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What does it mean to be living? Petunias, people, and pond scum are all 
alive; stones, sand, and summer breezes are not. But what are the fun-
damental properties that characterize living things and distinguish them 
from nonliving matter?

The answer begins with a basic fact that is taken for granted now, but 
marked a revolution in thinking when �rst established 175 years ago. 
All living things (or organisms) are built from cells: small, membrane-
enclosed units �lled with a concentrated aqueous solution of chemicals 
and endowed with the extraordinary ability to create copies of them-
selves by growing and then dividing in two. The simplest forms of life are 
solitary cells. Higher organisms, including ourselves, are communities of 
cells derived by growth and division from a single founder cell. Every ani-
mal or plant is a vast colony of individual cells, each of which performs 
a specialized function that is regulated by intricate systems of cell-to-cell 
communication.

Cells, therefore, are the fundamental units of life. Thus it is to cell biol-
ogy�the study of cells and their structure, function, and behavior�that 
we must look for an answer to the question of what life is and how it 
works. With a deeper understanding of cells, we can begin to tackle the 
grand historical problems of life on Earth: its mysterious origins, its stun-
ning diversity produced by billions of years of evolution, and its invasion 
of every conceivable habitat. At the same time, cell biology can provide 
us with answers to the questions we have about ourselves: Where did we 
come from? How do we develop from a single fertilized egg cell? How is 
each of us similar to�yet different from�everyone else on Earth? Why do 
we get sick, grow old, and die?

CHAPTER ONE 1

UNITY AND DIVERSITY OF 
CELLS

CELLS UNDER THE 
MIcROScOPE

THE PROKARYOTIc CELL

THE EuKARYOTIc CELL

MODEL ORGANISmS

Cells: The Fundamental Units 
of Life





3Unity and Diversity of Cells         

by a rigid box of cellulose with an outer waterproof coating of wax. A 
neutrophil or a macrophage in the body of an animal, by contrast, crawls 
through tissues, constantly pouring itself into new shapes, as it searches 
for and engulfs debris, foreign microorganisms, and dead or dying cells. 
And so on.

Cells are also enormously diverse in their chemical requirements. Some 
require oxygen to live; for others this gas is deadly. Some cells consume 
little more than air, sunlight, and water as their raw materials; others 
need a complex mixture of molecules produced by other cells. 

These differences in size, shape, and chemical requirements often re�ect 
differences in cell function. Some cells are specialized factories for the 
production of particular substances, such as hormones, starch, fat, