA and add the 
appropriate amino acid to the nascent protein chain. This is described in much 
greater detail in the chapter on the central dogma. 

We will now examine the structure of the molecules involved in translation, starting 
with mRNA, where the primary structure is simple - merely unmodified A, G, C and U 
bases. In almost all prokaryotic mRNAs there is not a great deal of secondary and 
tertiary structure, since they are typically being translated by ribosomes and the 
translating ribosome will certainly remove any structure as it moves along the 
mRNA. What structure there is tends to be in the regions that are not translated, 
notably the 5' and 3' ends of the mRNA. One of the roles of structure, especially at 
the 3' end, is to stabilize the mRNA. Now it happens that most prokaryotic mRNAs 
are not very stable in the cell because they are rapidly degraded by RNases. 
However, different types of RNA structures can impede the progress of nucleases, 
particularly the type that degrades from the 3' end of the mRNA (termed 
exonucleases, because they attack from the exterior ends). As a complication, 
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however, there are some RNA structures that actually serve as a specific target for 
other types of RNAases (termed endonucleases, because they cut within an RNA) 
and thus lead to destabilization of the mRNA. This is biologically important because a 
more stable mRNA will be translated by more ribosomes and therefore lead to more 
protein product. 

As a final structural feature, most if not all prokaryotic mRNAs have short stretches 
of adenine residues added to the 3' end after transcription. The presence of these 
also tends to lead to mRNA degradation. This is a bit surprising because the 
presence of long adenine stretches on the 3' ends of eukaryotic mRNAs actually 
tends to stabilize those mRNAs. This appears to be a case where evolution has taken 
a single feature, addition of adenines to mRNAs, and changed its functional 
importance through evolution. 

In eukaryotes, the fact that mRNA is transcribed in the nucleus and must be 
exported to the cytoplasm for translation changes some details. One of these is that 
eukaryotic mRNAs are rather more stable than in prokaryotes.  

 

Ribosomes are composed of RNA and protein 

 Ribosomes are made of 62% RNA and 38% protein that form two complexes 
in prokaryotes, the 50S ribosome and the 30S ribosome.  

 Ribosome associated proteins are positively charged. This helps them to bind 
to the negatively charged mRNA.  

In contrast to the case with mRNAs, the other RNAs involved in translation, tRNA 
and rRNA, have very distinct structures. Each rRNA folds into a known secondary 
structure and has a complex tertiary structure containing many short helical regions 
and long range base pair interactions. These structures are also maintained by 
interactions between the RNAs and protein. 

The composition of ribosomes is 62 % RNA and 38 % protein by weight. Two 
complexes of RNA and protein make up the ribosome, the 30S subunit and the 50S 
subunit. (The S stands for Svedberg units, a measure of how fast something 
sediments in solution. For our purposes all you need to know is that larger molecules 
sediment faster and have larger Svedberg units. The unit is named after Theodor 
Svedberg who won the Nobel Prize in Chemistry in 1926 for his work on colloid 
systems. The 30S subunit is composed of 21 proteins and a single-stranded rRNA 
molecule of about 1,500 nucleotides, termed the 16S rRNA. The 50S subunit 
contains 31 proteins and two RNA species, a 5S rRNA of 150 nucleotides and a 23S 
rRNA of about 2,900 nucleotides. Several of the nucleotides on the 16S and 23S 
rRNAs have been modified by methylation and these modifications are probably 
critical to the function of the rRNAs since they always happen in regions conserved 
through evolution. 
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The ribosome-associated proteins are positively charged, with a high proportion of 
lysine and arginine residues. This facilitates complex formation between the acidic 
RNA and these basic proteins. Remarkably, the crystal structure of the entire 70S 
ribosome has been solved as shown in Figure 2-30, although we are still trying to 
understand what that structure tells us about ribosome function. We also know that 
the ribosome is not static, but is dynamic, changing shape during a translation cycle. 
It is also clear that this complex mix of protein and rRNAs can self-assemble when 
mixed in the right order, though the process of assembly in the cell is certainly more 
carefully controlled. 

Figure 2-30 The crystal structure of the 70S ribosome 

 

A molecular model of the 70 S ribosome of Thermus thermophilis showing the 
position of proteins and RNA within the structure. Note the prominence of RNA in 
the ribosome, which constitutes over 60% of the molecular weight. Adapted from 

molecular structure submitted by S. Petry et. al Cell (2005) 123 p. 1255  

 

Transfer RNA is the ferry for amino acids 

 Transfer RNA has an L shape in its native three-dimensional form.  
 There are unique tRNAs for each of the 20 common amino acids  
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 Aminoacyl-tRNA synthetases recognize their respective tRNA and add the 
appropriate amino acid.  

Transfer RNA (tRNA) is the ferry that transports the amino acids to the ribosome. 
There are one or more different tRNA molecules for each of the 20 amino acids. 
Each consists of 70 to 80 nucleotides of single-stranded RNA that is extensively 
base-paired to form four short helical domains. These structures are commonly 
represented as a two-dimensional cloverleaf, but look more like an "L" in the native 
three-dimensional structure as shown in Figure 2-31. Now the tertiary structures of 
tRNAs are all rather similar, so the critical features that make each appropriate to a 
specific amino acid are largely found in the primary structure itself. Many bases in 
tRNA molecules are chemically modified by enzymes to help the molecule carry out 
its function. 

Figure 2-31 The structure of tRNA 

 

Transfer RNA has an L-shaped structure. The base of the L interacts with mRNA 
while the top of the L has an amino acid attached. 

The aminoacyl-tRNA synthetases are the enzymes that add the amino acid to the 
tRNAs. Figure 2-32 depicts a complex between an aminoacyl tRNA synthetase and 
tRNA. There is a single synthetase for each amino acid and it binds each of its 
appropriate tRNA molecules and charges it with its appropriate amino acid. The 
synthetases avoid both the wrong tRNAs as well as the wrong amino acids. 
However, the process is somewhat trickier than it first appears. First, one might 
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expect that the synthetase might recognize the proper tRNAs by examining the 
anticodon loop, the part recognized by the ribosome to match the tRNA to the 
mRNA. After all, the anticodon certainly does define the amino acid in translation. 
This is not the case, however, perhaps because the anticodon is very far away from 
the end of the tRNA that is charged with the amino acid. In any event, it is clear that 
most of the basis for proper synthetase-tRNA recognition lies elsewhere in the tRNA. 
This then raises another problem: when one looks at the various different tRNAs that 
are all recognized by a single synthetase, no obvious pattern emerges. In other 
words, the important features that make a tRNA specific for alanine and not some 
other amino acid, are not clear, though great strides in understanding this process 
have been made. 

Figure 2-32 The amino acyl-tRNA synthetase complex 

 

A molecular model of amino acyl-tRNA synthetase binding its tRNA. 

One final thought before we move on. Think about the chicken-and-egg conundrum 
that translation brings up. This whole process has the express purpose of 
synthesizing proteins, yet it involves proteins at every step. How could these 
proteins have evolved to serve this function when they are needed for their own 
synthesis? In other words, how could you synthesize any protein until a complete set 
of translation proteins had evolved? Part of the answer is that primordial translation 
was probably much simpler, though less accurate and efficient. Perhaps only very 
few and somewhat general protein functions were actually required. Alternatively, 
perhaps early translation used no proteins at all: Some scientists believe that early 
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life employed RNA molecules that were capable of both carrying out necessary 
enzymatic functions and storing hereditary information. It was only later that 
proteins came along and started to assist in their own synthesis. While rRNA still 
contains the catalytic activity in the ribosome, most cellular reactions are now 
catalyzed by proteins. 

 

Inclusions and other internal structures are found in many prokaryotic 
cells 

 Prokaryotic cells do have some visible structures in their cytoplasm. They 
serve specific purposes for the cell.  

 Inclusions are aggregates of specific chemical compounds and often serve as 
a reservoir of energy or carbon. Common inclusions are: poly-β-
hydroxyalkanoate, sufur globules, and polyphosphate.  

 Gas vesicles are found in many aquatic microorganisms are serve to adjust 
the location of the microbe in the water column.  

 Magnetosomes are structures that sense the magnetic field of the Earth. Cells 
will often use these to orient themselves appropriately in their environment.  

We said before that there were few structures in the prokaryotic cytoplasm that are 
visible by microscopy. Some of those that are seen are discussed below. In general, 
they serve specific purposes in the cell and are often found only in certain cell types 
or under certain growth conditions. 

Inclusions 

Inclusions are dense aggregates of specific chemical compounds in the cell. 
Typically, the aggregated chemical serves as a reservoir of either energy-rich 
compounds or building blocks for the cell. Forming polymers costs energy and it may 
seem wiser for the cell to keep the excess monomers around for when they are 
needed. The benefit of polymerization is that it decreases the osmotic pressure on 
the cell, a serious problem as described later. Inclusions often accumulate under 
laboratory conditions when a cell is grown in the presence of excess nutrients. 
However, the role of some inclusions is unclear. Growth on rich medium will cause 
their creation, but subsequent starvation in the test tube does not always result in 
the use of these reserves. This suggests that these inclusions, at least, are not 
storage bodies. 

Poly-β-hydroxyalkanoate 

One of the more common storage inclusions involves Poly-β-hydroxyalkanoate 
(PHA). It is a long polymer of repeating hydrophobic units that can have various 
carbon chains attached to it. The most common form of this class of polymers is 
poly-β-hydroxybutyrate, which has a methyl group as the side chain to the molecule 
as shown in Figure 2-33. The function of PHA in bacteria is as a carbon and energy 
storage product. Just as we store fat, some bacteria store PHA. Some PHA polymers 
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have plastic-like qualities and there is some interest in exploiting them as a form of 
biodegradable plastic. 

Figure 2-33 Poly-β-hydroxybutyrate (PHB) 

 

PHB is one type of PHA. The figure shows an electron micrograph of PHB inside a 
cell of a Rhodobacter sphaeroides. The general chemical structure of a PHA 
monomer is also shown. For PHB the R group is a methyl group. Electron micrograph 

courtesy of Samuel Kaplan, University of California-San Diego. 

Glycogen 

Glycogen is another common carbon and energy storage product. Humans also 
synthesize and utilize glycogen, which is a polymer of repeating glucose units. 

Phosphate and sulfur globules 

Given the opportunity, many organisms accumulate granules of containing long 
chains of phosphate, since this is often a limiting nutrient in the environment. These 
polyphosphate polymers, also called volutin, will form visible granules in some 
microbes.These granules are readily stained by many basic dyes such as toluidine 
blue and turn reddish violet in color. These inclusions are often referred to as 
metachromatic granules because they become visible by "metachromasy" (a color 
change).Polyphosphate is found in all known cells (eukaryotes, bacteria and 
archaea) and appears to serve many important roles. 

 It serves as a phosphate reservoir  
 It is an alternative substrate in place of ATP when phosphorylating sugars 

during catabolism.  
 It is a chelator for divalent cations  
 It can be a buffer under alkaline stress  
 It is an important factor for DNA uptake.  
 Finally, phosphate polymers are important regulators in response to stress  

Figure 2-34 depicts another visible structure, termed a sulfur globule, which is found 
in a variety of bacteria capable of oxidizing reduced sulfur compounds such as 
hydrogen sulfide and thiosulfate. Oxidation of these compounds is linked either to 
energy metabolism or photosynthesis. Oxidation of sulfide initially yields elemental 
sulfur, which accumulates in globules inside or outside the cell. If the sulfide is 
exhausted the sulfur may be further oxidized to sulfate. 
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Figure 2-34 Sulfur globules 

 

Sulfur globuels found in Thiomargarita namibiensis. This large microbe (100 to 750 

µm in size) is found in Walvis Bay off the coast of Namibia 

Gas vesicles 

Figure 2-35 shows examples of gas vesicles, also known as gas vacuoles, that are 
found in cyanobacteria. Cyanobacteria are photosynthetic and live in lakes and 
oceans. In these environments, the cyanobacteria use gas vesicles to control their 
position in the water column to obtain the optimum amount of light and nutrients. 

Figure 2-35 A gas vesicle in Microscystis 
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An actively dividing Microscystis sp. cell. The hexagonal forms inside the cytoplasm 
of this cyanobacterium are the gas vesicles. Courtesy A E Walsby Department of 
Botany, University of Bristol, England. 

Gas vesicles are aggregates of hollow cylindrical structures composed of rigid 
proteins. They are impermeable to water, but permeable to gas. The amount of gas 
in the vesicle is under the control of the microorganism. Release of gas from the 
vesicle causes the bacteria to fall in the water column, while filling the vesicle with 
gas causes the cells to rise. 

Magnetosomes 

Magnetosomes are intracellular crystals of iron magnetite (Fe3O4) that impart a 
permanent magnetic dipole to prokaryotic cells that have them. They allow these 
microbes to orient themselves in a magnetic field. This process does not appear to 
involve any special machinery beside the magnetosome, Each microbe can be 
thought of as having a tiny magnet that is responding to the magnetic field in the 
environment. These magnetosomes allow the microbes to follow the magnetic field 
of the earth. Some species of magnetotatic bacteria have the following behavior. In 
the Northern Hemisphere magnetotatic bacteria will swim north along the magnetic 
field, while in the Southern Hemisphere they swim south. Because of the inclination 
of the Earth's magnetic field, this causes the microbes to swim downward. Many 
microbes containing magnetosomes are aquatic organisms that do not grow well in 
the presence of atmospheric concentrations of oxygen and by detecting the 
magnetic field and swimming downward, they move away from the oxygen higher 
up in the water column. 

A special membrane surrounds magnetosomes that confines the magnetite to a 
defined area. The membrane likely plays a role in precipitating the iron as Fe3O4 in 
the developing magnetosome. Magnetosomes can be square, rectangular or even 
spike-shaped in some bacteria. Magnetosomes are primarily found in aquatic 
bacteria and in some unicellular algae (eukaryotes). 

The periplasm is between the cytoplasmic and outer membranes in gram-
negative bacteria 

 The periplasm contains proteins distinct from those in the cytoplasm.  
 Periplasmic proteins have various functions in cellular processes including: 

transport, degradation, and motility.  

The periplasm is found in gram-negative bacteria and is the space in between the 
cytoplasmic and outer membranes. Many feel a periplasm is also present in gram-
positive bacteria in between the cytoplasmic membrane and the peptidoglycan. This 
space is filled with water and proteins and is therefore somewhat reminiscent of the 
cytoplasm. However, pools of small molecules in the periplasm are not like those in 
the cytoplasm because the membrane prevents their free exchange. Also, the 
proteins found in the periplasm are distinct from those in the cytoplasm and are 
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specifically guided to this site during translation through signal sequences, typically 
near their N-termini. These proteins function to detect the environment and 
transport needed nutrients into the cell. Other proteins in the periplasm will degrade 
polymers that the microbe is growing on into small enough pieces that they can be 
transported into the cell. Figure 2-64 lists some examples of these proteins. 

The peptidoglycan shell that provides the strength to prokaryotic membranes is also 
found in the periplasmic space of gram-negative bacteria, while in gram-positive 
bacteria it provides the outside border to the periplasm. 

Figure 2-64 Different types of periplasmic enzymes and their role in the 
cell 

Enzyme Type  Examples  Function  

Hydrolytic 
enzymes  

phophatases  
Degrading phosphate-containing 
compounds.  

 proteases  Degrading proteins and peptides.  

 endonucleases  Degrading nucleic acids.  

Binding proteins  
sugars, amino acids, 
norganic ions, vitamins  

Binding substrates and docking with 
transport protein in membrane.  

Chemoreceptors  Chemotaxis, ermination  
Sensing the environment and 
changing cell behavior in response.  

Detoxifying 
enzymes  

β-lactamase  
Degrading penicillin and related 
compounds before they get into the 
cell.  

Periplasmic enzymes have several main functions, detecting nutrients in the 
environment, degradation of polymers, and protection from harmful compounds. 
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the cytoplasm because the membrane prevents their free exchange. Also, the 
proteins found in the periplasm are distinct from those in the cytoplasm and are 
specifically guided to this site during translation through signal sequences, typically 
near their N-termini. These proteins function to detect the environment and 
transport needed nutrients into the cell. Other proteins in the periplasm will degrade 
polymers that the microbe is growing on into small enough pieces that they can be 
transported into the cell. Figure 2-64 lists some examples of these proteins. 

The peptidoglycan shell that provides the strength to prokaryotic membranes is also 
found in the periplasmic space of gram-negative bacteria, while in gram-positive 
bacteria it provides the outside border to the periplasm. 

Figure 2-64 Different types of periplasmic enzymes and their role in the 
cell 

Enzyme Type  Examples  Function  

Hydrolytic 
enzymes  

phophatases  
Degrading phosphate-containing 
compounds.  

 proteases  Degrading proteins and peptides.  

 endonucleases  Degrading nucleic acids.  

Binding proteins  
sugars, amino acids, 
norganic ions, vitamins  

Binding substrates and docking with 
transport protein in membrane.  

Chemoreceptors  Chemotaxis, ermination  
Sensing the environment and 
changing cell behavior in response.  

Detoxifying 
enzymes  

β-lactamase  
Degrading penicillin and related 
compounds before they get into the 
cell.  

Periplasmic enzymes have several main functions, detecting nutrients in the 
environment, degradation of polymers, and protection from harmful compounds. 

 

 

 

CELL WALL COMPONENTS 

The cell wall is one of the most important features of plant, fungi, and bacterial cells. It is  

located outside the cell membrane, and its main function is to surround and protect the cell, as  

well as giving the cell its shape and configuration. Some bacteria have long appendages that  
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increase the surface area of the cell and allow it to live in very dilute environments. Any cell  

that has lost its cell wall becomes amorphic, or without a defined shape. The cell wall acts as  

a rigid platform for surface appendages, and as an attachment sites for bacteriophages. The  

cell wall also aids in countering the effects of osmotic pressure, in that the strength of the cell  

wall prevents the cell from bursting when intracellular osmolarity is much greater than the  

extracellular osmolarity. 

The primary composition of plant cell walls is cellulose, which is normally combined with  

woody, fatty, or gummy substances, and with the exception of some insects, is not found in  

animal tissues. When animals consume plants that contain the cellulose, microorganisms in  

the digestive tract break down the cellulose into products that the animal can absorb. The cell  

walls of fungi differ from those of the plants in that their major component is chitin. The cell  

walls of bacteria are extremely varied, but do contain a rather large molecule know as murein  

 

(or peptidoglycan).  

 
 

2. OVERVIEW OF CELL WALL ROLE IN THE GRAM STAIN  

One of the most widely used methods of identifying bacteria is the gram stain, and the cell  

wall plays an important role in the identification process. In the gram stain method, bacteria  

are first stained with gentian violet iodine, followed by a solution of iodine in potassium  

iodide. The slides are then washed with ethyl alcohol, and if viewed under the microscope  

will either obtain a strong violet color, or be completely decolorized. Sometimes a  

counterstain is applied to give the give the decolorized bacteria a reddish appearance to make  

them more visible. The difference in color of the two types of bacteria is relative to the cell  

wall of each type. Bacteria that remain violet are classified as gram positive bacteria. The cell  

wall of the gram positive bacteria are relatively thick, and contain a dense layer of  



peptidoglycan. It is the thickness of the cell wall that traps the dark violet color and resists  

damage from the solvent. The gram positive cell wall also contains teichoic acids, which are  

polymers of glycerol or ribitol joined by phosphate groups. Amino acids, such as D-alanine  

are attached. Teichoic acid is covalently linked to muramic acid and links various layers of  

the peptidoglycan mesh together. The following image shows a cross-section of the two types  

of bacterial cell walls. 

 

Gram negative bacteria, on the other hand, have a much thinner cell wall. The wall is high in  

lipid content and low in peptidiglycan. The crystal-violate escapes from cell when the  

decolorizer is added because of the lack of perptidglycan. Gram negative cell walls are more  

complicated than gram positive because there are two separate areas with an additional  

membrane besides the cellular membrane. The outer membrane of gram negative bacteria is  

composed of a high concentration of lipids, polysaccharides and proteins. Outside of the  

central membrane is a open area called the periplasmic space. Beyond this is a thin layer of  

peptidoglycan. Finally, external to the peptidoglycan is an additional membrane called the  

outer membrane. 

Gram negative bacteria produce even-numbered straight chained cyclopropyl fatty acids, that  



can be helpful in determining microbial biomass. "The fatty acids of arbuscular mycorrhizal  

fungi offer special opportunities for identification and quantification, and provide an infection  

index for plant roots". This should be done in situ, or in the soil to allow  

an accurate reading. The following two images show gram positive bacteria on the left and  

gram negative bacteria on the right. 

 

 

The cell wall surrounds and holds in the microbe 

 The cell wall in Bacteria contain peptidoglycan, a polymer of N-acetyl 
glucosamine, N-acetyl muramic acid, and amino acids.  

 Gram positive cell walls contain a thick layer of peptidoglycan that encircles 
the cell.  

 Gram negative cell walls contain a thin layer of peptidoglyan between the 
cytoplasmic membrane and the outer membrane.  

This section will restrict itself to the bacterial cell wall, but at the end of the chapter 
we will compare this to archaeal cell walls. Why is it so important to spend time 
talking about the cell wall? The cell wall's most important function is to prevent the 
cell from bursting due to the osmotic stress placed upon it as discussed previously in 
section 2-13. The cell wall also determines the shape of the cell. Any cell that has 
lost its cell wall, either artificially or naturally, becomes roughly spherical and will 
lyse due to osmotic pressure, unless placed in certain concentrated solutions. Finally, 
the cell wall helps to support any structure that penetrates from the cell out into the 
environment. 



Figure 2-36 A gram-positive bacterium 

 

A Gram stain of the microbe Bacillus cereus 

The structure and synthesis of prokaryotic cell walls is unique and many compounds 
found in the bacterial cell wall are found nowhere else in nature. It is true that 
plants also make cell walls, but they are chemically and structurally different. There 
are two basic types of bacterial cell wall structures that have been studied in detail: 
Gram positive and Gram negative. These two classes of bacterial cells look very 
different following staining with the Gram stain and this has been a standard basis 
for starting to identify different bacterial species. Figures 2-36 and 2-37 show Gram 
stains of gram-positive and gram-negative bacteria, respectively. 



Figure 2-37 A gram-negative bacterium 

 

A Gram stain of the microbe Serratia marcescens. 

When the Gram stain was developed by Hans Christian Gram in 1844 the molecular 
basis of the stain was unknown. In fact very little was understood about bacteria in 
general. He just determined empirically that when bacterial smears were run 
through a four-step staining procedure using two different dyes, some cells retained 
the first dye and stained purple, while other only retained the second dye and 
stained pink. Years later it was discovered that the basis for this differential reaction 
relates to the cell wall as shown in Figure 2-38. 

Figure 2-38 A comparison of the ultrastructure of Gram positive and Gram 
negative cells 
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The different Gram reactions occur because of structural differences between the 
bacterial cell walls. Gram-positive cells (Group B streptococci) appear smooth in a 
scanning electron micrograph (A) and are composed of a single layer of 
peptidoglycan (B). Gram-negative cells (E. coli), have an undulating surface and 

have three layers (C and D).  

As shown in Figure 2-38, the gram-negative cell has an additional layer and the 
outside of the cell appears convoluted when compared to the gram-positive cell. The 
gram-positive wall is much thicker than is the gram-negative wall and its external 
appearance is smoother. Gram-positive and negative cells do share one thing in 
common that is unique to bacteria - peptidoglycan. We will talk about the structure 
of this and then move on to examine the various structures found in each cell wall 
type. 

Peptidoglycan is a thick rigid layer composed of an overlapping lattice of two sugars, 
N-acetyl glucosamine (NAG) and N-acetyl muramic acid (NAM), that are cross-linked 
by amino acid bridges as shown in Figure 2-39. The exact molecular makeup of 
these cross-bridges is species-specific. NAM is only found in the cell walls of bacteria 
and nowhere else. Attached to NAM is a side chain generally composed of four 
amino acids. In the best-studied bacterial cell walls (E. coli) the cross-bridge is most 
commonly composed of L-alanine, D-alanine, D-glutamic acid and diaminopimelic 
acid (DPA). 
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Figure 2-39 The chemical structure of peptidoglycan 

 

The general peptidoglycan monomer showing the two sugars that make up the 
backbone. The R group will consist of 4 amino acids, with the best studied cell walls 
containing L-alanine, D-alanine, D-glutamic acid and diaminopimelic acid. 

Note that peptidoglycan contains D-amino acids, which are different than the L-
amino acids found in proteins. D-amino acids have the identical composition as L-
amino acids, but are their mirror images. The use of D-amino acids is unusual in 
biology and bacteria have enzymes called racemases to convert between D and L 
forms specifically for this use. 

The NAM, NAG and amino acid side chain form a single peptidoglycan unit that can 
link with other units via covalent bonds to form a repeating polymer. The polymer is 
further strengthened by covalent bonds between cross-bridges and the degree of 
cross-linking determines the degree of rigidity. In the E. coli, the penultimate D-
alanine of one unit is linked to DPA of the next cross-bridge. In some gram-positive 
microbes there is a peptide composed of various amino acids that serves as a link 



between the cross-bridges. For example, in Staphylococcus aureus species five 
glycines make up the linker between peptidoglycan monomers. The sequence of 
these linkers varies considerably between species. The completed peptidoglycan 
layer forms a strong mesh that can be thought of as a chain link fence. The 
complete cell wall will contain one to many layers of peptidoglycan one atop the 
other, providing much of the strength of the cell wall. 

While both gram-negative and gram-positive bacteria have peptidoglycan, its 
physical arrangement in the cell wall is different. In gram-positive cells the 
peptidoglycan is a heavily cross-linked woven structure that encircles the cell in 
many layers. It is very thick with peptidoglycan accounting for 50% of weight of cell 
and 90% of the weight of the cell wall. Electron micrographs show the 
peptidoglycan to be 20-80 nm thick. In gram-negative bacteria the peptidoglycan is 
much thinner with only 15-20% of the cell wall being peptidoglycan and it is only 
intermittently cross-linked. In both cases peptidoglycan is not a barrier to solutes, as 
the openings in the mesh are large enough for most molecules including proteins to 
pass through. Figure 2-40 shows a artists rendering of what the mess might look 
like. 

Figure 2-40 A cartoon of the peptiodglycan mesh 

 

The peptidoglycan polymers then crosslink with other peptidoglycan chains to form a 

complex mesh that wraps the cell in a structure a kin to chicken wire.  

There are numerous antibacterial agents that target the bacterial cell wall because 
mammals do not synthesize walls and therefore are not susceptible to the toxic 
effects of these agents. Penicillin inhibits the linking of the amino acid side chains of 
peptidoglycan units, which therefore weakens the stability of the wall eventually, 
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causing the cells to rupture. Humans and other animals even synthesize an enzyme 
that specifically attacks bacterial cell walls. The enzyme lysozyme is found in many 
body fluids and hydrolyzes the NAM-NAG bond in the cell wall. It serves as a critical 
part of the mammalian defense against bacterial invasion. Figure 2-41 shows a 
depiction of the gram-positive cell wall. 

Figure 2-41 The gram-positive cell wall 

 

The cell wall is made mostly of peptidoglycan, interspersed with teichoic acid which 
knits the different layers together. The amount of crosslinking is higher and the wall 

is thicker than in gram-negative cell walls. 

The gram-positive cell wall 

Another structure in the gram-positive cell wall is teichoic acid. It is a phosphodiester 
polymer of glycerol or ribitol joined by phosphate groups. Amino acids such as D-
alanine are attached. Teichoic acid is covalently linked to muramic acid and stitches 
various layers of the peptidoglycan mesh together. Teichoic acid stabilizes the cell 
wall and makes it stronger. The chemical formula of teichoic acid is shown in Figure 
2-42 
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Figure 2-42 Teichoic acid 

 

Teichoic acid is a long, thin molecule that weaves through the peptidoglycan 

Gram-negative cell structure 

Gram-negative cell walls have a more complicated structure than do those of gram-
positive organisms. Outside the cytoplasmic membrane is the periplasm, which 
contains the thin layer of peptidoglycan. The peptidoglycan in gram-negative cells 
contains less cross-linking than in gram-positive cells with no peptide linker. 
Covalently bound to the peptidoglycan is Braun's lipoprotein, which has a 
hydrophobic anchor in the outer membrane that helps to strongly bind the 
peptidoglycan to the outer membrane. Figure 2-43 shows the arrangement of the 
gram-negative cell wall. 
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Figure 2-43 The gram-negative cell wall 

 

The cell wall in gram-negative bacteria contains much less peptidoglycan and is 
surrounded by an outer membrane. There is much less crosslinking between the 
peptidoglycan. LPS is also present in the outer membrane and penetrates into the 
surrounding environment. 

The outer membrane 

The outer membrane is another lipid bilayer similar to the cytoplasmic membrane, 
and contains lipids, proteins, and also lipopolysaccharides (LPS). The membrane has 
distinctive sides, with the side that faces the outside containing all the LPS. LPS is 
composed of two parts: Lipid A and the polysaccharide chain that reaches out into 
the environment. Lipid A is a derivative of two NAG units with up to 7 hydrophobic 
fatty acids connected to it that anchor the LPS in the membrane as shown in Figure 
2-44. Attached to Lipid A is a conserved core polysaccharide that contains KDO, 
heptose, glucose and glucosamine sugars. The rest of the polysaccharide consists of 
repeating sugar units and this is called the O-antigen. The O-antigen varies among 
bacterial species and even among various isolates of the same species. Many 
bacterial pathogens vary the make-up of the O-antigen in an effort to avoid 
recognition by the host's immune system. 
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Figure 2-44 The structure of LPS 

 

LPS is contains three sections, the Lipid A region, a conserved core polysaccharide, 
and a highly variable O-polysaccharide. (A) a chemical structure of LPS. (B) a 
molecular model of the membrane from Pseudomonas aeruginosa. Courtesy of Dr. 

T. P. Straatsma, Pacific Northwest National Laboratory. 

LPS confers a negative charge and also repels hydrophobic compounds including 
certain drugs and disinfectants that would otherwise kill the cell. Some gram-
negative species live in the gut of mammals and LPS repels fat-solubilizing molecules 
such as bile that the gal bladder secretes. This repulsion enables these bacteria to 
survive in this environment. The O-antigen and other molecules on the outer 
membrane are also used by certain viruses that infect bacteria, as a means to 
identify the correct hosts for infection. 



LPS is medically important because when released from bacterial cells free LPS is 
toxic to mammals and is therefore called endotoxin. It creates a wide spectrum of 
physiological reactions including the induction of a fever (endotoxins are said to be 
pyrogenic), changes in white blood cell counts, leakage from blood vessels, tumor 
necrosis and lowered blood pressure leading to vascular collapse and eventually 
shock. At high enough concentrations the LPS endotoxin is lethal. Finally, the outer 
membrane keeps the enzymes in the periplasm from floating away from the cell. 

There are fewer total proteins and fewer unique types of proteins in the outer 
membrane than in the cytoplasmic membrane. Porins are particularly important 
because of their role in the permeability of the outer membrane to small molecules. 
Porins are proteins that form pores in the outer membrane wide enough to allow 
passage of most small hydrophilic molecules Figure 2-45 shows the structure of a 
porin at the molecular scale. All known porins have a similar structure, with the 
protein containing a central channel that allows the passage of molecules. This 
allows migration of these molecules into the periplasmic space for possible transport 
across the cytoplasmic membrane. Some porins in the outer membrane are general, 
doing simple discrimination on size and charge, but having little substrate specificity. 
Examples include OmpF that is selective for positively charged molecules and PhoE 
that is permeable to negatively charged molecules. Other porins are more specific. 
The best studied is LamB, which recognizes the sugar polymer maltoolilgosaccharide 
and transports it through the outer membrane. Very large or hydrophobic molecules 
cannot penetrate the outer membrane, so the outer membrane serves as a 
permeability barrier to at least some molecules 
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Figure 2-45 The structure of a porin 

 

The molecular structure of a porin. The view in (A) is from the top looking through 
the membrane. The view in (B) is from the side. 

There are also other types of outer membrane proteins that are involved in various 
functions. OmpA in E. coli seems to connect the outer membrane to the 
peptidoglycan. Some pathogens contain outer membrane proteins that help them 
neutralize host defenses. Finally all gram-negative bacteria contain high molecular 
weight proteins involved in the uptake of large substrates such as iron-complexes 
and vitamin B12. 

The differences between the cell walls of gram-positive and gram-negative bacteria 
greatly influence the success of the microbes in their environments. The thick cell 
wall of gram-positive cells allows them to do better in dry conditions because it 



reduces water loss. The outer membrane and its LPS helps gram-negative cells excel 
in the intestines and other host environments. Figure 2-65 summarizes the 
difference between gram-negative and gram-positive cell walls. 

Figure 2-65 Properties of cell walls 

Property  Gram Positive  Gram Negative  

Thickness of wall  20-80 nm  10 nm  

Number of layers in wall  1  2  

Peptidoglycan content  >50%  10-20%  

Teichoic acid in wall  +  -  

Lipid and lipoprotein content  0-3%  58%  

Protein content  0%  9%  

Lipopolysaccharide  0  13%  

Sensitive to penicillin  Yes  Less sensitive  

Digested by lysozyme  Yes  Weakly  

A summary of the differences between Gram positive and Gram negative cell walls. 

 

Some bacteria lack cell walls 

For most bacterial cells, the cell wall is critical to cell survival, yet there are some 
bacteria that do not have cell walls. Mycoplasma species are one widespread 
example and some can be intracellular pathogens that grow inside their hosts. Cell 
walls are unnecessary here because the cells only live in the controlled osmotic 
environment of other cells. Some of this obligate dependency is no doubt because of 
the lack of cell walls. It is likely they had the ability to form a cell wall at some point 
in the past, but as their lifestyle became one of existence inside other cells they lost 
the ability to form walls. Consistent with this very limited lifestyle within other cells, 
these microbes also have very small genomes. They have no need for the genes for 
all sorts of biosynthetic enzymes, as they can steal the final components of these 
pathways from the host. Similarly, they have no need for genes encoding many 
different pathways for various carbon, nitrogen and energy sources, since their 
intracellular environment is completely predictable. Because of the absence of cell 
walls, Mycoplasma are quickly killed if placed in an environment with very high or 
very low salt concentrations and this feature also means that they have a spherical 
shape. However, Mycoplasma do have unusually tough membranes that are more 
resistant to rupture than other bacteria since this cellular membrane has to contend 
with the host cell factors. The presence of sterols in the membrane contributes to 
their durability by helping to increase the forces that hold the membrane together. 

Other bacterial species can occasionally mutate or change because of extreme 
nutritional conditions to form cells lacking walls, termed L-forms. This phenomenon 
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is observed in both gram-positive and gram-negative species. L-forms have a varied 
shape and are sensitive to osmotic shock 

The cell surface extends into the environment 

 

Flagella are one type of structure used for motility 

 Flagella are semi-rigid structures used to move microbial cells.  
 Flagella are mostly composed of flagellin, which is attached to the cell 

through a complex of proteins called the hook and basal body.  
 Flagella cause the cell to move by rotating, This rotation is powered by the 

proton motive force.  

Surface structures are typically attached a membrane, and extend into the 
environment. Important structures include flagella, pili, fimbriae, and glycocalyx. 
These protrusions and surfaces interact with the environment around the 
microorganism and therefore are pivotal in how the microbe sees the world and how 
we see the microbe. 

Flagella are responsible for motility in liquid for many bacteria. There is a loose 
correlation between cell shape and the presence of flagella. Almost all spirilla, half of 
all rod-shaped bacteria, and only a few of the cocci are motile by flagella. In fact, 
most cocci are non-motile. One rationale for this correlation might be that spherical 
cells, such as the cocci possess, simply do not have the best geometry for directional 
movement by flagella, where more linear bacteria do. 

Flagella can be thought of as little semi-rigid propellers that are free at one end and 
attached to a cell at the other. The diameter of a flagellum is thin, 20 nm, and long 
with some having a length 2-3 times (about 10 µm) the length of the cell. Due to 
their small diameter, flagella cannot be seen in the light microscope unless a special 
stain is applied. Bacteria can have one or more flagella arranged in clumps or spread 
over the cell surface. Figure 2-46 demonstrates some of the more common 
arrangements. 

Figure 2-46 Flagellar arrangements 

polar lophotrichous peritrichous 
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A cartoon of several common flagellar arrangements. 

Chemical Structure 

Flagella are mostly composed of the protein flagellin, which is bound in long chains 
and wraps around itself in a left-handed helix as shown in Figure 2-47. The number 
of protein monomers that it takes to make a single turn of the helix is determined by 
the protein subunits themselves. 

Figure 2-47 Flagella attachment in bacteria 

 

Flagella are attached by a hook and rings that anchor it to the cell wall of the 
microorganism. In gram-positive bacteria (A) the rings are located in the cytoplasmic 
membrane and the flagella passes through the peptidoglycan to the outside 
environment. In gram-negative bacteria (B) there are additional protein rings in the 

outer membrane. 

The long tail of the flagellum is attached to the cell through complex protein 
structures termed the hook and the basal body. One ring in the basal body rotates 
relative to the other causing the flagella to turn. The energy to drive the basal body 
is obtained from the proton motive force. In some fashion the translocation of 
protons from outside to inside the membrane causes the rotation of the flagellum. 
One obvious model is that the protons move through the wheel-like structure of the 
basal body (similar to a water wheel, except using protons) and this causes the 
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rotation of the assembly including the flagellum. When E. coli is swimming through a 
solution the flagella turn counter-clockwise and push the microbe through solution. 
This behavior is termed smooth swimming. It is possible for E. coli to also reverse 
the direction of flagellar rotation and when the flagella turn clockwise, they pull 
against the bacterial cell. Since E. coli is flagellated peritrichously (that is, at many 
positions), it is pulled in all directions and tumbles. 

How fast do bacterial cells move? They average 50 µm/sec, which is about 0.00015 
kilometers/hr. This may seems slow but remember their tiny size. Figure 2-66 shows 
a better comparison and indicates that relatively speaking, bacteria are faster than 
humans. Also remember that this motility happens in water, which is much more 
viscous than air. 

Figure 2-66 Relative speeds of organisms 

Organism  Kilometers per hour  Body lengths per second  

Cheetah  111  25  

Human  37.5  5.4  

Bacteria  0.00015  10  

Bacteria seem slow, until you consider relative size. Then they are quite fast. 

If a flagellum is cut off it will regenerate until it reaches a maximum length. As this 
occurs the growth is not from base, but from tip. The filament is hollow and subunits 
travel through the filament and self-assemble at the end. 

 

2-39 Eukaryotic cells have much in common with 
prokaryotic cells 

(There are many basic similarities between eukaryotic and prokaryotic cell 
structures, but some structures are different  

 Many enzymes that carry out the same function between eukaryotes and 
bacteria are homologous.  

 The basic structure and function of DNA is similar, but Eukaryotes have a 
more highly organized genome that organizes itself into chromosomes during 
cell division.  

 The overall sequence of transcription and translation is very similar, although 
the details can be different.  

 Membranes are highly conserved throughout all life forms.  

After the recent journey through the bacterial cell, you may have started to wonder 
about your own cells or other eukaryotic cells. How many properties do we share 
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with bacteria? How are we different? It turns out, as you might expect, we share 
some basic things in common, but other structures are very different. 

It turns out that much of what you now know about bacterial cells also applies to 
those of eukaryotes. It is safe to say we are more similar than we are different. The 
basic building blocks of the cell, such as nucleic acids, amino acids and sugars are 
identical. Macromolecular organizations such as chromosomes and membranes have 
many similarities. Many proteins in eukaryotes, especially those that carry out 
essential cell functions, have homologs in bacteria that share a high degree of 
sequence and structural similarity. An example that illustrates this point is the 
respiratory enzyme cytochrome oxidase. As shown in Figures 2-55 and 2-61, a 
comparison of cytochrome oxidase from the bovine and Rhodobacter sphaeroides 
reveals a near identical arrangement of the catalytic proteins and high sequence 
homology. However, the cytochrome oxidase in the bovine has a number of other 
polypeptides that serve a structural role. 

Figure 2-55 Comparison of cytochrome oxidase from bacteria and bovine. 

 

The molecular models of cytochrome oxidase from Rhodobacter sphaeroides (A) and 
bovine (B) are compared. The four polypeptides shown in color have a high degree 



of sequence and structural homology. The gray polypeptides in the bovine 

cytochrome oxidase are not found in the bacterial protein. 

Figure 2-61 Sequence comparison of cytochrome oxidase from three 
species 

 

A sequence comparison of cytochrome oxidase showing the high degree of identical 
amino acids between these very different species. The colored boxed indicate 

sequence identity or similarity. 

The DNA in all organisms is chemically similar but the organization of the helix into 
higher order structures varies. Eukaryotes contain a larger number of histones 
(chromosome-binding proteins) and in many cases during cell division, compaction 
of the chromosome takes place, so that they are visible using light microscopy. 

The basic mechanism of converting genetic information into proteins is also rather 
similar. Most all of the central components of this process show sequence similarities 
across biology, and substantial functional similarities as well. The fact that 
eukaryotes have nuclei means that mRNA must be transported outside of that 
structure before translation can begin, but the process is otherwise rather similar. 

The most conserved of all structures is probably the membrane. Membranes enclose 
all living systems and every membrane contains amphipathic lipids. The exact 
chemical structure of the lipids is often different depending upon the species and its 
environment, but the overall arrangement of the membrane is the same. Membranes 
perform remarkably similar functions in all species: keeping the cytoplasm in and the 
environment out. Cholesterol is common in the membranes of eukaryotes, but is 
uncommon in bacterial and archaeal membranes. 

 



Things that are different between eukaryotes and 
prokaryotes  

 Eukaryotes contain organelles that perform various specific functions for the 
cell.  

 A highly organized cytoskeleton is present in eukaryotes.  

Eukaryotes are typically more complex than prokaryotes and may appear more 
organized when examined in the microscopic. This organization into different 
intracellular compartments likely reflects the demands of a more complex cellular 
system. It may also be that the formation of these separate organelles allowed the 
subsequent evolution of more elaborate cells. Figure 2-70 digrams the various 
structures found in the typical eukaryotic cells. Notes that chloroplasts are only 
found in photosynthetic organisms. The organelles are the nucleus, the 
mitochondria, the endoplasmic reticulum and the Golgi apparatus. Internally 
eukaryotic cells have a cytoskeleton that determines cell structure and in plants this 
is supplemented by cell walls. We discuss these structures and their functions in 
eukaryotic cells in the following sections. 
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Figure 2-70 Eukaryotic cell structure 

 

A diagram of the common structures found in eukaryotic cells. 

Unique structures in eukaryotes 

 Microfilaments and microtubules form a network of fibers that determine cell 
shape, participate in cell division, move organelles around the cell and form 
motility structures.  



 The endoplasmic reticulum is a network of tube and vesicles involved in 
membrane synthesis and in export of protein and other substances from the 
cell.  

 The Golgi apparatus is a double membrane structure mainly concerned with 
the maturation of proteins synthesized in the endoplasmic reticulum and the 
formation of lysosomes.  

 Lysosomes are membrane encircled structures that contain digestive 
enzymes. Their exact role in the cell depends upon the cell type.  

Microfilaments and microtubules 

The cytoskeleton is a network of filaments and fibers found in the cytoplasm of 
many eukaryotic cells. It serves four known roles in cells. 

 The cytoskeleton helps to determine the shape of the cell.  
 It is involved in cell division, allowing the separation of the chromosomes into 

the daughter cells.  
 The cytoskeleton moves organelles around the cell.  
 It is involved in motility either through the use of flagella or by amoeboid 

movement.  

The cytoskeleton components can be divided into three classes based upon the size, 
distribution and function of the filaments. Microfilaments are the smallest at 4 to 6 
nm in diameter and are made of actin. These lie beneath the surface of the cell 
membrane and are anchored to it, forming a web inside the cell. They dictate the 
cell's shape and can also be involved in motility by contraction or expansion of the 
filament. Filaments may also tether organelles to the membrane and help move 
them around the cell. This movement can be important for modulation of organelle 
function. Intermediate filaments are 10 nm in diameter and are made of keratin, 
which is the same protein found in hair and fingernails. These filaments take 
different forms and are found in many types of cells, but their exact function is 
unknown. They may play a structural role similar to that of some microfilaments. 
Figure 2-56 shows some examples of cytoskeletal elements 
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Figure 2-56 Cytoskeletal elements 

 

Eukaryotic cells have several different types of scaffolding proteins to help them 
keep their shape. Microfilaments, microtubules, and centrioles are all important 

structural elements. 

In addition to the above, there are more complex fibers and structures. Microtubules 
are hollow cylindrical structures that are 20-25 nm in diameter containing tubulin as 
the major structural protein. Tubulin polymerizes into a helical cylindrical structure 
and thirteen of these protofilaments then combine to make a microtubule. 
Microtubes can form the basis of a number of different structures. Many of these 
structures form to perform a necessary function and are then disassembled 
afterwards. Often microtubules will form centrioles that contain nine sets of 
microtubules arranged in a circular matrix. These are 400 nm long and 150 nm wide 
and are usually found in pairs at right angles to each other. Centrioles are important 
in proper chromosome segregation and cell division as discussed in the section on 
the nucleus below. Microtubules are also part of the basal bodies of flagella and cilia. 

Cilia and flagella are examples of more permanent structures that contain 
microtubules. Both cilia and flagella have a similar structure of nine pairs of 
microtubules arranged in a circular fashion around a tenth pair that runs down the 
center. Both are attached to the membrane and project into the environment. In a 
process that requires energy, the microtubules in the outer ring are moved with 
respect to each other, causing the cilia or flagella to bend and snap back in a whip-
like fashion. This bending causes the movement of liquid near the structures such 
that spent liquid with few nutrients and waste products is moved away from the cell 
and is replaced by fresh liquid containing nutrients and oxygen. The beating of cilia 
and flagella can also push the cell through its environment. Cilia are 2 to 10 µm long 
and 0.5 µm wide and are shorter and typically more numerous than flagella with 



hundreds of them on some types of cells. An example of a ciliated organism is the 
unicellular protist Paramecium, which can be found in fresh water ponds. The 
microbe is a predator of bacteria and motility is vital in this life-style, both for 
chasing down prey and moving away from danger. Cilia cover the surface of 
Paramecium and move the organism through the environment by beating in a 
coordinated fashion. Figure 2-57 shows one example of a protozoa. 

Flagella are 50-100 µm in length and there are typically only one or two per cell. 
Eukaryotic flagella are larger than those found on bacteria or archaea and have a 
more complex structure. Flagella are found in many unicellular creatures with one 
example being the dinoflagellates and their primary role is cell motility. These 
aquatic creatures contain two flagella; one encircling the body of the organism while 
the other is attached in a perpendicular fashion to the first. Dinoflagellates are often 
photosynthetic and important as primary producers in the oceans. 

Endoplasmic reticulum 

The endoplasmic reticulum (ER) is a finely divided system of interconnected 
membranes, consisting of tubules and vesicles that loop through the cell and are 
contiguous with the nuclear membrane. An electron micrograph of the ER is shown 
in Figure 2-58. It functions in the synthesis of membranes and membrane proteins 
and is also involved in protein secretion. Not surprisingly, the ER is especially 
prominent in cells doing a large amount of protein secretion. The ER works very 
closely with the Golgi apparatus (see below) to carry out these functions. There is 
no structure in bacterial cells that is analogous to the ER, but many of the same 
functions are carried out on the inside surface of the cellular membrane in bacteria. 
ER comes in two types: rough ER and smooth ER. 

Figure 2-58 The endosplasmic reticulum 
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Eukaryotic cells contain a network of passages that connect various elements of the 

cell and are also important in secretion. 

Rough ER gets its appearance from the presence of ribosomes on its surface as seen 
in the electron microscope, and its function is the production, processing and export 
of proteins. During translation an appropriate signal guides the ribosome to the ER 
membrane and causes the protein to be synthesized directly across the membrane 
into the lumen of the ER. There proteins may be processed or modified by the 
addition of carbohydrates to form glycoproteins. After processing proteins move 
slowly through the ER and are packaged into vesicles of ER membrane called 
transition vesicles. These release from the ends of the ER and move by elements of 
the cytoskeleton either to the Golgi apparatus or to the plasma membrane. Once 
contact is made between the transition vesicle and the Golgi or the plasma 
membrane, the two fuse and release the contents of the vesicle into the target 
compartment. 

Smooth ER does not contain ribosomes and the lumen and membrane of smooth ER 
contain a variety of enzymes that perform many functions including modification of 
toxins and synthesis of steroids. 

Golgi apparatus 

The Golgi apparatus is an organelle containing a double membrane and it is mainly 
devoted to the processing of proteins synthesized in the ER. A drawing of the Golgi 
apparatus is shown in Figure 2-59. It is found in many eukaryotic cells, but it lacks a 
well-formed structure in many fungi and ciliate protozoa. It consists of regions of 
stacked contiguous membranes containing no ribosomes. Each membrane sac is 15 
to 20 nm thick and separated from the next stack by about 30 nm. A complex 
network of tubes and vesicles extend from the edges of these sacs into the 
surrounding cytoplasm. The stack of membranes has a definite polarity with those 
near the ER (the cis face) having a different shape and enzyme content than those 
at the opposite end (the trans or maturing face). Studies of the Golgi apparatus 
appear to show material flowing into the cis face from vesicles, through the 
apparatus and then exiting at the trans face. 
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Figure 2-59 The Golgi Apparatus 

 

The Golgi apparatus is involved in the glycosylation and proteolytic processing of 
proteins that are to be secreted into various cellular organelles or to the outside 
environment. Proteins often pass through the Golgi apparatus as part of their 

maturation. 

The role of the Golgi apparatus is to package material for export, but its exact 
function varies depending upon the organism. For example, Giardia and Entamoeba 
utilize Golgi apparatus to form cell walls during cyst formation. It often participates 
in the synthesis of cell membranes and the final processing of proteins before 
export. In many cases the Golgi apparatus contains glycosylation enzymes that add 
sugars to proteins as they move through its lumen. The type of glycosylation that 
takes place is dependant upon signals contained within the protein sequence. The 
Golgi also processes enzymes using proteases, which clip at specific amino acids 
sequences to form mature proteins and hormones. These mature proteins then 
move to their final destinations, which may be in the membrane, in lysosomes or 
secreted into the environment. 

Lysosomes 

One of the most important functions of the Golgi apparatus is the synthesis of, an 
organelle that is found in a variety of eukaryotic cells. Lysosomes are spherical 
structures enclosed in a single membrane that can vary in size from 50 nm to 
several µm. They are involved in intracellular digestion and contain enzymes (called 
hydrolases) that digest many types of macromolecules. Hydrolases function best 
under acidic conditions (pH 3.5 to 5.0) and the lysosome maintains this pH by 
membrane proteins that pump protons into its interior. Enzymes bound for 
lysosomes are synthesized on ribosomes that deposit them in the rough ER. They 
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then move though the smooth ER and Golgi apparatus before being package into 
lysosomes. In some cases lysosomes can also bud off from the smooth ER. 

Lysosomes serve a variety of functions depending upon the cell type. In unicellular 
eukaryotes they are often digestive structures that take bacteria or other substances 
from the outside environment and degrade them into usable nutrients. In mammals, 
lysosomes serve to eliminate unwanted particles, either cell structures that are no 
longer needed or foreign macromolecules (from viruses or bacteria) that have 
invaded the cell. In any case the hydrolytic enzymes and low pH typically inactivate 
and then degrade any particle that enters the lysosome 

 

Eukaryotic cells absorb things by endocytosis 

The major pathway into eukaryotic cells is by endocytosis. This process takes two 
forms, phagocytosis and pinocytosis.  

 The Golgi apparatus, ER, lysosomes and endocytosis work as a coordinated 
whole to move particles into and out of the cell.  

Lysosomes are an important part of endocytosis, a process that eukaryotic cells use 
to take up particles from the environment. Endocytosis is illustrated in Figure 2-60. 
The process creates membrane-bound cavities filled with fluid and solid materials. 
Larger membrane-enclosed cavities are called vacuoles while smaller ones are called 
vesicles. Endocytosis comes in two forms, phagocytosis and pinocytosis. 
Phagocytosis involves the engulfment of large particles, even microorganisms, into 
membrane-bound compartments. It is a process used most often in the immune 
system and is described in detail in the chapter on infection and immunity. 
Pinocytosis involves the recognition of specific particles in the environment as 
described below. The process is used by unicellular eukaryotic microbes to ingest 
food and by multicellular organisms to take in certain macromolecules traveling from 
other parts of the organism. 
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Figure 2-60 The process of endocytosis 

 

Eukaryotic cells absorb materials from the outside by using endocytosis. This is a 

standard pathway through which most material enters the cell. 

Pinocytosis begins when protein receptors on the cell surface bind to the target 
molecule to be ingested. The bound particle migrates to an area of the membrane 
that is rich in a protein called clathrin. This protein forms a matrix and causes an 
indentation in the membrane called a clathrin-coated pit. The entrance of a receptor 
with a bound particle begins a process of invagination at the pit that results in the 
internalization of the pit and the engulfment of the incoming particle inside a 
membrane vesicle. This vesicle is called an endosome and once inside the cell, 
proteins in the endosome membrane begin to pump protons inside, dropping the 
internal pH of the endosome. The clathrin on the membrane of the endosome then 
migrates back to the plasma membrane to repeat the cycle. The endosome fuses 
with a lysosome to form an endolysosome, which causes the ingested particle to be 
degraded. The valuable break-down products are transported out of the 
endolysosome into the cell. The spent endolysosome is called a residual body, which 
sometimes fuses with the plasma membrane to release remaining compounds into 
the environment. 

The ER, Golgi apparatus, lysosomes and endosomes seem to operate as a 
coordinated whole, functioning in the import and export of materials. It is probably 
correct to think of these structures as a functional unit and the term vacuome has 
been coined to describe them. Ribosomes in the ER manufacture proteins and these 



are modified in the ER and Golgi. The mature proteins eventually find their way to 
the plasma membrane for export or become part of lysosomes. Lysosomes serve in 
the endocytotic pathway to take up materials and process them for cell use. They 
also digest spent cell constituents. All of these processes occur within membrane 
structures and this carefully controls the import and export of materials from the 
cell. Considering the extent of these structures in the cell it is remarkable that the 
membranes of these structures, especially lysosomes, never rupture. If they did it 
would be catastrophic to the cell and would rapidly lead to cell death. 

 

The nucleus holds the cells genetic material in 
eukaryotes 

 The genome of eukaryotes is sequestered to a membrane bound organelle 
called the nucleus.  

 The nucleus is the site of replication and transcription.  
 Most eukaryotes have more than one chromosome in their nucleus and 

replication of these chromosomes proceeds through a sequence of steps that 
are visible with a light microscope.  

 The nucleus contains visible dark spots called nucleoli, which are the location 
or ribosome synthesis.  

While the bacterial cell does seem to sequester its chromosome to a portion of the 
cytoplasm, there is no demarcation that divides the nucleoid from the rest of the 
cell. In eukaryotes the nuclear membrane separates the cell's DNA from the 
cytoplasm. The nucleus is the largest and most clearly visible organelle of eukaryotic 
cells. It contains almost all the cell's DNA and is the site of chromosome replication 
and transcription. It has two layers of membrane encircling it called the nuclear 
envelope, with the outer layer being contiguous with the ER. Scattered throughout 
this nuclear envelope are circular openings known as nuclear pores. Certain proteins, 
nucleic acids and small molecules can move in and out of the nucleus through these 
pores. These pores are highly discriminatory, allowing easy movement in and out of 
the nucleus of only appropriate macromolecules such as proteins with specific 
sequences. 

In eukaryotes, the chromosome is not a single circular piece of DNA as in most 
prokaryotes. Rather, it is split into a number of linear chromosomes with each cell 
containing at least two copies of each chromosome. The exceptions are those cells 
that specialize in reproduction and only contain one copy of the cell's chromosomes. 
Each piece of DNA is complexed with special basic structural proteins called histones 
that seem to be important in keeping the DNA organized. The DNA is also bound by 
other proteins involved in its maintenance and the entire set of DNA and associated 
proteins is called chromatin. For much of the cell cycle chromatin consists of long 
DNA strands formed into beads by association of histones along it length.Figure 2-71 
shows a nucleus in the midst of mitosis, with the chromosomes visible. 



Figure 2-71 A eukaryotic cell in the middle of mitosis 

 

Eukaryotic DNA replication takes place in a special cell phase called mitosis. At this 
time, protein synthesis is halted and the chromosomes condense. They meet at the 
middle of the cell, and then migrate to two separate poles. This movement is 

coordinated by centrosomes, kinetochores and microtubules. 

In actively growing cells the DNA is replicated in a fashion similar to that in 
prokaryotes, but in contrast to the single replication start site in prokaryotes, there 
are numerous sites where DNA synthesis begins. This is necessary due to the much 
larger amount of DNA found in most eukaryotic cells. During division in prokaryotes, 
the cell appears to simply split in two with each daughter cell receiving a 
chromosome. In contrast, eukaryotic cells go through a morphologically distinct 
phase, mitosis, to achieve separation of the chromosomes. One of the more 
important events of mitosis is the binding of additional histones and the contraction 
of the chromatin into compact structures that were called chromosomes due to their 
staining properties. (The original meaning of the term chromosomes is a colored 
body, but is now synonymous with a cell's DNA). The two daughter chromosomes 
formed during replication are physically separated into the separate daughter cells 



by the filaments called microtubules. These attach at one end to the chromosome at 
a region termed the kinetochores and at the other end they attach to one of two 
regions of the cell called a centrosome. By depolymerization of the microtubules at 
each centrosome, each daughter chromosome is pulled away from its partner and 
toward a region that eventually reforms as a new nucleus. 

There are also a number of important differences in transcription between 
eukaryotes and prokaryotes. In eukaryotes, mRNA transcription takes place in the 
nucleus and the finished mRNA moves through the nuclear pores and into the 
cytoplasm for translation by the ribosomes. The genes of eukaryotic cells also 
contain regions of largely unimportant DNA, termed introns, that does not code for 
protein After a gene is tramscribed into mRNA these introns are removed before 
translation. One set of nuclear proteins removes these sequences and splice the 
actual coding sequences (exons) together to make the finished mRNA. The finished 
mRNA then travels from the nucleus to ribosomes in the cytoplasm. The mRNA of 
eukaryotic cells is also decorated with modifications at each end that affect the 
stability of the mRNA. At the front end is usually a 5'-cap made of 7-methylguanine 
attached to the mRNA by a trisphosphate linkage. At the 3' end of the mRNA is a 
long stretch of A bases (a poly-A tail) that have a role in mRNA stability as 
mentioned earlier in this chapter. Finally, while it is quite common in bacteria to 
have a number of genes on each mRNA transcript, the majority of mRNAs in 
eukaryotes code for only a single protein product. Figure 2-72 shows the steps of 
transcription in eukaryotes. 

Figure 2-72 The steps of transcription in Eukaryotes 

 

Transcription in eukaryotes is more complex, due to the existance of introns in most 
genes. These have to be removed, a poly-A tail and a 5'-cap added onto the DNA 

before it migrates to the cytoplasm for translation. 

Eukaryotic cells will also contains one or more dark-staining structures within the 
nucleus called nucleoli. Although they are not enclosed within a membrane the 
nucleoli are complexes with separate granular and fibrillar regions. They are present 
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in non-dividing cells, but frequently disappear during mitosis and again reappear 
after cell division is over. The nucleolus is the initial site of ribosome synthesis. This 
structure contains the DNA that codes for the ribosomal RNA genes. The ribosomal 
RNAs are synthesized and then processed to form the final rRNA molecules. These 
are then combined with several ribosomal proteins synthesized in the cytoplasm to 
form an initial ribosomal complex. The entire complex then migrates out of the 
nucleus into the cytoplasm where it combines with other proteins to form a 
ribosome. 

 

Mitochondria and plastids are organelles of energy 
generation in eukaryotic cells 

 Mitochondria are found in almost all eukaryotic cells and convert high energy 
electrons into ATP.  

 Plastids are factories for photosynthesis, converting light energy into high 
energy electrons and ATP.  

 Both of these structures trace their ancestry back to free-living prokaryotes  

Mitochondria are involved in energy generation through respiration. Mitochondria 
have no fixed shape, but often look like short rods in transmission electron 
micrographs when viewed along their long axis (Figure 2-73). Each mitochondrion 
contains two membranes. The outer membrane is smooth and serves as a selective 
barrier. The inner membrane is highly convoluted and folded and contains high 
numbers of membrane complexes. Nutrients are oxidized inside the mitochondria by 
catabolic enzymes and the high energy electrons extracted are donated to a 
respiratory chain in the inner membrane. These enzymes then create a proton 
gradient and this gradient is then used to synthesize ATP. ATP leaves the 
mitochondria and it serves as a source of energy for the rest of the cell's machinery. 



Figure 2-73 Mitochondria structure 

 

Mitochondria are rod shaped structures that resemble the shape of common 
bacteria. They contain two membranes, similar to Gram negative bacteria and 70S 

ribosomes. Energy generation occurs at the inner membrane. 

Plastids are specialized organelles involved in metabolism that are unique to plants 
and come in several forms. Amyloplasts are starch storage containers found in some 
plants. Chloroplasts are oval-shaped structures inside of plant and algal cells that 
contain an outer and inner membrane as shown in Figure 4-74. The outer 
membrane serves a similar function to the outer membrane of mitochondria, while 
the inner membrane consists of a network of stacks of membranous disks, called 
thykaloids, that are attached together by narrow tubes of membrane. The thykaloid 
membranes are the centers of photosynthesis in eukaryotes. They contain enzyme 
complexes that capture light and produce ATP and high-energy electrons that are 
used to form sugar from carbon dioxide. 
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Figure 2-74 Chloroplast structure 

 

Chloroplasts are the site of the light reactions of photosynthesis. Light striking the 
chloroplast is converted into a proton motive force and this is used to generate 
energy. Chloroplasts contain two membranes, again similar to Gram negative 

bacteria, and the chloroplast itself is a relative of cyanobacteria. 

Inside mitochondria and chloroplasts there is a single circular chromosome and large 
numbers of ribosomes that are of bacterial (70S) and not eukaryotic (80S) form. The 
presence of two lipid bilayers, a circular chromosome and 70S ribosomes is 
consistent with the evolutionary hypothesis that we have already explained near the 
beginning of this chapter. 

 

Mitochondria and plastids are organelles of energy 
generation in eukaryotic cells 

Mitochondria are found in almost all eukaryotic cells and convert high energy 
electrons into ATP.  

 Plastids are factories for photosynthesis, converting light energy into high 
energy electrons and ATP.  

 Both of these structures trace their ancestry back to free-living prokaryotes  

Mitochondria are involved in energy generation through respiration. Mitochondria 
have no fixed shape, but often look like short rods in transmission electron 
micrographs when viewed along their long axis (Figure 2-73). Each mitochondrion 
contains two membranes. The outer membrane is smooth and serves as a selective 
barrier. The inner membrane is highly convoluted and folded and contains high 
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numbers of membrane complexes. Nutrients are oxidized inside the mitochondria by 
catabolic enzymes and the high energy electrons extracted are donated to a 
respiratory chain in the inner membrane. These enzymes then create a proton 
gradient and this gradient is then used to synthesize ATP. ATP leaves the 
mitochondria and it serves as a source of energy for the rest of the cell's machinery. 

Figure 2-73 Mitochondria structure 

 

Mitochondria are rod shaped structures that resemble the shape of common 
bacteria. They contain two membranes, similar to Gram negative bacteria and 70S 

ribosomes. Energy generation occurs at the inner membrane. 

Plastids are specialized organelles involved in metabolism that are unique to plants 
and come in several forms. Amyloplasts are starch storage containers found in some 
plants. Chloroplasts are oval-shaped structures inside of plant and algal cells that 
contain an outer and inner membrane as shown in Figure 4-74. The outer 
membrane serves a similar function to the outer membrane of mitochondria, while 
the inner membrane consists of a network of stacks of membranous disks, called 
thykaloids, that are attached together by narrow tubes of membrane. The thykaloid 
membranes are the centers of photosynthesis in eukaryotes. They contain enzyme 
complexes that capture light and produce ATP and high-energy electrons that are 
used to form sugar from carbon dioxide. 

http://www.bact.wisc.edu/Microtextbook/index.php?module=Book&func=displayfigure&book_id=4&fig_number=74&chap_number=4


Figure 2-74 Chloroplast structure 

 

Chloroplasts are the site of the light reactions of photosynthesis. Light striking the 
chloroplast is converted into a proton motive force and this is used to generate 
energy. Chloroplasts contain two membranes, again similar to Gram negative 

bacteria, and the chloroplast itself is a relative of cyanobacteria. 

Inside mitochondria and chloroplasts there is a single circular chromosome and large 
numbers of ribosomes that are of bacterial (70S) and not eukaryotic (80S) form. The 
presence of two lipid bilayers, a circular chromosome and 70S ribosomes is 
consistent with the evolutionary hypothesis that we have already explained near the 
beginning of this chapter. 

 

The implications of eukaryotic structures on their 
growth 

 Eukaryotic cells are generally bigger than prokaryotic cells. This allows 
eukaryotes to have organelles, have slower turnover rates of macromolecules, 
and requires the presence of mechanisms to move things around the cell.  

 The division of the chromosome from the rest of the cell and the larger size of 
eukaryotes, slows the rate at which they can replicate.  

 The presence of organelles, which are sensitive to harsh conditions, limits the 
extreme environments where eukaryotes can grow.  

Eukaryotes are in general larger than prokaryotes and this difference in volume has 
several implications. First bigger cells can afford to have more things stored in the 
cytoplasm. This means it is not as costly to a eukaryotic cell to have structures 
taking up space. In a prokaryote, space is at a premium and anything not being 
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used is pretty rapidly degraded. This may be one reason that organelles are possible 
and may also account for the generally slower turnover rates of mRNA observed in 
eukaryotes. Second, larger cells have a lower surface-to-volume ratio than do 
smaller cells and therefore prokaryotes effectively have more contact with their 
environment. This greater exposure can mean a more rapid response to changing 
environmental conditions. Finally bigger cells have more of a challenge moving 
molecules within themselves. Prokaryotes can often depend on simple diffusion to 
move molecules around the cell, but this process might be too slow and inefficient in 
a much larger cell. Eukaryotes overcome this by having specific transport 
mechanisms (i.e. microtubules) inside the cell. 

Size constrains eukaryotes in two important ways: how fast they can grow and what 
environments they can tolerate. The compartmentalization of the genome inside the 
nucleus limits the rate at which eukaryotic cells can divide. The complete cell division 
cycle in a multicellular eukaryotic organism depends upon the cell type, but even in 
rapidly dividing skin cells it takes at least 8 hours. In unicellular yeast cultures, the 
shortest cell cycle is about 1.7 hours under ideal conditions. Due to their smaller 
genomes, lack of a nucleus and the ability to couple transcription and translation, 
bacteria can grow much faster. Clostridium perfringens has been shown to go 
through a complete division cycle in at little as 6.6 minutes at 43°C in beef cubes! 

There are environments on earth that have one or more physical characteristics that 
prevent the growth of most organisms. These are extreme environments that are 
too hot, cold, acidic or alkaline for typical organisms to grow. However, a small 
subset of prokaryotes has evolved to take advantage of these environments and 
thrive, and prokaryotes always define the extremes of where life can exist. In part 
this is probably due to the fact that simpler cells have fewer "body parts" that must 
be changed in order for growth under very different conditions. In eukaryotes, they 
would need to modify not only their cytoplasmic contents to tolerate the extreme 
environment, but also the makeup of their organelles. 

 

 

Summary 

We have moved from within prokaryotic and eukaryotic cells to the outside, and this 
should provide a framework for thinking about the make-up of microbes. Some ideas 
that you should take away from this chapter are: 

 Although prokaryotes are small, they have a huge amount of molecular 
complexity. In a sense, multicellular organisms deal with different problems 
by forming different cell types, but prokaryotes must adapt each cell to 
specific environmental conditions. They are stunningly clever little machines.  

 Cell structures are made up of polymers.  
 These polymers are made from just a few basic types of molecules: amino 

acids, sugars, nucleic acids and fatty acids.  



 The sequence of the polymers dictates their structure and subsequently their 
function.  

 While not obvious in the microscope, the prokaryotic cell is organized into 
functional units: (i) The nucleoid organizes, manages and replicates the DNA. 
(ii) The cytoplasm carries out many of the reactions of the cell including 
biosynthesis and catabolism. (iii) The ribosomes are the site of protein 
synthesis. (iv) The membrane defines the borders of the cell and serves as a 
barrier to most molecules. (v) The cell wall defines a microbes shape and 
helps protect it from the environment.  

 The building blocks that make up the average prokaryote are also found in all 
living things on this planet. We share more things in common with microbes 
than there are features that distinguish us.  

In subsequent chapters we will learn what all these various parts are doing. 

 

ATP AND BIOLOGICAL ENERGY 

The Nature of ATP  

Adenosine triphosphate (ATP), the energy currency or coin of the cell, transfers 

energy from chemical bonds to endergonic (energy absorbing) reactions within the 

cell. Structurally, ATP consists of the adenine nucleotide (ribose sugar, adenine 

base, and phosphate group, PO4
-2) plus two other phosphate groups. 

 

A 2-D stick view of the structure of ATP. The above drawing of ATP is from EcoCyc at 

http://hapuna.ai.sri.com:1555/new-image?type=COMPOUND-IN-PATHWAY&object=ATP 
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A cartoon and space-filling view of ATP. Image from Purves et al., Life: The Science of 

Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Energy is stored in the covalent bonds between phosphates, with the greatest 

amount of energy (approximately 7 kcal/mole) in the bond between the second and 

third phosphate groups. This covalent bond is known as a pyrophosphate bond. 

We can write the chemical reaction for the formation of ATP as: 

a) in chemicalese: ADP + Pi + energy ----> ATP 

b) in English: Adenosine diphosphate + inorganic Phosphate + energy produces Adenosine 

Triphosphate 

The chemical formula for the expenditure/release of ATP energy can be written as: 

a) in chemicalese: ATP ----> ADP + energy + Pi 

b) in English Adenosine Triphosphate produces Adenosine diphosphate + energy + 

inorganic Phosphate 

An analogy between ATP and rechargeable batteries is appropriate. The batteries 

are used, giving up their potential energy until it has all been converted into kinetic 

energy and heat/unusable energy. Recharged batteries (into which energy has been 

put) can be used only after the input of additional energy. Thus, ATP is the higher 

energy form (the recharged battery) while ADP is the lower energy form (the used 

battery). When the terminal (third) phosphate is cut loose, ATP becomes ADP 

(Adenosine diphosphate; di= two), and the stored energy is released for some 

biological process to utilize. The input of additional energy (plus a phosphate 

group) "recharges" ADP into ATP (as in my analogy the spent batteries are 

recharged by the input of additional energy). 
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How to Make ATP  

Two processes convert ADP into ATP: 1) substrate-level phosphorylation; and 2) 

chemiosmosis. Substrate-level phosphorylation occurs in the cytoplasm when an 

enzyme attaches a third phosphate to the ADP (both ADP and the phosphates are 

the substrates on which the enzyme acts). 

 

 

Enzymes and the formation of NADH and ATP. Images from Purves et al., Life: The 

Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH 

Freeman (http://www.whfreeman.com/), used with permission. 

Chemiosmosis involves more than the single enzyme of substrate-level 

phosphorylation. Enzymes in chemiosmotic synthesis are arranged in an electron 

transport chain that is embedded in a membrane. In eukaryotes this membrane is in 

either the chloroplast or mitochondrion. According to the chemiosmosis hypothesis 

proposed by Peter Mitchell in 1961, a special ATP-synthesizing enzyme is also 

located in the membranes. Mitchell would later win the Nobel Prize for his work.  
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A typical representation of an electron transport chain. Images from Purves et al., Life: 

The Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and 

WH Freeman (http://www.whfreeman.com/), used with permission. 

During chemiosmosis in eukaryotes, H+ ions are pumped across an organelle 

membrane into a confined space (bounded by membranes) that contains numerous 

hydrogen ions. The energy for the pumping comes from the coupled oxidation-

reduction reactions in the electron transport chain. Electrons are passed from one 

membrane-bound enzyme to another, losing some energy with each tansfer (as per 

the second law of thermodynamics). This "lost" energy allows for the pumping of 

hydrogen ions against the concentration gradient (there are fewer hydrogen ions 

outside the confined space than there are inside the confined space). The confined 

hydrogens cannot pass back through the membrane. Their only exit is through the 

ATP synthesizing enzyme that is located in the confining membrane. As the 

hydrogen passes through the ATP synthesizing enzyme, energy from the enzyme is 

used to attach a third phosphate to ADP, converting it to ATP. 
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A generalized view of an electron transport system. Image from Purves et al., Life: The 

Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH 

Freeman (http://www.whfreeman.com/), used with permission. 

Usually the terminal phosphate is not simply removed, but instead is attached to 

another molecule. This process is known as phosphorylation. 

W + ATP -----> W~P + ADP where W is any compound, for example: 

glucose + ATP -----> glucose~P + ADP 

Glucose can be converted into Glucose-6-phosphate by the addition of the 

phosphate group from ATP.  

ATP serves as the biological energy company, releasing energy for both anabolic 

and catabolic processes and being recharged by energy generated from other 

catabolic reactions. 

 

 

 

 

 

 

Metabolism  

The sum total of all reactions which occur in a cell. Metabolism consists of 
two types of processes catabolism and anabolism.  
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Catabolism  

How complex molecules are broken down into smaller, simpler, molecules 
with the release of energy and reducing power (electrons). This definition 
is simplistic - not all energy generating processes in bacteria involve the 
break down of larger molecules.  

Anabolism  

Synthesis of complex molecules from simpler ones to form cell structures, 
this requires energy and often reducing power. 

Organization of this chapter 

The discussion of Metabolism begins with a review of some important 
thermodynamic and chemical concepts that guide how microbes (and all 
living things) do business. A short introduction into the important 
machinery in cellular processes comes next. Then, we look at catabolism 
discussing some "classic" pathways that are used by a large number of 
microorganisms. "Next fermentation" and respiration are touched upon 
during this discussion and some interesting examples of each are 
described. Bacterial Photosynthesis is briefly mentioned (there is a whole 
chapter devoted to just that) and we finish up with a section on Anabolism 

 

Basic Energy Concepts 

 

Before we dive into bacterial metabolism I want to present some 
over arching ideas that you should keep in mind as we explore how 
bacteria make their energy and what they use it for. 

First let me impress on you an important idea. Thousands of years 
ago, human tribes worshiped the sun. The light and heat of the sun 
was pivotal to their survival. Life on earth is possible because of the 
energy generated by the sun and almost all life depends upon it. 
(OK, OK, organisms living at deep sea ocean vents don't need the 
sun.)  

This ultimate source of energy is transformed into living matter. To 
start getting comfortable with this idea, let's look at 
thermodynamics, which is concerned with the storage, 
transformation and dissipation of energy. Cells store energy, they 
transform it and they dissipate it to drive unfavorable reactions. 
Here we introduce the laws of thermodynamics because they 
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govern everything a cell does. 

The first law of thermodynamics 

Energy can neither be created nor destroyed in the universe.  

For living organisms this means they must collect and convert 
existing energy into a form suitable for biological processes from 
the surrounding environment. Usually this means grabbing it from 
the sun or breaking down large molecules and releasing the energy 
in them. 

 Plants and photosynthetic microbes convert light from the 
sun into high energy compounds that help to build cell 
material. 

 

<p class=figure>Figure 1 - Energy from the sun.  

 When you eat a bagel, your stomach and intestines break 
down the compounds that make up the bagel and convert this 
into high energy compounds for you to use.. 

 

<p class=figure>Figure 2 - Energy from a bagel.  

The second law of thermodynamics 

In all processes or reactions, some of the energy involved 
irreversibly loses its ability to do work.  

or 

In any reaction the amount of molecular disorder always increases  



Living systems are ordered, while the natural tendency of the 
universe is to move toward systems of disorder with unavailable 
energy (increasing entropy). A cell is a protest against the second 
law of thermodynamics! Organisms are in a constant battle with 
entropy and when they finally lose the war, they die. Ah the futility 
of existence....  

Free Energy (delta G) 

All chemical reactions can be describe by the following equation.  

DH = DG + TDS  

 H is the total energy of a reaction.  
 S is the amount of energy that is lost to disordering the 

system and is not available for work (entropy).  
 G is the amount of free energy available to do work  

This equation can be rearranged as follows  

DG = DH - TDS  

Think about this for a moment. Increasing DS (entropy) results in a 
disordering of the system, giving a negative DG. So things that 
result in a large amount of disorder, like breaking starch (a polymer 
of sugar) into carbon dioxide and water, are favorable and result in 
a negative DG value. The take home message - negative DG (free 
energy) is good and is available to do work in the cell. 

<embed height=360 width=450 
src="images/textbook/metabolism/amylasedegrade.swf" 
pluginspage="http://www.macromedia.com/flash"> <p 
class=figure>Figure 3 - A favorable reaction - the degradation of 
starch by amylase. Note how the system becomes more 
disorganized by the action of amylase.  

A decrease in entropy results from an ordering of a system and a 
positive DG. For example, building a cell wall orders a system. This 
is an unfavorable reaction and will not occur spontaneously. But 
cells have to build cell walls, how do they do it? To get these 
reaction to go, you have to add energy. This energy usually 
increases the entropy of the universe by breaking down ATP into 
ADP + "Pi" or degrading some other phosphate containing 
compound. The increase in molecular disorder from breaking apart 
ATP compensates for the ordering of the cell wall assembly and 
enables the reaction to proceed.. 



<embed height=360 width=450 
src="images/textbook/metabolism/peptidosyn.swf" 
pluginspage="http://www.macromedia.com/shockwave"> <p 
class=figure>Figure 4 - A unfavorable reaction. Synthesis of 
peptidoglycan by peptidoglycan synthase. This decreases the 
ordering the peptidoglycan, but is offset by the large amount of 
phosphate bond hydrolysis.  

Oxidation-Reduction Reactions (Redox reactions) 

Much of the energy that cells extract from the universe comes from 
oxidation-reduction reactions. It is critical to have a basic 
understanding of these if you are going to have any idea about how 
metabolism works. 

All molecules contain electrons as part of the atoms that make them 
up. Each molecule has a potential to donate and accept electrons 
from another molecule. In chemistry this is written as a redox 
reaction.  

NAD(P)+ + 2H+ + 2e- NAD(P)H + H+ 

<p class=figure>Figure 5 - An example of redox reaction  

The potential of a redox reaction to donate electrons can be 
measured. Scientists of a previous age spent some time sitting 
around in lab and determined the redox potential at "standard 
conditions" (Eo) for almost every chemical reaction imaginable. 
They arbitrarily designated a hydrogen electrode as the standard 
and everything else is determined from it. The table below lists 
some common redox reactions found in the cell)  

<table cellspacing="0" cellpadding="5" border=0> 

<th align=center>Redox Couple<th align=center>Eo  

2H++ 2e- H2 -0.42 

ferredoxin(Fe+3) + e- ferredoxin(Fe+2) -0.42 

NAD(P)+ + 2H+ + 2e- NAD(P)H + H+ -0.32 

S + 2H+ + 2e- H2S 
-
0.274 

SO4
-2 + 8H+ + 8e- H2S -0.22 

pyruvate + 2H+ + 2e- lactate-2 
-
0.185 

FAD + 2H+ + 2e- FADH + H+ -0.18 

cytochrome b(Fe3+) + e- cytochrome b(Fe+2) 0.075 



ubiquinone + 2H+ + 2e- ubiquinone H2 0.10 

cytochrome c(Fe+3) + e- cytochrome c(Fe+2) 0.254 

NO3
- + 2H+ + 2e- NO2

- + H2O 0.421 

NO2
- 8H+ + 6e- NH4 0.44 

Fe+3 + e- Fe+2 0.771 

O2 + 4H+ + 4e- 2H2O 0.815 

Redox reactions with more negative reduction potentials will donate 
electrons to redox reactions with more positive potentials. For example. 

NAD(P)+ + 2H+ + 2e- NAD(P)H + H+ -0.32 

O2 + 4H+ + 4e- 2H2O 0.815 

2 NAD(P)H+ 2 H+ + 4e- + O2 + 2NAD+ + 2H2O 1.135 

Notice that to get the reaction to work, you have to reverse the first redox 
reaction - 

NAD(P)+ + 2H+ + 2e- NAD(P)H + H+ becomes  

2NAD(P)H + 2H + 2NAD(P)+ + 4H+ + 4e-. 

There are many oxidation reduction reactions in the cell, during both 
catabolism and Anabolism. Much of the energy for the cell is captured by 
running redox reactions as you will see when we talk about respiration. 

Energy Requirements 

To summarize what we have learned so far, cells get their energy from the 
universe to drive energy requiring (thermodynamically unfavorable) 
reactions. Many of their reactions involve oxidation/reduction couples.  

So the cell has energy. What do they use it for? 

Three main activities 

1. Chemical energy - synthesis of complex biological molecules. In 
other words, to make more of themselves.  

2. Transport - Cells often live in dilute environments. They are sitting 
in a lake and they need some amino acid, the concentration of that 
nutrient is very low in the environment. Cells have to expend energy 
to transport that nutrient into the cell. 

3. Mechanical Energy - Cells may be able to change their physical 
location and all cells need to move structures within them. This 
requires energy.  
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<a name=ATP>  

Energy Carriers 

Cells can get energy and now we know generally what they do with it, but 
how do you get from the sun to a cell wall? Photons from the sun don't 
directly get put into the chemical bonds of the cell wall, there has to be 
intermediate "high energy" carriers to store this energy until the cell is 
ready to use it. There are two main carriers of energy in living cells, 
Adenosine TriPhosphate (ATP) and Nicotinamide Adenine Dinucleotide 
(NAD+).  

 

<p class=figure>Figure 6 - The structure of ATP  

 

Figure 7 - The structure of NAD+. The oxidized form is on the left and the reduced form is on the right. After 
reduction, NAD can carry two protons and two electrons. 

ATP is a carrier of chemical energy in the form of high energy phosphate 
bonds. (The anhydride links between the phosphate groups in the figure 
above.) NAD+ is a carrier of hydrogen and electrons and is involved in 
many oxidation-reduction reactions in the cell. It can pick up and 
transport 2e- and 2H+ when loaded. You can think of NAD+ and ATP as 
little trucks that transport energy around the cell. 



Another common metaphor for them is money. NAD+ and ATP are the 
energy currency for the cell. Money is a medium of exchange. People 
assign work for us to do, we receive money for doing it, and we convert 
that money into things we want or need. The cell takes its energy source, 
converts it into NADH and ATP, and then uses them to perform needed 
tasks in the cell. 

NAD+ and ATP are not the only carriers of energy, but they are the major 
ones. It is amazing to consider that given the diversity of life on this 
planet that we all use the same energy carriers. 

Protons 

An important player in many forms of catabolism is the hydrogen ion (H+). Hydrogen is the smallest 
element. It has one proton in its nucleus and one electron orbiting it. If you remove that electron, 
you have a hydrogen ion, which is also called a proton since that is all that's left. Protons play a 
major role in respiration and many enzymatic reactions. 

To pull it all together, the energy in chemicals or light is extracted by running a series of reactions 
that eventually deposit bond energy and high energy electrons in ATP and NADH. This stored up 
energy then drives other reactions that help the cell grow and reproduce. Great, but what 
catalyzes, controls and coordinates all these reactions? Enzymes! 

Enzymes Many of the reactions in catabolism are favorable (they have a 

negative DG). What this means is that these reactions will occur 
spontaneously even outside of a living organism. The problem is, they are 
way too slow to be of any use in a biological system! If cells did not have 

ways of speeding up catabolism, life would be nearly impossible. Enzymes 
accelerate almost all biological reactions. 

Enzyme structure 

Enzymes are proteins, which themselves are polymers of amino acids. For 
more information on Protein Structure see the bacterial structure section. 
They range in size from 1 x 104 daltons to 1 x 106 daltons with most being 
in the 105 range. Some enzymes have extra molecules associated with 
them, besides amino acids, that assist in the reaction they carry out. The 
protein portion of an enzyme is called the apoenzyme. A cofactor is the 
non-protein part of an enzyme. Cofacors can be loosely bound, coenzymes 
or tightly bound, prosthetic groups. The complete enzyme (apoprotein + 
cofactor) is termed the holoenzyme. 
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Figure 1 - The potential parts of a typical enzyme. Not every enzyme will have a prosthetic group or a coenzyme. 
Each enzyme is unique. 

Red blood cells contain the protein hemoglobin which has heme (the 
oxygen carrier in our blood) as a prosthetic group. 
Many of the vitamins are coenzymes. For example, niacin is a precursor 
used in the synthesis of NAD+ and pantothenic acid is a part of coenzyme 
A. Vitamins are crucial to catabolism, but they are only needed in trace 
amounts. Taking them in excess as proposed by some "health experts" 
usually has no benefit and in some cases can even be harmful.  

Enzyme Function 

Enzymes convert a target molecule, the enzymes substrate(s), into a 
different molecule, the enzymes product(s). Enzymatic reactions can have 
any number of substrates and products, but for this introduction, lets 
consider a simple case; an enzyme that has two substrates and one 
product that are joined together. 

<p class=figure>Figure 2 - An enzymatic reaction with 

two substrates and one product.  

Enzymes are efficient and specific 

The efficiency of enzymes is extremely high. They can catalyze the 
transformation of as many as 102 to 106 molecules per minute. Most also 
have a high degree of specificity binding a specific molecule and 
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converting it to a specific product. Enzyme and substrate fit into each 
other like a lock into a key. 

Visualizing enzymatic catalysis 

To understand how enzymes catalyze reactions, you first have to get you 
head around the idea of activation energy. Many chemical reactions 
require an initial amount of energy be added to get them to proceed 
forward. Even thermodynamically favorable reactions need a little boost of 
energy. It is helpful to imagine a chemical reaction as a roller coaster ride. 
To get the ride started you have to roll up an incline, this is the activation 
energy. Once beyond the top of the incline, the coaster is propelled 
forward by the force of gravity and no extra energy is needed. The 
activation energy represents the amount of work that goes into having the 
substrates come together in a manner that causes the reaction to occur. 

<p class=figure>Figure 3 - A chemical reaction. In the first panel, choose 
the number of each substrate, then hit play. In the second panel you see 
the substrates reacting without an enzyme. They must collide in just the 
right way to get a reaction. Notice also, that as the concetration of 
substrates decreases, the rate of reaction decreases. Now click on the play 
button again and observe the reaction catalyzed by an enzyme. Notice 
how the simulated enzyme grabs the substrates and holds them together. 
This speeds up the reaction, especially when the substrates are at low 
concentrations.  

Enzymes increase the rate of reaction by lowering the activation energy. 
They lower this activation energy by binding the substrates of the 
reaction. This causes a reaction to occur for two reasons.  

1. Enzymes bind their substrates at what is called the active site. When 
bound at the active site the substrates are brought into close 
proximity to one another and will react. 

2. The enzyme will bend the substrates in such a manner to make them 
more reactive. In biochemistry speak, the enzyme binds the 
substrates in a transition state complex. (Hey, a big word that you 
can use to make friends and influence people.) This makes it 
possible for substrates to react and form products. 

Most enzymes greatly lower the activation energy of their reaction and 
allow much more substrate to be converted to product per unit time. Every 
reaction that we will talk about in metabolism is catalyzed by an enzyme, 
their importance cannot be overstated. 

It is becoming clear that bacteria are not little bags of enzymes, but are 
highly organized. This is reflected in enzyme location. Enzymes are 
organized by the cell into collections that carry out multi-step 
conversions. Each enzyme in the collection will take its substrate, convert 



it to product and hand it off to the next enzyme - analogous to an 
assembly line. These collections are called biochemical pathways and each 
is responsible for taking a substrate and converting it into a needed 
product. Biochemical pathways are classified by their use to the cell and in 
the next section we will look at different types of catabolic pathways. 

Types of catabolism 

Catabolic pathways create energy for the cell. In catabolism the goal is to 
take energy out of what is gathered and store it in energy carriers (ATP) 
and electron carriers like NAD and Flavin-Adenine Dinucleotide (FAD). This 
energy and reducing power fuels growth, repair and movement. In this 
section we will discuss generally the two major ways of living on this 
planet phototrophy and chemotrophy. 

Phototrophs 

Phototrophs take light from the sun and convert it directly into 
biochemical energy and reducing power. This is a complex, multi-protein 
process that always requires a membrane bound system. Energy is 
generated by photophosphorylation. Cell material is often built from CO2. 
Note that photosynthesis is not the private domain of plants; 
photosynthetic bacteria are common. 

Dependent Chemotrophs 

These chemotrophs depend on phototrophs, either directly or indirectly, to 
make complex organic molecules that they can oxidize and generate 
energy from. Energy is generated by substrate level phosphorylation (SLP) 
or by electron transport level phosphorylation (ETLP). They also often use 
these same organic molecules (or breakdown products from catabolizing 
them) as building blocks for more cells.  

Independent Chemotrophs 

Recently scientists have discovered microbes living 
deep in the sea on the ocean floor near areas of sea 
floor spreading. In these areas lava erupts into the 
ocean and eventually forms hydrothermal vents. The 
vents pump out hot sea water loaded with minerals. 
Microbes living here do not depend on plants or the sun 
at all to live, but generate their energy by oxidizing 
reduced chemicals in the vent plumes and build their 
cell material from CO2. In fact the reactions that they 
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use to make cell material from CO2 are identical to 
those used by phototrophs. Follow the link to learn 
more about hydrothermal vents. There are also 
independent chemotrophs living in terrestrial 
environments. 
 

 CELLULAR METABOLISM AND FERMENTATION 

Glycolysis, the Universal Process  

Nine reactions, each catalyzed by a specific enzyme, makeup the process we 

call glycolysis. ALL organisms have glycolysis occurring in their cytoplasm. 

At steps 1 and 3 ATP is converted into ADP, inputting energy into the 

reaction as well as attaching a phosphate to the glucose. At steps 6 and 9 ADP 

is converted into the higher energy ATP. At step 5 NAD+ is converted into 

NADH + H+. 

The process works on glucose, a 6-C, until step 4 splits the 6-C into two 3-C 

compounds. Glyceraldehyde phosphate (GAP, also known as 

phosphoglyceraldehyde, PGAL) is the more readily used of the two. 

Dihydroxyacetone phosphate can be converted into GAP by the enzyme 

Isomerase. The end of the glycolysis process yields two pyruvic acid (3-C) 

molecules, and a net gain of 2 ATP and two NADH per glucose. 

 

Graphic summary of the glycolysis process. Image from Purves et al., Life: The Science 

of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 
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Anaerobic Pathways  

Under anaerobic conditions, the absence of oxygen, pyruvic acid can be 

routed by the organism into one of three pathways: lactic acid fermentation, 

alcohol fermentation, or cellular (anaerobic) respiration. Humans cannot 

ferment alcohol in their own bodies, we lack the genetic information to do so. 

These biochemical pathways, with their myriad reactions catalyzed by 

reaction-specific enzymes all under genetic control, are extremely complex. 

We will only skim the surface at this time and in this course. 

Alcohol fermentation is the formation of alcohol from sugar. Yeast, when 

under anaerobic conditions, convert glucose to pyruvic acid via the glycolysis 

pathways, then go one step farther, converting pyruvic acid into ethanol, a C-

2 compound.  

 

Fermentation of ethanol. Image from Purves et al., Life: The Science of Biology, 4th 

Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Many organisms will also ferment pyruvic acid into, other chemicals, such as 

lactic acid. Humans ferment lactic acid in muscles where oxygen becomes 

depleted, resulting in localized anaerobic conditions. This lactic acid causes 

the muscle stiffness couch-potatoes feel after beginning exercise programs. 

The stiffness goes away after a few days since the cessation of strenuous 

activity allows aerobic conditions to return to the muscle, and the lactic acid 

can be converted into ATP via the normal aerobic respiration pathways. 
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Fermentation of lactate (lactic acid). Image from Purves et al., Life: The Science of 

Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Aerobic Respiration  

When oxygen is present (aerobic conditions), most organisms will undergo 

two more steps, Kreb's Cycle, and Electron Transport, to produce their ATP. 

In eukaryotes, these processes occur in the mitochondria, while in prokaryotes 

they occur in the cytoplasm. 

 

Overview of the cellular respiration processes. Image from Purves et al., Life: The 

Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH 

Freeman (http://www.whfreeman.com/), used with permission. 
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Acetyl Co-A: The Transition Reaction 

Pyruvic acid is first altered in the transition reaction by removal of a carbon 

and two oxygens (which form carbon dioxide). When the carbon dioxide is 

removed, energy is given off, and NAD+ is converted into the higher energy 

form NADH. Coenzyme A attaches to the remaining 2-C (acetyl) unit, 
forming acetyl Co-A. This process is a prelude to the Kreb's Cycle. 

Kreb's Cycle (aka Citric Acid Cycle) 

The Acetyl Co-A (2-C) is attached to a 4-C chemical (oxaloacetic acid). The 

Co-A is released and returns to await another pyruvic acid. The 2-C and 4-C 

make another chemical known as Citric acid, a 6-C. Kreb's Cycle is also 

known as the Citric Acid Cycle. The process after Citric Acid is essentially 

removing carbon dioxide, getting out energy in the form of ATP, GTP, NADH 

and FADH2, and lastly regenerating the cycle. Between Isocitric Acid and -

Ketoglutaric Acid, carbon dioxide is given off and NAD+ is converted into 

NADH. Between -Ketoglutaric Acid and Succinic Acid the release of carbon 

dioxide and reduction of NAD+ into NADH happens again, resulting in a 4-C 

chemical, succinic acid. GTP (Guanine Triphosphate, which transfers its 

energy to ATP) is also formed here (GTP is formed by attaching a phosphate 

to GDP). 

The remaining energy carrier-generating steps involve the shifting of atomic 

arrangements within the 4-C molecules. Between Succinic Acid and Fumaric 

Acid, the molecular shifting releases not enough energy to make ATP or 

NADH outright, but instead this energy is captured by a new energy carrier, 

Flavin adenine dinucleotide (FAD). FAD is reduced by the addition of two H's 

to become FADH2. FADH2 is not as rich an energy carrier as NADH, yielding 

less ATP than the latter. 

The last step, between Malic Acid and Oxaloacetic Acid reforms OA to 

complete the cycle. Energy is given off and trapped by the reduction of NAD+ 

to NADH. The carbon dioxide released by cells is generated by the Kreb's 

Cycle, as are the energy carriers (NADH and FADH2) which play a role in the 

next step. 

http://www.estrellamountain.edu/faculty/farabee/biobk/BioBookglossT.html#transition reaction
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Summary of the Krebs' (or citric acid) cycle. Image from Purves et al., Life: The 

Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH 

Freeman (http://www.whfreeman.com/), used with permission. 

Electron Transport Phosphorylation 

Whereas Kreb's Cycle occurs in the matrix of the mitochondrion, the Electron 

Transport System (ETS) chemicals are embedded in the membranes known as 

the cristae. Kreb's cycle completely oxidized the carbons in the pyruvic acids, 

producing a small amount of ATP, and reducing NAD and FAD into higher 

energy forms. In the ETS those higher energy forms are cashed in, producing 

ATP. Cytochromes are molecules that pass the "hot potatoes" (electrons) 

along the ETS chain. Energy released by the "downhill" passage of electrons 

is captured as ATP by ADP molecules. The ADP is reduced by the gain of 

electrons. ATP formed in this way is made by the process of oxidative 

phosphorylation. The mechanism for the oxidative phosphorylation process is 

the gradient of H+ ions discovered across the inner mitochondrial membrane. 

This mechanism is known as chemiosmotic coupling. This involves both 

chemical and transport processes. Drops in the potential energy of electrons 

moving down the ETS chain occur at three points. These points turn out to be 

where ADP + P are converted into ATP. Potential energy is captured by ADP 

and stored in the pyrophosphate bond. NADH enters the ETS chain at the 

beginning, yielding 3 ATP per NADH. FADH2 enters at Co-Q, producing only 

2 ATP per FADH2. 

http://www.sinauer.com/
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Electron transport system. Images from Purves et al., Life: The Science of Biology, 4th 

Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 
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Catabolism and Anabolism 

 

 

 

 

 

Energy Generation 

Catabolism is all about running reactions to make energy for the cell. Despite the 
great diversity of life, all organisms on this planet generate their energy using one of 
three processes. 

Substrate level Phosphorylation (SLP)- Synthesis of ATP from ADP directly 
coupled to the breakdown of high energy organic substrates. A high energy 



phosphate molecule is transferred from the substrate being catabolized to 
ADP forming ATP. 

Oxidative or Electron Transport Level Phosphorylation 
(ETLP) - High energy electrons are removed from the catabolic substrate 

and given to electron carriers (often NAD or FAD). These carriers 
eventually transfer their electrons to an electron transport chain, which synthesizes ATP 

using the enzyme ATPase. Eventually the electrons combine with O2 (or some other terminal 
electron accepter) and H+ to form H20.  

Photophosphorylation –  

The conversion of light energy in the form of photons to high energy 
electrons. These electrons then pass through an analogous electron 
transport chain as describe under ETLP, eventually resulting in the 
formation of ATP. 

Fermentation  

-----------------------     

Fermentation is defined as an energy yielding process whereby organic 
molecules serve as both electron donors and electron accepters. The 

molecule being metabolized does not have all its potential energy 
extracted from it. In other words, it is not completely oxidized.  

General Concepts 

Microorganisms are capable of an amazing array of different types of 
fermentation. Most natural compounds are degraded by some type of 
microbe and even many man-made compounds can be attacked by 
bacteria. In environments devoid of oxygen (or other suitable inorganic 
electron accepter), this degradation involves fermentation. 

Despite the many methods bacteria employ to ferment organic 
compounds, there are some unifying concepts that are true of all 
fermentations.  

 NAD+ is almost always reduced to NADH 

Remember that Metabolism involves the oxidation of the substrate. These 
electrons are removed from the organic molecule and most often given to 
NAD. (This is true both in fermentation and respiration). Below is shown 
an example of NAD reduction. 

http://www.bact.wisc.edu/microtextbook/definitions.html#photon
http://www.bact.wisc.edu/microtextbook/definitions.html#fermentation
http://www.bact.wisc.edu/microtextbook/definitions.html#respiration


 

<p class=figure>Figure 1 - oxidation of glyceraldehyde-3-phosphate to 1,3 
bisphosphoglycerate. Electrons are removed from the carbon denoted in red and donated 

to NAD+. An inorganic phosphate is attached to the carbon shown  

 Fermentation results in a excess of NADH 

Accumulation of NADH causes a problem for anaerobes. They have too 
much of it and it prevents further oxidation of substrate due to a lack of 
an NAD+ pool to accept electrons. In many fermentation pathways, the 
steps after energy generation are performed in part to get rid of the 
NADH. 

 Pyruvate is often an important intermediate 

Many of the reactions that we will look at eventually end up making 
pyruvate. Pyruvate is a valuable intermediate because it can be used for 
cell synthesis and many different enzymes can act on it. It gives the 
microbe flexibility. 

 Energy is derived from Substrate-Level Phosphorylation (SLP) 

The substrate is converted to a phosphorylated compound and in 

subsequent reactions the high energy phosphate is transferred to ATP. 

 

Figure 2 - Phosphoenolpyruvate is converted to pyruvate with the 
formation of ATP. The phosphate hilited in blue is transferred from PEP to 
ATP. 

http://www.bact.wisc.edu/microtextbook/definitions.html#slp
http://www.bact.wisc.edu/Microtextbook/BasicEnerConcepts.html#ATP


 Energy yields are low 

SLP is an inefficient process and much of the energy of the electrons is 
lost. Typically energy yields are 1-4 ATP per substrate molecule 
fermented. 

 Oxygen is not involved 

Fermentation can involve any molecule that can undergo oxidation. 
Typical substrates include sugars (such as glucose) and amino acids. 
Typical products depend upon the substrate but can include organic acids 
(lactic acid, acetic acid), alcohols (ethanol, methanol, butanol), ketones 
(acetone) and gases (H2 and CO2) 

Glycolysis - Embden-Meyerhoff-Parnas pathway (EMP) 

EMP is the most commonly used series of reactions for oxidizing glucose 
to pyruvate and many bacteria, animals and plants employ this pathway in 
their catabolism. EMP is so ubiquitous that is worthwhile to use it as an 
example of a typical fermentation. It is an essential part of many 
organisms catabolism, even yours! However, it is not the only method for 
the fermentation of glucose. Remember that bacteria are remarkably 
creative and other pathways are present in different species. 

EMP can be divided into 3 stages, activation of glucose, hexose splitting 
and energy extraction 

Activation of Glucose 

Glucose is a relatively stable molecule and in order to degrade it, it must 
first be destabilized by adding high energy phosphates. In the first step a 
phosphate is donated from ATP (or phosphoenolpyruvate - the source of 
the phosphate depends on the species of microbe you look at) to glucose 
to form glucose-6-phosphate. The molecule is isomerized to fructose-6-
phosphate (another sugar) and a second phosphate is added. Fructose-
1,6-bisphosphate is easier to attack than glucose and is ready to be split. 

 

Figure 3 - Activation of glucose by phosphorylation with ATP. 

http://www.bact.wisc.edu/microtextbook/definitions.html#slp
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Hexose Splitting 

Fructose bisphosphate aldolase then breaks the phosphate loaded 
fructose into two 3 carbon compounds, glyceraldehyde-3-phosphate 
(GAP) and dihydroxyacetonephosphate (DAP). This is the crucial step in 
the EMP pathway, converting the 6 carbon glucose molecule to two 3 
carbon molecules that will eventually become pyruvate. 

 

Figure 4 - Splitting of Fructose by aldolase. 

Energy Extraction 

In the next reaction, DAP is converted into GAP, which can be acted on by 
the rest of the EMP. The next step is a very important one. Inorganic 
phosphate is added to GAP to make 1,3-bisphosphoglycerate (BPG). No 
energy is required and in fact electrons are transferred from GAP to NAD+. 
This reaction is the payback for running the pathway and the phosphates 
added here are later transferred to ADP to make ATP. After several 
enzymatic rearrangements, the final product of the EMP pathway is 
pyruvate. 

 

Figure 5 - Extraction of Energy. Note the two reactions hilighted in blue 
that yield energy. Remember that each glucose molecule that comes into 
glycolysis generates two GAP molecules that can then proceed down the 
latter half of the pathway. 



The total reaction can be summarized as follows 

2 ATP + glucose + 4 ADP + 2 Pi + 2 NAD+  2 ADP + 2 pyruvate 
+ 4 ATP + 2 NADH 

The blue highlight denotes energy put into the reaction. Subtracting this 
from the energy extracted, the net energy gain is 2 ATP per glucose. That 
is a lot of work for just 2 ATP. Fermentations do not yield large amounts of 
energy and this explains why fermenting microbes go through so much 
substrate without much growth. 

Some of the NADH that is generated can be used for cell biosynthesis, but 
there is a large excess or reducing power. Fermenting bacteria must find a 
way to get rid of these extra electrons and they do it by adding them to 
pyruvate to form end products. 

End Product Formation 

One of the more familiar fermentations is conversion of glucose to ethanol 
to form alcoholic beverages. After the formation of pyruvate, ethanol is 
formed by two simple reactions. First, CO2 is removed from pyruvate to 
form acetaldehyde. Then acetaldehyde is reduced by, you guess it, NADH 

 

Figure 6 - Oxidation of NADH. Acetaldehyde is reduced to ethanol (the 
active ingredient in alcoholic beverages). This is the final step in yeast 
fermentation of glucose to ethanol. 

Another favorite microbial fermentation is the formation of lactic acid. 
This is performed by the lactic acid bacteria. Homofermentative lactic acid 
bacteria use the EMP pathway to make pyruvate and then reduce it to 
lactate using up their excess NADH in the process. Other bacteria use 
alternative pathways to generate lactate from glucose. Close examination 
of the heterofermentative pathway reveals that it does not use EMP at all. 
The take home message is, EMP is common, but there are many other 
ways of doing business. 



 

Figure 7 - Formation of lactate by homofermentative bacteria. The pathway used is 

identical to glycolysis. The final end product is lactate which is excreted by the cells into 

their environment. 

 



Figure 8 - Fermentation of glucose by heterofermentative bacteria. In this pathway the 

top part of the glycolytic pathway is not used. Note the recycling of NADH and the low 
yield. Only one ATP is generated per glucose fermented.  

Microorganisms perform many more fermentations than what is covered 
here, but these examples give you a general idea. In the next section we 
look at some of the processes used to make fermented food products. 

Fermentation 

Fermentation is defined as an energy yielding process whereby organic 
molecules serve as both electron donors and electron accepters. The 
molecule being metabolized does not have all its potential energy 
extracted from it. In other words, it is not completely oxidized.  

General Concepts 

Microorganisms are capable of an amazing array of different types of 
fermentation. Most natural compounds are degraded by some type of 
microbe and even many man-made compounds can be attacked by 
bacteria. In environments devoid of oxygen (or other suitable inorganic 
electron accepter), this degradation involves fermentation. 

Despite the many methods bacteria employ to ferment organic 
compounds, there are some unifying concepts that are true of all 
fermentations.  

 NAD+ is almost always reduced to NADH 

Remember that Metabolism involves the oxidation of the substrate. These 
electrons are removed from the organic molecule and most often given to 
NAD. (This is true both in fermentation and respiration). Below is shown 
an example of NAD reduction. 

 

<p class=figure>Figure 1 - oxidation of glyceraldehyde-3-phosphate to 
1,3 bisphosphoglycerate. Electrons are removed from the carbon denoted 
in red and donated to NAD+. An inorganic phosphate is attached to the 
carbon shown  

 Fermentation results in a excess of NADH 

http://www.bact.wisc.edu/microtextbook/definitions.html#fermentation
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Accumulation of NADH causes a problem for anaerobes. They have too 
much of it and it prevents further oxidation of substrate due to a lack of 
an NAD+ pool to accept electrons. In many fermentation pathways, the 
steps after energy generation are performed in part to get rid of the 
NADH. 

 Pyruvate is often an important intermediate 

Many of the reactions that we will look at eventually end up making 
pyruvate. Pyruvate is a valuable intermediate because it can be used for 
cell synthesis and many different enzymes can act on it. It gives the 
microbe flexibility. 

 Energy is derived from Substrate-Level Phosphorylation (SLP) 

The substrate is converted to a phosphorylated compound and in 
subsequent reactions the high energy phosphate is transferred to ATP. 

 

Figure 2 - Phosphoenolpyruvate is converted to pyruvate with the 
formation of ATP. The phosphate hilited in blue is transferred from PEP to 
ATP. 

 Energy yields are low 

SLP is an inefficient process and much of the energy of the electrons is 
lost. Typically energy yields are 1-4 ATP per substrate molecule 
fermented. 

 Oxygen is not involved 

Fermentation can involve any molecule that can undergo oxidation. 
Typical substrates include sugars (such as glucose) and amino acids. 
Typical products depend upon the substrate but can include organic acids 

http://www.bact.wisc.edu/microtextbook/definitions.html#slp
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(lactic acid, acetic acid), alcohols (ethanol, methanol, butanol), ketones 
(acetone) and gases (H2 and CO2) 

Glycolysis - Embden-Meyerhoff-Parnas pathway (EMP) 

EMP is the most commonly used series of reactions for oxidizing glucose 
to pyruvate and many bacteria, animals and plants employ this pathway in 
their catabolism. EMP is so ubiquitous that is worthwhile to use it as an 
example of a typical fermentation. It is an essential part of many 
organisms catabolism, even yours! However, it is not the only method for 
the fermentation of glucose. Remember that bacteria are remarkably 
creative and other pathways are present in different species. 

EMP can be divided into 3 stages, activation of glucose, hexose splitting 
and energy extraction 

Activation of Glucose 

Glucose is a relatively stable molecule and in order to degrade it, it must 
first be destabilized by adding high energy phosphates. In the first step a 
phosphate is donated from ATP (or phosphoenolpyruvate - the source of 
the phosphate depends on the species of microbe you look at) to glucose 
to form glucose-6-phosphate. The molecule is isomerized to fructose-6-
phosphate (another sugar) and a second phosphate is added. Fructose-
1,6-bisphosphate is easier to attack than glucose and is ready to be split. 

 

Figure 3 - Activation of glucose by phosphorylation with ATP. 

Hexose Splitting 

Fructose bisphosphate aldolase then breaks the phosphate loaded 
fructose into two 3 carbon compounds, glyceraldehyde-3-phosphate 
(GAP) and dihydroxyacetonephosphate (DAP). This is the crucial step in 
the EMP pathway, converting the 6 carbon glucose molecule to two 3 
carbon molecules that will eventually become pyruvate. 



 

Figure 4 - Splitting of Fructose by aldolase. 

Energy Extraction 

In the next reaction, DAP is converted into GAP, which can be acted on by 
the rest of the EMP. The next step is a very important one. Inorganic 
phosphate is added to GAP to make 1,3-bisphosphoglycerate (BPG). No 
energy is required and in fact electrons are transferred from GAP to NAD+. 
This reaction is the payback for running the pathway and the phosphates 
added here are later transferred to ADP to make ATP. After several 
enzymatic rearrangements, the final product of the EMP pathway is 
pyruvate. 

 

Figure 5 - Extraction of Energy. Note the two reactions hilighted in blue 
that yield energy. Remember that each glucose molecule that comes into 
glycolysis generates two GAP molecules that can then proceed down the 
latter half of the pathway. 

The total reaction can be summarized as follows 

2 ATP + glucose + 4 ADP + 2 Pi + 2 NAD+  2 ADP + 2 pyruvate 
+ 4 ATP + 2 NADH 

The blue highlight denotes energy put into the reaction. Subtracting this 
from the energy extracted, the net energy gain is 2 ATP per glucose. That 



is a lot of work for just 2 ATP. Fermentations do not yield large amounts of 
energy and this explains why fermenting microbes go through so much 
substrate without much growth. 

Some of the NADH that is generated can be used for cell biosynthesis, but 
there is a large excess or reducing power. Fermenting bacteria must find a 
way to get rid of these extra electrons and they do it by adding them to 
pyruvate to form end products. 

End Product Formation 

One of the more familiar fermentations is conversion of glucose to ethanol 
to form alcoholic beverages. After the formation of pyruvate, ethanol is 
formed by two simple reactions. First, CO2 is removed from pyruvate to 
form acetaldehyde. Then acetaldehyde is reduced by, you guess it, NADH 

 

Figure 6 - Oxidation of NADH. Acetaldehyde is reduced to ethanol (the 
active ingredient in alcoholic beverages). This is the final step in yeast 
fermentation of glucose to ethanol. 

Another favorite microbial fermentation is the formation of lactic acid. 
This is performed by the lactic acid bacteria. Homofermentative lactic acid 
bacteria use the EMP pathway to make pyruvate and then reduce it to 
lactate using up their excess NADH in the process. Other bacteria use 
alternative pathways to generate lactate from glucose. Close examination 
of the heterofermentative pathway reveals that it does not use EMP at all. 
The take home message is, EMP is common, but there are many other 



ways of doing business.

 

Figure 7 - Formation of lactate by homofermentative bacteria. The 
pathway used is identical to glycolysis. The final end product is lactate 
which is excreted by the cells into their environment. 



 

Figure 8 - Fermentation of glucose by heterofermentative bacteria. In this 
pathway the top part of the glycolytic pathway is not used. Note the 
recycling of NADH and the low yield. Only one ATP is generated per 
glucose fermented.  

Microorganisms perform many more fermentations than what is covered 
here, but these examples give you a general idea. In the next section we 
look at some of the processes used to make fermented food products. 

Respiration is the oxidation of a source of energy by removal of electrons 
and donation to an inorganic terminal electron accepter. The path the 
electrons follow from source to accepter usually involves a membrane 
bound system that creates a proton gradient. This proton gradient can do 
work and is used to create ATP. 

General Concepts 

Respiration is much more efficient than fermentation and respiring 
organisms, including us, have come to dominate the earth. Fermenting 
organisms are restricted to niches where oxygen is lacking (or they are at 
an advantage) and suitable carbon sources exist. Again, the diversity of 
respiring microbes is vast, but they do have many things in common. 



 ATP is generated by ETLP involving a membrane system.  
 The energy yield from respiration is much higher than fermentation 

and the substrate often has all available electrons removed; it is 
fully oxidized. 

 The terminal electron accepter is inorganic. For aerobic respiration 
this is oxygen, but bacteria are also capable of using nitrate, sulfate, 
CO2 and others. 

 Substrates for respiration include 
o Organic molecules - Sugars, amino acids, nucleotides, organic 

acids, fats. Some microbes can even catabolize benzene or 
toluene. The point is, the list is large. 

o Inorganic - Certain groups of bacteria are capable of using an 
inorganic compound as their source of electrons. For example 
iron bacteria will start with Fe+2 and oxidize it to Fe+3. Sulfur 
oxidizing bacteria will take inorganic sources of sulfur (H2S) 
and oxidize them. 

 Products of Respiration tend to be highly oxidized. 
o Organic molecules are most often oxidized to CO2 and H2O.  
o Inorganics change to CO2, N2 and SO4

-2 

Catabolism of Sugar (glucose) 

We will again concentrate first on the degradation of glucose because it is 
a very common and well understood pathway. The initial steps used by 
aerobic organisms to break down glucose are identical to that used by 
many fermentative microbes. The Emden-Meyerhoff-Parnas pathway 
converts glucose to pyruvate with 2 net ATP formed. In contrast to 
fermentation, the electrons donated to NADH do not end up reducing the 
substrate, but instead are given to the electron transport chain. The goal 
in respiration is to extract as many high potential electrons as possible 
from the substrate and then use that energy to create ATP. 

In the first step of this process the pyruvate dehydrogenase complex acts 
on pyruvate to form CO2 and acetyl coenzyme A (acetyl-CoA). Electrons 
extracted from pyruvate during this reaction are used to reduce NAD+ to 
NADH. 

 

Figure 1 - Formation of Acetyl CoA from pyruvate. One carboxyl group 
hilited in blue leaves as CO2. The remaining carboxyl group and methyl 
group of pyruvate, hilited in red, form the acetyl group or acetyl-CoA. 

http://www.bact.wisc.edu/microtextbook/definitions.html#etlp
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An important coenzyme in this reaction is Coenzyme A. The molecule is 
synthesized from the vitamin pantothenic acid and is a carrier of 
carboxyllic acids such as acetate and propionate around the cell. The 
pyruvate dehydrogenase complex also contains a derivative of thiamin as 
a coenzyme. 

Acetyl-CoA is then fed into the Tricarboxylic Acid Cycle (TCA) cycle where 
the two carbons on the acetate molecule are converted to CO2 and water. 
Almost all microorganisms have at least some of the enzymes of the TCA 
cycle and many have all of them. 

 

Figure 2 - The TCA cycle. Acetyl CoA condenses with oxaloacetate to form citrate. The 

acetyl molecule is in the red box and attaches to the blue hilited carbon on oxaloacetate. 

Energy is extracted in the various reactions of the cycle (hilited in purple). 

The TCA cycle can be broken into three phases, a 6 carbon phase (pink), a 
5 carbon phase (green) and 4 carbon phase (yellow). In the first step, the 
two carbons of Acetyl-CoA combine with oxaloacetate to form citrate. The 
reaction is catalyzed by the enzyme citrate synthase, a key enzyme in 
many organisms. The subsequent reactions of the cycle concern 
themselves with the oxidation of citrate, the release of energy and 
regeneration of oxaloacetate. In this way, oxaloacetate (and the other 
intermediates of the TCA cycle) are not used up and can flow through 

http://www.bact.wisc.edu/Microtextbook/modules.php?op=modload&name=Sections&file=index&req=viewarticle&artid=47&page=1


many turns of the cycle. One turn of the TCA cycle generates 1 GTP, 3 
NADH, and 1 FADH 

The TCA cycle is central to the metabolism of many microorganisms (and 
macroorganisms). Many of the intermediates in the TCA cycle are also 
starting points for the synthesis of cellular constituents such as amino 
acids, nucleic acids and cell wall components. 

Respiration of Fats 

Up until this point you might think sugars are the only substrates that 
bacteria can grow on. Nothing could be farther from the truth. Bacteria 
are able to grow on all sorts of substrates and in this section we cover 

how fats are catabolized. 

Bacteria are capable of growth on fatty acids and lipids. Lipids are part of 
the membranes of living organisms and if available (usually because the 
organism that was using them dies) can be used as a food source. Lipids 
are large molecules and cannot be transported across the membrane. A 
class of extracellular enzymes called lipases are responsible for the 
breakdown of lipids. Lipases attack the bond between the glycerol 
molecule oxygen and the fatty acid. Phospholipids are attacked by 
phospholipases. There are four classes of phospholipases given different 
names depending upon the bond they cleave. Phospholipases are not 
particular about their substrate and will attack a glycerol ester linkage 
containing any length fatty acid attached to it. The result of this digestion 
is a hydrophillic head molecule, glycerol and fatty acids of various chain 
lengths. The head can be one of several small organic molecules that are 
funneled into the TCA cycle by one or two reactions that we won't cover 
here. Glycerol is converted into 3-Phosphoglycerate (depending upon the 
action of phospholipase C or phospholipase D) and eventually pyruvate via 
glycolysis. This leaves the fatty acids to deal with. 

 

Figure 1 - Catabolism of a lipid. 

Fatty acids are degraded by a four step process called b-oxidation. The 
fatty acid is first activated by the addition of Coenzyme-A to the end. This 
activation requires energy in the form of ATP, but is only performed once 
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per fatty acid degraded. The b carbon (see figure) is then oxidized from 
CH2 to C=O (a ketone) by three reactions. (This is where the pathway gets 
its name.) The oxidized b group is now susceptible to attack. An enzyme 
called b-ketothiolase splits the fatty acid into acetyl-CoA and adds another 
Coenzyme-A to the previously oxidized b group on the fatty acid. 

 

Figure 2 - Pathway of b-oxidation. The blue box indicated the beta carbon 
and the red box the acetyl group that eventually gets split off by b-
ketothiolase. The purple boxes indicate high energy compounds. 

The fatty acid is now two carbons shorter and an Acetyl-CoA has been 
generated which can be fed into the TCA cycle. The smaller fatty acid 
moves through the b-oxidation pathway again, producing another Acetyl-
CoA and shrinking by 2 carbons. By performing successive rounds of beta 
oxidation on a fatty acid, it is possible to convert it completely to Acetyl-
CoA. The perceptive reader might notice that for fatty acids with odd 
numbers of carbons, the final reaction will yield acetyl-CoA and 
Coenzyme-A hooked to a three carbon fatty acid (propionyl-CoA). 
Propionyl-CoA is handled differently by different bacteria. In E. coli it is 
converted into pyruvate. 

When comparing catabolism of fats and sugars two points jump out. 

1. Reuse of components - Whenever possible, the cell will reuse a 
carrier, cofactor or enzyme. For example in fatty acid breakdown, 

http://www.bact.wisc.edu/Microtextbook/modules.php?op=modload&name=Sections&file=index&req=viewarticle&artid=51&page=1#TCA


Coenzyme-A plays a major role and the electron carriers FAD and 
NAD are used. 

2. Funneling - Cells also try to reuse common pathways. A given 
substrate will be converted into a common metabolite and then 
funneled into an already existing pathway. Fatty acids are broken 
down into Acetyl-Coenzyme-A and this is fed into the TCA cycle. 

Keep these points in mind as we cover other metabolic pathways. 

 

Respiration of Proteins 

Remember that proteins are polymers. They 
are large and just like lipids need to be broken 
down into smaller pieces before being 
transported into the cell. A class of 
extracellular enzymes called proteases break 
down proteins into peptides (short polymers of 
amino acids). There are many different 
proteases synthesized by cells and each of 
them have a different specificity. The ones 
used in catabolism tend to be nonspecific and 
attack many different peptide bonds between 
amino acids. 

The small peptides produced can then be 
transported into the cell where they are 
further degraded into amino acids. Several of 
the amino acids are structurally so similar to 
important intermediates in the TCA cycle and 
other major metabolic pathways that it is a 
simple matter to convert them into "central 
metabolites". In most cases this involves 
removal of the amino group (deamination). 
Below is listed some deaminations and the 
products produced. 

<table cellspacing="0" cellpadding="5" 
border=0> 

Amino Acid Reaction Product 

glutamate 
oxidative 
deamination 

2-
oxoglutarate 

aspartate 
oxidative 
deamination 

oxaloacetate 

alanine oxidative pyruvate 

http://www.bact.wisc.edu/microtextbook/definitions.html#polymer
http://www.bact.wisc.edu/microtextbook/definitions.html#extracellularenzymes


deamination 

serine deamination pyruvate 

valine 
oxidative 

deamination 

2-

oxoisovalerate 

leucine 
oxidative 

deamination 

2-

oxoisocaproate 

Whereas 2-oxoglutarate, oxaloacetate and pyruvate are central metabolites and can 
be easily metabolized, 2-oxoisovalerate and 2-oxoisocaproate are not and must be 
handled by specific catabolic pathways. Eventually these pathways lead into glycolysis or 

the TCA cycle.  

The specific catabolic products produced depend upon the amino acid and it is not useful 

to study all twenty pathways. The general pattern to understand is that proteins are 
broken into amino acids by proteases. The amino acids are attacked by various pathways 

that then feed into the TCA cycle to generate energy. 

 

Figure 1 - A general pathway for the catabolism of proteins and amino acids. Specific pathways for 

every amino acid are not shown The ability to grow on a certain amino acid as sole carbon and 
energy source is specific to the strain of bacteria and not every bacterium is going to be capable of 

growth on an amino acid. 

 



 

Summary of electron transport 

A consequence of this electron flow is that protons move from the inside 
of the membrane to the outside and OH- accumulates in the cytoplasm. 
Despite their small size, neither H+ nor OH- can pass through the 
membrane to create an equilibrium and they accumulate on opposite 
sides, creating a pH and a charge gradient. The pH and charge gradient is 
analogous to a charged battery and like a battery has the potential to do 
work. This build up of protons is called the proton motive force and is used 
by the cell for many tasks including; transport, flagella movement and ATP 
synthesis. 

ATP synthesis 

To synthesize ATP, the protons on the outside of the membrane are 
allowed entry to the inside of the cell by falling through the protein ATP 
synthase. As ATP synthase moves protons into the cell, ATP is synthesized 
from ADP and inorganic phosphate. The mechanism of ATP synthesis until 
recently was unclear, but recent research has determined the crystal 
structure of ATP synthase. With the molecular structure of the enzyme, 
the black art of converting moving protons into ATP has become clearer.  

ATP synthase structure 

 

Figure 3 - The structure of ATP synthase 

ATP synthase is composed of two major regions, F0, a membrane bound 
protein complex of subunits a, b, and c, and F1 located on the cytoplasmic 
side of the membrane that is composed of subunits a, b, g, d and e in a 
ratio of 3:3:1:1:1. (see figure). A dodecamer of subunit c (that is 12 
subunits) form a complex that acts something similar to a gear or rotor. F1 
is connected to subunit c and rotates along with it as the gear moves. 
Subunit a, a dimer of subunit b and subunit d form a stator arm. This arm 
limits the rotation of F1 to three discrete positions. 

http://www.bact.wisc.edu/microtextbook/definitions.html#proton
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ATP synthase function 

ATP synthesis is dependant upon the rotation of F1 relative to F0 and this 
movement is driven by protons falling between the c subunits. A possible 
model suggested by Wolgang Junge is that the a-subunit provides a port 
for entry of protons from outside and also interacts with one of the twelve 
c subunits. This interaction deprotonates a conserved acidic amino acid 
residue on the c subunit. When a proton enters from the outside, it 
neutralizes the conserved acidic residue in the c-subunit. Only in this 
neutral form can the c-subunit now rotate away from association with the 
a-subunit. Rotation now brings the next neutral c-subunit to the exit port, 
allowing it to lose its proton (which migrates to the inside of the 
membrane) and associate with the a-subunit complex. Successive 
protonations allow the c-subunit complex to rotate. About nine to twelve 
protons are needed for a full rotation of ATP synthase. The number is 
dependent upon the number of c subunits in the complex. 

 

Figure 4 - ATP synthase in action. To view an animation of the process, 
click on the image above. A quicktime movie of 640 k will be downloaded. 

Rotation drives synthesis of ATP at the three b subunits of F1. The active 
site (The site that synthesizes ATP) on the b subunit can exist in three 
states, loose, tight and open. Each b subunit on F1 is in a different state. 
To better understand how the catalysis works, we will follow an ADP 
molecule through one rotation of ATP synthase. One of the b subunits is in 
the loose state. In this state one ADP and one inorganic phosphate bind to 
the active site. A one-third rotation of F1 changes the conformation of the 
b subunits. The subunit in the loose state, now switches to tight, bringing 

http://www.bact.wisc.edu/Microtextbook/modules.php?op=modload&name=Sections&file=index&req=viewarticle&artid=74&page=1


the ADP and phosphate in close proximity. ADP and phosphate then react 
to form ATP. More protons falling through subunit c cause another 
rotation and the b subunit in the tight state now switches to the open 
state. In this state, the active site does not bind ATP well and it diffuses 
into the cytoplasm. Another rotation changes the state back to loose and 
the b subunit is ready for another round. The below animation illustrates 
this process. 

In 1997 Paul Boyer and John Walker were awarded a Nobel Prize for their 
contributions to understanding the novel mechanism used for ATP 
synthesis.  

Putting it all together 

To summarize, the high potential electrons on NADH and FADH are passed 
into the electron transport system. The energy of the electrons is used to 
pump protons from the inside of the membrane to the outside. This 
creates a proton gradient or proton motive force and that is converted to 
ATP by ATP synthase. Below is an animation of the whole process. 

 

Figure 5 - Respiration in total. Click on the above image to view an 
animation of the process. The animation is a shockwave movie and is 164 
k in size. 

For more information on bioenergetics in mitochondria (and most of this 
information applies to bacterial cells), read this review article in "Science 
Magazine" 
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What is Photosynthesis?  

Photosynthesis is the process by which plants, some bacteria, and some 

protistans use the energy from sunlight to produce sugar, which cellular 

respiration converts into ATP, the "fuel" used by all living things. The 

conversion of unusable sunlight energy into usable chemical energy, is 

associated with the actions of the green pigment chlorophyll. Most of the time, 

the photosynthetic process uses water and releases the oxygen that we 

absolutely must have to stay alive. Oh yes, we need the food as well! 

We can write the overall reaction of this process as:  

6H2O + 6CO2 ----------> 

C6H12O6+ 6O2 

Most of us don't speak chemicalese, so the above chemical equation translates as: 

six molecules of water plus six molecules of 

carbon dioxide produce one molecule of 

sugar plus six molecules of oxygen 
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Diagram of a typical plant, showing the inputs and outputs of the photosynthetic 

process. Image from Purves et al., Life: The Science of Biology, 4th Edition, by Sinauer 

Associates (http://www.sinauer.com/) and WH Freeman (http://www.whfreeman.com/), used 

with permission. 

Leaves and Leaf Structure  

Plants are the only photosynthetic organisms to have leaves (and not all plants have 

leaves). A leaf may be viewed as a solar collector crammed full of photosynthetic 

cells. 

The raw materials of photosynthesis, water and carbon dioxide, enter the cells of 

the leaf, and the products of photosynthesis, sugar and oxygen, leave the leaf. 

http://www.sinauer.com/
http://www.whfreeman.com/
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Cross section of a leaf, showing the anatomical features important to the study of 

photosynthesis: stoma, guard cell, mesophyll cells, and vein. Image from Purves et 

al., Life: The Science of Biology, 4th Edition, by Sinauer Associates 

(http://www.sinauer.com/) and WH Freeman (http://www.whfreeman.com/), used with 

permission. 

Water enters the root and is transported up to the leaves through specialized plant 

cells known as xylem (pronounces zigh-lem). Land plants must guard against 

drying out (desiccation) and so have evolved specialized structures known as 

stomata to allow gas to enter and leave the leaf. Carbon dioxide cannot pass 

through the protective waxy layer covering the leaf (cuticle), but it can enter the 

leaf through an opening (the stoma; plural = stomata; Greek for hole) flanked by 

two guard cells. Likewise, oxygen produced during photosynthesis can only pass 

out of the leaf through the opened stomata. Unfortunately for the plant, while these 

gases are moving between the inside and outside of the leaf, a great deal water is 

also lost. Cottonwood trees, for example, will lose 100 gallons of water per hour 

during hot desert days. Carbon dioxide enters single-celled and aquatic autotrophs 

through no specialized structures. 

Stomatal apparatus as seen on a leaf epidermal peel of corn. The above image is from 

gopher://wiscinfo.wisc.edu:2070/I9/.image/.bot/.130/Leaf/Corn_epidermal_peel. Note the 

two sets of guard cells. 

http://www.sinauer.com/
http://www.whfreeman.com/
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Pea Leaf Stoma, Vicea sp. (SEM x3,520). This image is copyright Dennis Kunkel at 

http://www.denniskunkel.com/, used with permission. 

The Nature of Light  

White light is separated into the different colors (=wavelengths) of light by 

passing it through a prism. Wavelength is defined as the distance from peak to 

peak (or trough to trough). The energy of is inversely porportional to the 

wavelength: longer wavelengths have less energy than do shorter ones.  

 

http://www.denniskunkel.com/


Wavelength and other saspects of the wave nature of light. Image from Purves et al., 

Life: The Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) 

and WH Freeman (http://www.whfreeman.com/), used with permission. 

The order of colors is determined by the wavelength of light. Visible light is 

one small part of the electromagnetic spectrum. The longer the wavelength of 

visible light, the more red the color. Likewise the shorter wavelengths are 

towards the violet side of the spectrum. Wavelengths longer than red are 

referred to as infrared, while those shorter than violet are ultraviolet. 

 

The electromagnetic spectrum. Image from Purves et al., Life: The Science of Biology, 

4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Light behaves both as a wave and a particle. Wave properties of light include the 

bending of the wave path when passing from one material (medium) into another 

(i.e. the prism, rainbows, pencil in a glass-of-water, etc.). The particle properties 

are demonstrated by the photoelectric effect. Zinc exposed to ultraviolet light 

becomes positively charged because light energy forces electrons from the zinc. 

These electrons can create an electrical current. Sodium, potassium and selenium 

have critical wavelengths in the visible light range. The critical wavelength is the 

maximum wavelength of light (visible or invisible) that creates a photoelectric 

effect.  

Chlorophyll and Accessory Pigments  

A pigment is any substance that absorbs light. The color of the pigment comes 

from the wavelengths of light reflected (in other words, those not absorbed). 

Chlorophyll, the green pigment common to all photosynthetic cells, absorbs all 

wavelengths of visible light except green, which it reflects to be detected by our 

http://www.sinauer.com/
http://www.whfreeman.com/
http://www.sinauer.com/
http://www.whfreeman.com/
http://www.estrellamountain.edu/faculty/farabee/biobk/BioBookglossC.html#chlorophyll


eyes. Black pigments absorb all of the wavelengths that strike them. White 

pigments/lighter colors reflect all or almost all of the energy striking them. 

Pigments have their own characteristic absorption spectra, the absorption pattern of 

a given pigment. 

 

Absorption and transmission of different wavelengths of light by a hypothetical 

pigment. Image from Purves et al., Life: The Science of Biology, 4th Edition, by Sinauer 

Associates (http://www.sinauer.com/) and WH Freeman (http://www.whfreeman.com/), used 

with permission. 

Chlorophyll is a complex molecule. Several modifications of chlorophyll occur 

among plants and other photosynthetic organisms. All photosynthetic organisms 

(plants, certain protistans, prochlorobacteria, and cyanobacteria) have chlorophyll 

a. Accessory pigments absorb energy that chlorophyll a does not absorb. Accessory 

pigments include chlorophyll b (also c, d, and e in algae and protistans), 

xanthophylls, and carotenoids (such as beta-carotene). Chlorophyll a absorbs its 

energy from the Violet-Blue and Reddish orange-Red wavelengths, and little from 

the intermediate (Green-Yellow-Orange) wavelengths. 

 

Molecular model of chlorophyll. The above image is from 

http://www.nyu.edu/pages/mathmol/library/photo. 
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Molecular model of carotene. The above image is from 

http://www.nyu.edu/pages/mathmol/library/photo. 

Carotenoids and chlorophyll b absorb some of the energy in the green wavelength. 

Why not so much in the orange and yellow wavelengths? Both chlorophylls also 

absorb in the orange-red end of the spectrum (with longer wavelengths and lower 

energy). The origins of photosynthetic organisms in the sea may account for this. 

Shorter wavelengths (with more energy) do not penetrate much below 5 meters 

deep in sea water. The ability to absorb some energy from the longer (hence more 

penetrating) wavelengths might have been an advantage to early photosynthetic 

algae that were not able to be in the upper (photic) zone of the sea all the time. 

 

The molecular structure of chlorophylls. Image from Purves et al., Life: The Science of 

Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

The action spectrum of photosynthesis is the relative effectiveness of different 

wavelengths of light at generating electrons. If a pigment absorbs light energy, one 

of three things will occur. Energy is dissipated as heat. The energy may be emitted 

immediately as a longer wavelength, a phenomenon known as fluorescence. 

http://www.nyu.edu/pages/mathmol/library/photo
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Energy may trigger a chemical reaction, as in photosynthesis. Chlorophyll only 

triggers a chemical reaction when it is associated with proteins embedded in a 

membrane (as in a chloroplast) or the membrane infoldings found in 

photosynthetic prokaryotes such as cyanobacteria and prochlorobacteria 

 

ion) and so have evolved specialized structures known as stomata to allow gas to 

enter and leave the leaf. The Calvin Cycle occurs in the stroma of chloroplasts 

(where would it occur in a prokaryote?). Carbon dioxide is captured by the 

chemical ribulose biphosphate (RuBP). RuBP is a 5-C chemical. Six molecules of 

carbon dioxide enter the Calvin Cycle, eventually producing one molecule of 

glucose. The reactions in this process were worked out by Melvin Calvin (shown 

below). 

 

The above image is from http://www-itg.lbl.gov/ImgLib/COLLECTIONS/BERKELEY-

LAB/PEOPLE/INDIVIDUALS/index/BIOCHEM_523.html, Ernest OrlandoLawrence 

Berkeley National Laboratory. " One of the new areas, cultivated both in Donner and the Old 

Radiation Laboratory, was the study of organic compounds labeled with carbon-14. Melvin 

Calvin took charge of this work at the end of the war in order to provide raw materials for 

John Lawrence's researches and for his own study of photosynthesis. Using carbon-14, 

available in plenty from Hanford reactors, and the new techniques of ion exchange, paper 

chromatography, and radioautography, Calvin and his many associates mapped the complete 

path of carbon in photosynthesis. The accomplishment brought him the Nobel prize in 

chemistry in 1961. (The preceding information was excerpted from the text of the Fall 1981 

issue of LBL Newsmagazine.) Citation Caption: LBL News, Vol.6, No.3, Fall 1981 Melvin 

Calvin shown with some of the apparatus he used to study the role of carbon in 

photosynthesis." 
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The first steps in the Calvin ccycle. Image from Purves et al., Life: The Science of 

Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

The first stable product of the Calvin Cycle is phosphoglycerate (PGA), a 3-C 

chemical. The energy from ATP and NADPH energy carriers generated by the 

photosystems is used to attach phosphates to (phosphorylate) the PGA. Eventually 

there are 12 molecules of glyceraldehyde phosphate (also known as 

phosphoglyceraldehyde or PGAL, a 3-C), two of which are removed from the 

cycle to make a glucose. The remaining PGAL molecules are converted by ATP 

energy to reform 6 RuBP molecules, and thus start the cycle again. Remember the 

complexity of life, each reaction in this process, as in Kreb's Cycle, is catalyzed by 

a different reaction-specific enzyme. 

C-4 Pathway  

Some plants have developed a preliminary step to the Calvin Cycle (which is also 

referred to as a C-3 pathway), this preamble step is known as C-4. While most C-

fixation begins with RuBP, C-4 begins with a new molecule, phosphoenolpyruvate 

(PEP), a 3-C chemical that is converted into oxaloacetic acid (OAA, a 4-C 

chemical) when carbon dioxide is combined with PEP. The OAA is converted to 

Malic Acid and then transported from the mesophyll cell into the bundle-sheath 

cell, where OAA is broken down into PEP plus carbon dioxide. The carbon dioxide 

then enters the Calvin Cycle, with PEP returning to the mesophyll cell. The 

http://www.sinauer.com/
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resulting sugars are now adjacent to the leaf veins and can readily be transported 

throughout the plant.  

 

C-4 photosynthsis involves the separation of carbon fixation and carbohydrate 

systhesis in space and time. Image from Purves et al., Life: The Science of Biology, 4th 

Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

The capture of carbon dioxide by PEP is mediated by the enzyme PEP 

carboxylase, which has a stronger affinity for carbon dioxide than does RuBP 

carboxylase When carbon dioxide levels decline below the threshold for RuBP 

carboxylase, RuBP is catalyzed with oxygen instead of carbon dioxide. The 

product of that reaction forms glycolic acid, a chemical that can be broken down 

by photorespiration, producing neither NADH nor ATP, in effect dismantling the 

Calvin Cycle. C-4 plants, which often grow close together, have had to adjust to 

decreased levels of carbon dioxide by artificially raising the carbon dioxide 

concentration in certain cells to prevent photorespiration. C-4 plants evolved in the 

tropics and are adapted to higher temperatures than are the C-3 plants found at 

higher latitudes. Common C-4 plants include crabgrass, corn, and sugar cane. Note 

that OAA and Malic Acid also have functions in other processes, thus the 

chemicals would have been present in all plants, leading scientists to hypothesize 

that C-4 mechanisms evolved several times independently in response to a similar 

environmental condition, a type of evolution known as convergent evolution. 

http://www.sinauer.com/
http://www.whfreeman.com/


 

Photorespiration. Image from Purves et al., Life: The Science of Biology, 4th Edition, by 

Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

We can see anatomical differences between C3 and C4 leaves.  

http://www.sinauer.com/
http://www.whfreeman.com/


 

Leaf anatomy of a C3 (top) and C4 (bottom) plant. Images from Purves et al., Life: 

The Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) and 

WH Freeman (http://www.whfreeman.com/), used with permission. 

The Carbon Cycle  

Plants may be viewed as carbon sinks, removing carbon dioxide from the 

atmosphere and oceans by fixing it into organic chemicals. Plants also produce 

some carbon dioxide by their respiration, but this is quickly used by 

http://www.sinauer.com/
http://www.whfreeman.com/
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photosynthesis. Plants also convert energy from light into chemical energy of C-C 

covalent bonds. Animals are carbon dioxide producers that derive their energy 

from carbohydrates and other chemicals produced by plants by the process of 

photosynthesis. 

The balance between the plant carbon dioxide removal and animal carbon dioxide 

generation is equalized also by the formation of carbonates in the oceans. This 

removes excess carbon dioxide from the air and water (both of which are in 

equilibrium with regard to carbon dioxide). Fossil fuels, such as petroleum and 

coal, as well as more recent fuels such as peat and wood generate carbon dioxide 

when burned. Fossil fuels are formed ultimately by organic processes, and 

represent also a tremendous carbon sink. Human activity has greatly increased the 

concentration of carbon dioxide in air. This increase has led to global warming, an 

increase in temperatures around the world, the Greenhouse Effect. The increase in 

carbon dioxide and other pollutants in the air has also led to acid rain, where water 

falls through polluted air and chemically combines with carbon dioxide, nitrous 

oxides, and sulfur oxides, producing rainfall with pH as low as 4. This results in 

fish kills and changes in soil pH which can alter the natural vegetation and uses of 

the land. The Global Warming problem can lead to melting of the ice caps in 

Greenland and Antarctica, raising sea-level as much as 120 meters. Changes in 

sea-level and temperature would affect climate changes, altering belts of grain 

production and rainfall patterns. 

    

Summary of Catabolis    and  Anabolism 

Part of existing as a living creature is extract energy from food and we 
have just finished discussing this process in detail. The overall goal of 
catabolism is to generate energy (ATP) and reducing power (NADH) that 
can then be used in part, to grow. Anabolism is the general term for the 
synthesis of cell structures. 

A useful analogy when thinking about anabolism is the tinker toy set you 
may have played with as a child. (OK, alright, I still play with mine, but I 
have kids as an excuse.) Cells first must collect the carbon, nitrogen, 
sulfur, phosphorus, oxygen, hydrogen, potassium, calcium and all the rest 
of the elements necessary for cell biosynthesis. Then they assemble these 
tinker toy parts (nutrients) into useful structures. These necessary parts 
constitute the nutritional requirements of the cell. Elements, usually as 
part of molecules, must be found in the environment and transported 
across the membrane. Typically this involves concentrating them against a 
gradient and that requires energy. Once inside the cell, the elements are 
assembled into monomers that the cell needs. The diversity of life on Earth 
uses a surprisingly small number of monomers to form the great variety of 
cellular structures. These monomers can be classified as amino acids, 
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nucleotides, polysaccharides, fatty acids and vitamins. Monomers are 
polymerized into macromolecules; proteins, nucleic acids, peptidoglycan 
and lipids. Finally, macromolecules are aggregated into larger collections 
that make up important structures in the cell; ribosomes, chromosomes, 
membranes and cell walls to name a few. While the details of how these 
reactions take place to make a cell can be very complex, getting your head 
around the general concepts is much easier. 

 

Figure 1 - An overview of anabolism. 

Road map 

The rest of this discussion of metabolism is devoted to explaining, in 
general terms, the biosynthesis of cells from elements to cellular 
structures. 

 Collection of Elements describes the process of finding elements and 
concentrating then in the cell. 

 Synthesis of Monomers details taking the molecules collected from 
the environment and using them to make the monomers needed by 
the cell. 

 Assembly of Polymers explains how these monomers are linked 
together to form important polymers in the cell. 

 Finally, Assembly of Stuctures describes the concepts that are 
important in the formation cell structures. 

A detailed treatment of anabolism is beyond the scope of this text book. 
The goal of this section is to present general ideas to help the student get 
a feel for the issues involved in making a cell and appreciate the beauty 
and complexity of the process. 

Summary of Catabolism 
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Before we go on and take a look at what cells do with all the energy they 
have so diligently extracted, it is useful to tie together the most important 
concepts of catabolism. 

Categorizing Catabolism 

Microbes can be classified by the type of catabolism they carry out. A 
useful way to look at these catabolic classifications is to follow the path of 
the electrons from catabolic substrate to terminal end product. 

 In fermentation electrons are extracted from a relatively reduced 
organic compound and eventually end up on a more oxidized organic 
molecule. An example is the alcoholic fermentation of glucose to 
ethanol carried out by yeast. Energy yields are typically low and 
products are not fully oxidized; there is a large amount of energy 
left in the final product. 

 In aerobic respiration electrons are extracted from organic 
compounds and oxygen is the terminal electron accepter. The 
organic substrate is often completely oxidized to H2O and CO2 and a 
large amount of energy is extracted. Much more than with 
fermentation. 

 In anaerobic respiration electrons are extracted from organic (and 
sometimes inorganic sources) and donated to an inorganic molecule 
that is not oxygen. There are several different types of anaerobic 
respiration, but the most common terminal electron accepters are 
nitrate, sulfate and carbonate. Anaerobic respiration typically 
extracts more energy than fermentation, but less than aerobic 
respiration. 

Some of the more interesting ways of doing business involve organisms 
that use an inorganic molecule as both their electron donor and their 
electron accepter. Often these organisms will use CO2 as their sole carbon 
and energy source.  

As an example, some microbes are capable of using H2 as there electron 
donor and donating these electrons to Fe+3 to form Fe+2. Ferrous iron 
(Fe+2) is much more soluble than ferric iron (Fe+3) and will leach from 
anaerobic environments. Eventually the ferrous iron in solution will 
encounter oxygen and a non-biological oxidation will take place. 

4Fe+2 + O2 + 8OH- + 2H2O  4Fe(OH)3 

Iron hydroxide is very insoluble and will precipitate forming brown 
deposits. Aerobic areas that drain bogs (anaerobic aquatic environments) 
will often have iron deposits accumulate where oxygen comes in contact 
with the ferrous iron being produced by microbial activity in the bog. 
These iron bogs are common in cooler parts of the world.. 
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 Finally there is photosynthesis. 

It is also possible to categorize microbes according to their metabolic 
processes. 

 Obligate Aerobes - Only grow in the presence of oxygen and they 
are normally dependent upon aerobic respiration for their energy  

 Obligate respirers - Only respire either aerobically or anaerobically.  
 Obligate anaerobe - Can only survive in the absence of oxygen.  
 Obligate fermenter - Can only ferment their energy source and are 

incapable of respiration. Many of these microbes produce lactic acid 
as a end product and are important in food industry. They also are 
common inhabitants of our body.  

 Obligate anaerobic respirer - These microbes must exist in anaerobic 
environments and they can only respire. This group includes sulfate 
reducers and methanogens. Some are extremely sensitive to 
oxygen, becoming nonviable if exposed to air for just a few minutes.  

 Facultative anaerobe - Capable of growth in the absence or presence 
of oxygen. If oxygen is present, they will used oxidative 
phosphorylation, if not, they will ferment the carbon source.  

Some organisms are capable of only one type of catabolism, but most are 
more versatile, being able to carry out several metabolic methods 
depending upon what the environment dictates. Microbes as a group 
display tremendous catabolic diversity. It is not too far fetched to state 
that if a chemical reaction exists that can generate energy, it is possible to 
find a microbe that takes advantage of it for growth.  

Microbes that are capable of carrying out several different metabolic 
pathways on a particular substrate have a problem - they must choose 
which method to use. Microbes regulate their metabolism based upon 
what the outside world is telling them. Normally a cell will use the 
pathway that is most advantageous; for catabolism that means the 
pathway that results in the most energy per unit of substrate metabolized. 
For example, a facultative anaerobe will have a means to sense the 
amount of oxygen available. If oxygen concentrations are high, the 
respiratory enzymes of oxidative phosphorylation will be synthesized. If 
conditions are anaerobic, fermentative enzymes will be made. 

Growth and metabolism 

Main articles: Cell growth and Metabolism 

Between successive cell divisions, cells grow through the functioning of cellular metabolism. 

Cell metabolism is the process by which individual cells process nutrient molecules. 

Metabolism has two distinct divisions: catabolism, in which the cell breaks down complex 

molecules to produce energy and reducing power, and anabolism, in which the cell uses 

energy and reducing power to construct complex molecules and perform other biological 
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functions. Complex sugars consumed by the organism can be broken down into a less 

chemically complex sugar molecule called glucose. Once inside the cell, glucose is broken 

down to make adenosine triphosphate (ATP), a form of energy, through two different 

pathways. 

The first pathway, glycolysis, requires no oxygen and is referred to as anaerobic metabolism. 

Each reaction is designed to produce some hydrogen ions that can then be used to make 

energy packets (ATP). In prokaryotes, glycolysis is the only method used for converting 

energy. 

The second pathway, called the Krebs cycle, or citric acid cycle, occurs inside the 

mitochondria and can generate enough ATP to run all the cell functions 

Synthesis of Monomers 

Once a microbe collects a needed the element from its surroundings, it is 
converted into organic compounds that the cell requires. Some of these 
compounds are useful to the cell as is, to carry out necessary functions. 
Others serve as monomers for the synthesis of macromolecular 
biopolymers (say that five times fast). These biopolymers (DNA, RNA, 
protein, lipids, ribosomes) either serve a structural role, carry out a 
necessary cellular function or both. 

Many microbes are capable of synthesizing everything they need from just 
one compound (CO2 or glucose). Others have less able biosynthetic 
machinery and depend upon collecting ready made compounds that they 
find in the environment. The biosynthetic capabilities of a microbe are 
often shaped by its habitat. Streptococcus mutans has its major residence 
in our mouths and depends upon us to provide many nutrients including 
glucose (an energy source) ; amino acids, vitamins and fatty acids. On the 
other end of the spectrum, some Pseudomonas species that live in the soil 
are capable of generating energy and synthesizing everything they need 
from crude oil. 

Most cells will keep a close eye on their environment and scavenge needed 
biomolecules instead of synthesizing them. If they find proline (an amino 
acid) in the environment, they will take it up and use it. Most will also shut 
off the biosynthetic machinery that functions to make proline so as not to 
waste energy. Biosynthesis take energy and the cell strictly controls 
biosynthetic genes and the proteins they code for. This control of 
biosynthetic activity is called regulation, which is covered in another 
section of the text book. [not open for business yet.] 

In this section we look at the incorporation of some of the more important 
elements into cell material and the synthesis of a few critical monomers. 
The goal is to give the reader a general idea of the methods used to  
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All organisms require very similar elements when making more of 
themselves. The exact requirements of microbes are discussed in detail in 
the section on Nutrition and Growth of Bacteria. Microbes obtain these 
basic building blocks from their environment. Most elements are not found 
free in the environment, but are part of molecules - Nitrogen is often 
found as NO3

-2; Carbon as sugars, amino acids and CO2, Sulfur as SO4
-2 or 

H2S and so on. Microbes must first find these molecules in their 
environment and then collect them inside the cell. 

 

Nucleotide Synthesis 

Protein 

Proteins are polymers and the average bacterial cell will require around 5000 
different proteins to carry out cellular processes or to serve as part of structures in 
the cell. The sequence of each protein is unique, but the method of putting them 
together is identical. The cell has a tool and dye factory (ribosome) that assembles 
the amino acids based on the directions of a template, messenger RNA. The whole 
process is called translation and will be describe elsewhere in the textbook. [This 
section is not up yet - sorry] 

RNA and DNA 

The function of RNA in the cell can be boiled down to helping translate the recipes 
coded for in DNA into protein. The three types of RNA in the cell are ribosomal RNA, 
transfer RNA and messenger RNA. Their structures are described in the section on 
RNA. The process of creating these RNAs is similar and is carrier out by the enzyme 
RNA polymerase. A detail description of this process is available in the chapter on 
Transcription. [This section is not up yet - sorry] 

DNA contains the list of instructions for how to make and maintain an organism. 
Accurate copying or replication of this DNA is critical to an organisms survival and 
the synthesis of DNA in the cell has been under intense study for decades. The 
replication of DNA is covered in the chapter on DNA Replication. [This section is not 
up yet - sorry] 

Cell walls 

Cell walls are synthesized from amino acids and the sugars N-Acetyl Glucosamine 
and N-Muramic Acid. The structure of bacterial cell walls and their make up was 
covered in the chapter on bacterial structure. The cell wall is made up of 
peptidoglycan and membranes and each of these structures has its own unique 
synthesis pathways. 
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Membranes 

Membranes are composed of lipids and proteins. Lipids are capable of spontaneously 
assembling into a bilayer while membrane proteins are guided into the membrane by 
ribosomes or other cellular machinery. The synthesis of membranes thus seems to 
consist of several systems guiding the spontaneous self assembly of the 
macromolecule. 

Peptidoglycan 

In contrast to membranes, peptidoglycan (also called murein) synthesis and 
assembly is controlled by enzymes every step of the way. Peptidoglycan is a large 
molecule (3 x 109 to 6 x 109 daltons per cell) and assembling it is a complex 
process. Synthesis of peptidoglycan can be divided into two steps. 

 The formation of the NAG-NAM-peptide monomers that make up 
peptidoglycan. This process takes place in the cytoplasm and on the inner 
surface of the cytoplasmic membrane. 

 Polymerization of the NAG-NAM-peptide monomers into a nascent murein 
chain and then addition to the existing cell wall peptidoglycan. 

Summary of Anabolism 

The take home messages from anabolism are... 

 The reason for doing catabolism is to drive anabolism. One of the 
reasons cells generate energy is so that they can build more of 
themselves. 

 Anabolism costs energy. Biological energy is in the form of ATP, to 
drive reactions, and NADPH + H+, to supply reducing power. 

 The macromolecules of the cell are synthesized from only a few 
simple building block; amino acids, sugars, fatty acids and 
nucleotides. Throw in a few other catabolic intermediates from 
glycolysis and the TCA cycle and the cell can synthesize all that it 
needs. This simplicity makes it much easier to build a cell. Image if 
every component required unique molecules, it would be much more 
difficult to make a living. 

 Cells would rather steal what they need from the environment than 
make it themselves. If a needed amino acid is available in high 
enough concentrations, the enzymes needed to synthesize that 
amino acid will be shut down and the genes coding for them will not 
be transcribed. This conserves precious energy. Another chapter in 
this textbook deals with the processes cells use to regulate their 
metabolism. 

In the previous web pages we have looked at catabolism and Anabolism in 
separate sections. It is important to point out that in the cell, this is not 
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the case. catabolism and anabolism are inexorably intertwined. Many of 
the intermediates and even some of the enzymes can serve both a 
catabolic and anabolic role. For example in the TCA cycle, many reactions 
within this pathway are reversible and a cell can "decide" which way to go 
depending on its need at that time. 

The goal of this section on metabolism has been to give you an 
introduction to the chemistry involved in generating energy and an 
understanding of the details of making a cell and earning a living as a 
microbe. I hope you walk away from this information having a new 
respect for the elegance of the process and for the versatility of microbial 
metabolism. I find it amazing that if you think about any chemical reaction 
that generates energy, you will frequently discover a microbe that takes 
advantage of it to thrive. 

 

cell division  

Cell division involves a single cell (called a mother cell) dividing into two daughter cells. 

This leads to growth in multicellular organisms (the growth of tissue) and to procreation 

(vegetative reproduction) in unicellular organisms. 

Prokaryotic cells divide by binary fission. Eukaryotic cells usually undergo a process of 

nuclear division, called mitosis, followed by division of the cell, called cytokinesis. A diploid 

cell may also undergo meiosis to produce haploid cells, usually four. Haploid cells serve as 

gametes in multicellular organisms, fusing to form new diploid cells. 

DNA replication, or the process of duplicating a cell's genome, is required every time a cell 

divides. Replication, like all cellular activities, requires specialized proteins for carrying out 

the job. 

Binary fission  

 

 
 

occurs when an expanding cell splits with one cell becoming two. The division can be 
longitudinal, transverse, symmetrical or asymmetrical, it all depends upon the 
species. These cells then expand in size and, if conditions are favorable, further 
rounds of binary fission take place. Prior to division an indented ring in the cell wall 
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and membrane, called a septum, forms around the middle of the cell's length. As 
the time of division grows nearer, the septum contracts, eventually pinching off and 
separating the two daughter cells. During this process the cytoplasm is divided and 
the newly replicated chromosomes are partitioned into separate daughter cells.  

A second method of cell division is budding, in which a small protrusion expands 
outward from a mother cell, forming a daughter cell. The daughter cell increases in 
size until it breaks off from the mother cell. Eventually the daughter cell will reach a 
threshold size and start producing buds of its own. This type of division is common 
in yeast cells and in certain strains of bacteria, especially stalked bacteria such as 
Caulobacter. During budding, a copy of the chromosome from the mother cell must 
pass into the daughter cell before the bud breaks off. Budding at the molecular level 
is probably not all that different from binary fission and many of the same challenges 
have to be addressed. The distinction probably arose because initial investigations 
involved microscopic observations and the two growth patterns do look different. 

 

A dividing cell As a cell divides, a cross-wall is formed to separate the daughter cells. 

In this EM of Staphylococcus aureus, the cross-wall is already formed to divide the cells. 

 

 

mitosis 

Mitosis is the process by which a eukaryotic cell separates the chromosomes in its cell 

nucleus into two identical sets in two nuclei. It is generally followed immediately by 

cytokinesis, which divides the nuclei, cytoplasm, organelles and cell membrane into two cells 

containing roughly equal shares of these cellular components. Mitosis and cytokinesis 

together define the mitotic (M) phase of the cell cycle—the division of the mother cell into 

two daughter cells, genetically identical to each other and to their parent cell. This accounts 

for approximately 10% of the cell cycle. 

Mitosis occurs exclusively in eukaryotic cells, but the process varies in different species. For 

example, animals undergo an "open" mitosis, where the nuclear envelope breaks down before 

the chromosomes separate, while fungi such as Aspergillus nidulans and Saccharomyces 

cerevisiae (yeast) undergo a "closed" mitosis, where chromosomes divide within an intact 

cell nucleus.
[1]

 Prokaryotic cells, which lack a nucleus, divide by a process called binary 

fission. 

The process of mitosis is complex and highly regulated. The sequence of events is divided 

into phases, corresponding to the completion of one set of activities and the start of the next. 

These stages are interphase, prophase, prometaphase, metaphase, anaphase and telophase. 

During mitosis the pairs of chromosomes condense and attach to fibers that pull the sister 

chromatids to opposite sides of the cell. The cell then divides in cytokinesis, to produce two 

identical daughter cells.
[2]
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Because cytokinesis usually occurs in conjunction with mitosis, 
"mitosis" is often used interchangeably with "mitotic phase". However, 
there are many cells where mitosis and cytokinesis occur separately, 
forming single cells with multiple nuclei. This occurs most notably 
among the fungi and slime moulds, but is found in various different 
groups. Even in animals, cytokinesis and mitosis may occur 
independently, for instance during certain stages of fruit fly embryonic 
development.[3] Errors in mitosis can either kill a cell through apoptosis 

or cause mutations that may lead to cancer. Prophase 

 
Micrograph showing condensed chromosomes in blue and the mitotic spindle in green during 

prometaphase of mitosis 

Main article: Prophase 

Normally, the genetic material in the nucleus is in a loosely bundled coil called chromatin. At 

the onset of prophase, chromatin condenses together into a highly ordered structure called a 

chromosome. Since the genetic material has already been duplicated earlier in S phase, the 

replicated chromosomes have two brother chromatids, bound together at the centromere by 

the cohesion complex. Chromosomes are typically visible at high magnification through a 

light microscope. 

Close to the nucleus are structures called centrosomes, which are made of a pair of centrioles. 

The centrosome is the coordinating center for the cell's microtubules. A cell inherits a single 

centrosome at cell division, which replicates before a new mitosis begins, giving a pair of 

centrosomes. The two centrosomes nucleate microtubules (which may be thought of as 

cellular ropes or poles) to form the spindle by polymerizing soluble tubulin. Molecular motor 

proteins then push the centrosomes along these microtubules to opposite sides of the cell. 

Although centrioles help organize microtubule assembly, they are not essential for the 

formation of the spindle, since they are absent from plants,
[7]

 and centrosomes are not always 

used in meiosis.
[9]

 

Prometaphase        
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The nuclear envelope disassembles and microtubules invade the nuclear space. This is called 

open mitosis, and it occurs in most multicellular organisms. Fungi and some protists, such as 

algae or trichomonads, undergo a variation called closed mitosis where the spindle forms 

inside the nucleus, or its microtubules are able to penetrate an intact nuclear envelope.
[10][11]

 

Each chromosome forms two kinetochores at the centromere, one attached at each chromatid. 

A kinetochore is a complex protein structure that is analogous to a ring for the microtubule 

hook; it is the point where microtubules attach themselves to the chromosome.
[12]

 Although 

the kinetochore structure and function are not fully understood, it is known that it contains 

some form of molecular motor.
[13]

 When a microtubule connects with the kinetochore, the 

motor activates, using energy from ATP to "crawl" up the tube toward the originating 

centrosome. This motor activity, coupled with polymerisation and depolymerisation of 

microtubules, provides the pulling force necessary to later separate the chromosome's two 

chromatids.
[13]

 

When the spindle grows to sufficient length, kinetochore microtubules begin searching for 

kinetochores to attach to. A number of nonkinetochore microtubules find and interact with 

corresponding nonkinetochore microtubules from the opposite centrosome to form the mitotic 

spindle.
[14]

 Prometaphase is sometimes considered part of prophase. 

In the fishing pole analogy, the kinetochore would be the "hook" that catches a brother 

chromatid or "fish". The centrosome acts as the "reel" that draws in the spindle fibers or 

"fishing line". 

Metaphase          
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A cell in late metaphase. All chromosomes (blue) but one have arrived at the metaphase 

plate. 

As microtubules find and attach to kinetochores in prometaphase, the centromeres of the 

chromosomes convene along the metaphase plate or equatorial plane, an imaginary line that 

is equidistant from the two centrosome poles.
[14]

 This even alignment is due to the 

counterbalance of the pulling powers generated by the opposing kinetochores, analogous to a 

tug-of-war between people of equal strength. In certain types of cells, chromosomes do not 

line up at the metaphase plate and instead move back and forth between the poles randomly, 

only roughly lining up along the midline. Metaphase comes from the Greek μετα meaning 

"after." 

Because proper chromosome separation requires that every kinetochore be attached to a 

bundle of microtubules (spindle fibres), it is thought that unattached kinetochores generate a 

signal to prevent premature progression to anaphase without all chromosomes being aligned. 

The signal creates the mitotic spindle checkpoint.
[15]

 

Anaphase       

When every kinetochore is attached to a cluster of microtubules and the chromosomes have 

lined up along the metaphase plate, the cell proceeds to anaphase (from the Greek ανα 

meaning ―up,‖ ―against,‖ ―back,‖ or ―re-‖). 

Two events then occur: first, the proteins that bind sister chromatids together are cleaved, 

allowing them to separate. These sister chromatids, which have now become distinct sister 

chromosomes, are pulled apart by shortening kinetochore microtubules and move toward the 

respective centrosomes to which they are attached. Next, the nonkinetochore microtubules 

elongate, pulling the centrosomes (and the set of chromosomes to which they are attached) 

apart to opposite ends of the cell. The force that causes the centrosomes to move towards the 

ends of the cell is still unknown, although there is a theory that suggests that the rapid 

assembly and breakdown of microtubules may cause this movement.
[16]

 

These two stages are sometimes called early and late anaphase. Early anaphase is usually 

defined as the separation of the sister chromatids, while late anaphase is the elongation of the 

microtubules and the chromosomes being pulled farther apart. At the end of anaphase, the 

cell has succeeded in separating identical copies of the genetic material into two distinct 

populations. 
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Telophase       

Telophase (from the Greek τελος meaning "end") is a reversal of prophase and prometaphase 

events. It "cleans up" the after effects of mitosis. At telophase, the nonkinetochore 

microtubules continue to lengthen, elongating the cell even more. Corresponding sister 

chromosomes attach at opposite ends of the cell. A new nuclear envelope, using fragments of 

the parent cell's nuclear membrane, forms around each set of separated sister chromosomes. 

Both sets of chromosomes, now surrounded by new nuclei, unfold back into chromatin. 

Mitosis is complete, but cell division is not yet complete. 

Cytokinesis 

 

Cytokinesis is often mistakenly thought to be the final part of telophase; however, cytokinesis 

is a separate process that begins at the same time as telophase. Cytokinesis is technically not 

even a phase of mitosis, but rather a separate process, necessary for completing cell division. 

In animal cells, a cleavage furrow (pinch) containing a contractile ring develops where the 

metaphase plate used to be, pinching off the separated nuclei.
[17]

 In both animal and plant 

cells, cell division is also driven by vesicles derived from the Golgi apparatus, which move 

along microtubules to the middle of the cell.
[18]

 In plants this structure coalesces into a cell 

plate at the center of the phragmoplast and develops into a cell wall, separating the two 

nuclei. The phragmoplast is a microtubule structure typical for higher plants, whereas some 

green algae use a phycoplast microtubule array during cytokinesis.
[19]

 Each daughter cell has 

a complete copy of the genome of its parent cell. The end of cytokinesis marks the end of the 

M-phase. 
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Meiosis  

Sexual reproduction occurs only in eukaryotes. During the formation of gametes, 

the number of chromosomes is reduced by half, and returned to the full amount 

when the two gametes fuse during fertilization. 
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Overview of the major events in meiosis. The above image is from 

http://www.biosci.uga.edu/almanac/bio_103/notes/apr_3.html. 

Ploidy  

Haploid and diploid are terms referring to the number of sets of chromosomes in a 

cell. Gregor Mendel determined his peas had two sets of alleles, one from each 

parent. Diploid organisms are those with two (di) sets. Human beings (except for 

their gametes), most animals and many plants are diploid. We abbreviate diploid as 

2n. Ploidy is a term referring to the number of sets of chromosomes. Haploid 

organisms/cells have only one set of chromosomes, abbreviated as n. Organisms 

with more than two sets of chromosomes are termed polyploid. Chromosomes that 

carry the same genes are termed homologous chromosomes. The alleles on 

homologous chromosomes may differ, as in the case of heterozygous individuals. 

Organisms (normally) receive one set of homologous chromosomes from each 

parent. 

Meiosis is a special type of nuclear division which segregates one copy of each 

homologous chromosome into each new "gamete". Mitosis maintains the cell's 

original ploidy level (for example, one diploid 2n cell producing two diploid 2n 

cells; one haploid n cell producing two haploid n cells; etc.). Meiosis, on the other 

hand, reduces the number of sets of chromosomes by half, so that when gametic 

recombination (fertilization) occurs the ploidy of the parents will be reestablished. 
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Most cells in the human body are produced by mitosis. These are the somatic (or 

vegetative) line cells. Cells that become gametes are referred to as germ line cells. 

The vast majority of cell divisions in the human body are mitotic, with meiosis 

being restricted to the gonads. 

Life Cycles  

Life cycles are a diagrammatic representation of the events in the organism's 

development and reproduction. When interpreting life cycles, pay close attention to 

the ploidy level of particular parts of the cycle and where in the life cycle meiosis 

occurs. For example, animal life cycles have a dominant diploid phase, with the 

gametic (haploid) phase being a relative few cells. Most of the cells in your body 

are diploid, germ line diploid cells will undergo meiosis to produce gametes, with 

fertilization closely following meiosis. 

 

Life cycle of an animal. The above image is from 

http://www.biosci.uga.edu/almanac/bio_103/notes/apr_4.html. 

Plant life cycles have two sequential phases that are termed alternation of 

generations. The sporophyte phase is "diploid", and is that part of the life cycle in 

which meiosis occurs. However, many plant species are thought to arise by 

polyploidy, and the use of "diploid" in the last sentence was meant to indicate that 

the greater number of chromosome sets occur in this phase. The gametophyte 

phase is "haploid", and is the part of the life cycle in which gametes are produced 

(by mitosis of haploid cells). In flowering plants (angiosperms) the multicelled 

visible plant (leaf, stem, etc.) is sporophyte, while pollen and ovaries contain the 

male and female gametophytes, respectively. Plant life cycles differ from animal 

ones by adding a phase (the haploid gametophyte) after meiosis and before the 

production of gametes. 
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Life cycle of a fern, illustrating the alternation of generations that characterizes 

plants. The above is from http://www.biosci.uga.edu/almanac/bio_104/notes/apr_3.html. 

Many protists and fungi have a haploid dominated life cycle. The dominant phase 

is haploid, while the diploid phase is only a few cells (often only the single celled 

zygote, as in Chlamydomonas ). Many protists reproduce by mitosis until their 

environment deteriorates, then they undergo sexual reproduction to produce a 

resting zygotic cyst. 

Phases of Meiosis  

Two successive nuclear divisions occur, Meiosis I (Reduction) and Meiosis II 

(Division). Meiosis produces 4 haploid cells. Mitosis produces 2 diploid cells. The 

old name for meiosis was reduction/ division. Meiosis I reduces the ploidy level 

from 2n to n (reduction) while Meiosis II divides the remaining set of 

chromosomes in a mitosis-like process (division). Most of the differences between 

the processes occur during Meiosis I. 

http://www.biosci.uga.edu/almanac/bio_104/notes/apr_3.html


 

Oogenesis. The above image is from 

http://www.grad.ttuhsc.edu/courses/histo/notes/female.html. 

 

 

 

When microbes are in permissive physical environments that provide all 
needed nutrients without the presence of inhibitory concentrations of 
waste products, they grow and divide in a numbers of ways (Figure 7-1).  

http://www.grad.ttuhsc.edu/courses/histo/notes/female.html


 

PROTEIN SYNTHESIS 

One-gene-one-protein  

During the 1930s, despite great advances, geneticists had several frustrating 

questions yet to answer:  

What exactly are genes?  

How do they work?  

What produces the unique phenotype associated with a specific allele? 

Answers from physics, chemistry, and the study of infectious disease gave rise to 

the field of molecular biology. Biochemical reactions are controlled by enzymes, 

and often are organized into chains of reactions known as metabolic pathways. 

Loss of activity in a single enzyme can inactivate an entire pathway. 

Archibald Garrod, in 1902, first proposed the relationship through his study of 

alkaptonuria and its association with large quantities "alkapton". He reasoned 

unaffected individuals metabolized "alkapton" (now called homogentistic acid) to 

other products so it would not buildup in the urine. Garrod suspected a blockage of 

the pathway to break this chemical down, and proposed that condition as "an 

inborn error of metabolism". He also discovered alkaptonuria was inherited as a 

recessive Mendelian trait. 

George Beadle and Edward Tatum during the late 1930s and early 1940s 

established the connection Garrod suspected between genes and metabolism. They 

used X rays to cause mutations in strains of the mold Neurospora. These mutations 

affected a single genes and single enzymes in specific metabolic pathways. Beadle 

and Tatum proposed the "one gene one enzyme hypothesis" for which they won 

the Nobel Prize in 1958. 

Since the chemical reactions occurring in the body are mediated by enzymes, and 

since enzymes are proteins and thus heritable traits, there must be a relationship 

between the gene and proteins. George Beadle, during the 1940s, proposed that 

mutant eye colors in Drosophila was caused by a change in one protein in a 

biosynthetic pathway.  

In 1941 Beadle and coworker Edward L. Tatum decided to examine step by step 

the chemical reactions in a pathway. They used Neurospora crassa as an 

experimental organism. It had a short life-cycle and was easily grown. Since it is 

haploid for much of its life cycle, mutations would be immediately expressed. The 
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meiotic products could be easily inspected. Chromosome mapping studies on the 

organism facilitated their work. Neurospora can be grown on a minimal medium, 

and it's nutrition could be studied by its ability to metabolize sugars and other 

chemicals the scientist could add or delete from the mixture of the medium. It was 

able to synthesize all of the amino acids and other chemicals needed for it to grow, 

thus mutants in synthetic pathways would easily show up. X-rays induced 

mutations in Neurospora, and the mutated spores were placed on growth media 

enriched with all essential amino acids. Crossing the mutated fungi with non-

mutated forms produced spores which were then grown on media supplying only 

one of the 20 essential amino acids. If a spore lacked the ability to synthesize a 

particular amino acid, such as Pro (proline), it would only grow if the Proline was 

in the growth medium. Biosynthesis of amino acids (the building blocks of 

proteins) is a complex process with many chemical reactions mediated by 

enzymes, which if mutated would shut down the pathway, resulting in no-growth. 

Beadle and Tatum proposed the "one gene one enzyme" theory. One gene codes 

for the production of one protein. "One gene one enzyme" has since been modified 

to "one gene one polypeptide" since many proteins (such as hemoglobin) are made 

of more than one polypeptide. 
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The Beadle and Tatum experiment that suggested the one gene one enzyme hypothesis. 

Images from Purves et al., Life: The Science of Biology, 4th Edition, by Sinauer Associates 

(http://www.sinauer.com/) and WH Freeman (http://www.whfreeman.com/), used with 

permission. 

The Structure of Hemoglobin  

Linus Pauling used electrophoresis to separate hemoglobin molecules. Sickle-cell 

anemia (h) is a recessive allele in which a defective hemoglobin is made, 

ultimately causing pain and death to those individuals homozygous recessive for 

the trait. Pauling reasoned that if Beadle and Tatum were correct, there should be a 
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slight (but detectable) difference between the structure of a normal (HH) and sickle 

cell (hh) hemoglobin due to genetic differences. Heterozygotes (Hh, also sampled 

by Pauling) make both normal and "sickle cell" hemoglobins. Later, Vernon 

Ingram discovered that the normal and sickle-cell hemoglobins differ by only 1 

(out of a total of 300) amino acids. 

Viruses Contain DNA  

The coats of viruses act as antigens, initiating an antigen-specific antibody 

response. Remember that vaccines work by either prompting the immune system to 

make antibodies or by supplying antibodies. If a virus (or anything else for that 

matter) mutates its antigens, the immune system is forever playing catch-up.  

RNA Links the Information in DNA to the Sequence of Amino Acids in 

Protein  

Ribonucleic acid (RNA) was discovered after DNA. DNA, with exceptions in 

chloroplasts and mitochondria, is restricted to the nucleus (in eukaryotes, the 

nucleoid region in prokaryotes). RNA occurs in the nucleus as well as in the 

cytoplasm (also remember that it occurs as part of the ribosomes that line the rough 

endoplasmic reticulum). 

Scientists for some time had suspected such a link between DNA and proteins. 

Cells of developing embryos contain high levels of RNA. Rapidly growing E. coli 

has half its mass as ribosomes. Ribosomes are 2/3 RNA (a type of RNA known as 

ribosomal RNA or rRNA) and 1/3 protein. RNA is synthesized from viral DNA in 

an infected cell before protein synthesis begins. Some viruses, for example 

Tobacco Mosaic Virus (TMV) have RNA in place of DNA. If RNA extracted from 

a virus was injected into a host cell the cell began to make new viruses. Clearly 

RNA was involved in protein synthesis. 

Crick's central dogma. Information flow (with the exception of reverse 

transcription) is from DNA to RNA via the process of transcription, and thence to 

protein via translation. Transcription is the making of an RNA molecule off a DNA 

template. Translation is the construction of an amino acid sequence (polypeptide) 

from an RNA molecule. Although originally called dogma, this idea has been 

tested repeatedly with almost no exceptions to the rule being found (save 

retroviruses).  
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RNA has ribose sugar instead of deoxyribose sugar. The base uracil (U) replaces 

thymine (T) in RNA. Most RNA is single stranded, although tRNA will form a 

"cloverleaf" structure due to complementary base pairing. 

Transcription: making an RNA copy of a DNA sequence  

RNA polymerase opens the part of the DNA to be transcribed. Only one strand of 

DNA (the template strand) is transcribed. RNA nucleotides are available in the 

region of the chromatin (this process only occurs during Interphase) and are linked 

together similar to the DNA process 
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Transcription of a segment of DNA to form a molecule of RNA. The above images 

are from http://www.biosci.uga.edu/almanac/bio_103/notes/may_23.html. 

The Genetic Code: Translation of RNA code into protein  

The code consists of at least three bases, according to astronomer George Gamow. 

To code for the 20 essential amino acids a genetic code must consist of at least a 3-

base set (triplet) of the 4 bases. If one considers the possibilities of arranging four 

things 3 at a time (4X4X4), we get 64 possible code words, or codons (a 3-base 

sequence on the mRNA that codes for either a specific amino acid or a control 

word).  

The genetic code was broken by Marshall Nirenberg and Heinrich Matthaei, a 

decade after Watson and Crick's work. Nirenberg discovered that RNA, regardless 

of its source organism, could initiate protein synthesis when combined with 
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contents of broken E. coli cells. By adding poly-U to each of 20 test-tubes (each 

tube having a different "tagged" amino acid) Nirenberg and Matthaei were able to 

determine that the codon UUU (the only one in poly-U) coded for the amino acid 

phenylalanine.  

 

Steps in breaking the genetic code: the deciphering of a poly-U mRNA. Image from 

Purves et al., Life: The Science of Biology, 4th Edition, by Sinauer Associates 

(http://www.sinauer.com/) and WH Freeman (http://www.whfreeman.com/), used with 

permission. 

Likewise, an artificial mRNA consisting of alternating A and C bases would code 

for alternating amino acids histidine and threonine. Gradually, a complete listing of 

the genetic code codons was developed. 

http://www.sinauer.com/
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Deciphering the code: poly CA. Image from Purves et al., Life: The Science of Biology, 

4th Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

The genetic code consists of 61 amino-acid coding codons and three termination 

codons, which stop the process of translation. The genetic code is thus redundant 

(degenerate in the sense of having multiple states amounting to the same thing), 

with, for example, glycine coded for by GGU, GGC, GGA, and GGG codons. If a 

codon is mutated, say from GGU to CGU, is the same amino acid specified? 

 

http://www.sinauer.com/
http://www.whfreeman.com/


The genetic code. Image from Purves et al., Life: The Science of Biology, 4th Edition, by 

Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Protein Synthesis  

Prokaryotic gene regulation differs from eukaryotic regulation, but since 

prokaryotes are much easier to work with, we focus on prokaryotes at this point. 

Promoters are sequences of DNA that are the start signals for the transcription of 

mRNA. Terminators are the stop signals. mRNA molecules are long (500- 10,000 

nucleotides).  

Ribosomes are the organelle (in all cells) where proteins are synthesized. They 

consist of two-thirds rRNA and one-third protein. Ribosomes consist of a small (in 

E. coli , 30S) and larger (50S) subunits. The length of rRNA differs in each. The 

30S unit has 16S rRNA and 21 different proteins. The 50S subunit consists of 5S 

and 23S rRNA and 34 different proteins. The smaller subunit has a binding site for 

the mRNA. The larger subunit has two binding sites for tRNA. 

 

Subunits of a ribosome. Image from Purves et al., Life: The Science of Biology, 4th 

Edition, by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Transfer RNA (tRNA) is basically cloverleaf-shaped. tRNA carries the proper 

amino acid to the ribosome when the codons call for them. At the top of the large 

loop are three bases, the anticodon, which is the complement of the codon. There 

are 61 different tRNAs, each having a different binding site for the amino acid and 

a different anticodon. For the codon UUU, the complementary anticodon is AAA. 

Amino acid linkage to the proper tRNA is controlled by the aminoacyl-tRNA 

synthetases. Energy for binding the amino acid to tRNA comes from ATP 

conversion to adenosine monophosphate (AMP).  
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Two models of tRNA. Image from Purves et al., Life: The Science of Biology, 4th Edition, 

by Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Translation is the process of converting the mRNA codon sequences into an amino 

acid sequence. The initiator codon (AUG) codes for the amino acid N-

formylmethionine (f-Met). No transcription occurs without the AUG codon. f-Met 

is always the first amino acid in a polypeptide chain, although frequently it is 

removed after translation. The intitator tRNA/mRNA/small ribosomal unit is called 

the initiation complex. The larger subunit attaches to the initiation complex. After 

the initiation phase the message gets longer during the elongation phase.  
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Translation. Image from Purves et al., Life: The Science of Biology, 4th Edition, by Sinauer 

Associates (http://www.sinauer.com/) and WH Freeman (http://www.whfreeman.com/), used 

with permission. 

New tRNAs bring their amino acids to the open binding site on the 

ribosome/mRNA complex, forming a peptide bond between the amino acids. The 

complex then shifts along the mRNA to the next triplet, opening the A site. The 

new tRNA enters at the A site. When the codon in the A site is a termination 

codon, a releasing factor binds to the site, stopping translation and releasing the 

ribosomal complex and mRNA.  

http://www.sinauer.com/
http://www.whfreeman.com/


 

Termination. Image from Purves et al., Life: The Science of Biology, 4th Edition, by 

Sinauer Associates (http://www.sinauer.com/) and WH Freeman 

(http://www.whfreeman.com/), used with permission. 

Often many ribosomes will read the same message, a structure known as a 

polysome forms. In this way a cell may rapidly make many proteins.  

 

Many ribosomes translating the same message, a polysome. Image from Purves et al., 

Life: The Science of Biology, 4th Edition, by Sinauer Associates (http://www.sinauer.com/) 

and WH Freeman (http://www.whfreeman.com/), used with permission. 

http://www.sinauer.com/
http://www.whfreeman.com/
http://www.sinauer.com/
http://www.whfreeman.com/


The illustration below is from Genentech's Access Excellence site, which may be 

reeached by clicking here. The drawing is available at 

http://www.gene.com/ae/AB/GG/protein_synthesis.html 

 

Mutations Redefined  

We earlier defined mutations as any change in the DNA. We now can refine that 

definition: a mutation is a change in the DNA base sequence that results in a 

change of amino acid(s) in the polypeptide coded for by that gene. Alleles are 

alternate sequences of DNA bases (genes), and thus at the molecular level the 

products of alleles differ (often by only a single amino acid, which can have a 

ripple effect on an organism by changing ). Addition, deletion, or addition of 

nucleotides can alter the polypeptide. Point mutations are the result of the 

substitution of a single base. Frame-shift mutations occur when the reading frame 

of the gene is shifted by addition or deletion of one or more bases. With the 

exception of mitochondria, all organisms use the same genetic code. Powerful 

evidence for the common ancestry of all living things 

http://www.gene.com/ae/
http://www.gene.com/ae/AB/GG/protein_synthesis.html


Human Immunodeficiency Virus (HIV)  

  

 
Integration of Viral DNA  

 

 

 

Once the viral RNA has been reverse-transcribed into a strand of 
DNA, the DNA can then be integrated (inserted) into the DNA of the 
lymphocyte. The virus has its own enzyme called "integrase" that 
facilitates incorporation of the viral DNA into the host cells DNA. The 
integrated DNA is called a provirus. 

 

 

 

Transcription: Back to RNA  

 

 

 
As long as the lymphocyte is not activated or "turned-on", nothing 
happens to the viral DNA. But if the lymphocyte is activated, 
transcription of the viral DNA begins, resulting in the production of 
multiple copies of viral RNA. This RNA codes for the production of the 
viral proteins and enzymes (translation) and will also be packaged 
later as new viruses. 

 

 



 

Translation: RNA -> Proteins  

 

 

 
There are only 9 genes in the HIV RNA. Those genes have the code 
necessary to produce structural proteins such as the viral envelope 
and core plus enzymes like reverse transcriptase, integrase, and a 
crucial enzyme called a protease. 

 

Return to Overview of HIV Infection.  

 

1. ATTACHMENT  
Getting in 

2. REVERSE TRANSCRIPTION  
From viral RNA to DNA 

3. INTEGRATION, TRANSCRIPTION  
a. Viral DNA joins host DNA 
b. Making multiple viral RNAs 

4. TRANSLATION  
Producing viral proteins 

5. VIRAL PROTEASE  
Cleaving viral proteins 

6. ASSEMBLY & BUDDING  
Getting out  

 

 

http://www.cellsalive.com/hiv0.htm
http://www.cellsalive.com/hiv1.htm
http://www.cellsalive.com/hiv2.htm
http://www.cellsalive.com/hiv3.htm
http://www.cellsalive.com/hiv3.htm
http://www.cellsalive.com/hiv4.htm
http://www.cellsalive.com/hiv5.htm
http://www.cellsalive.com/images/hivmstr.map

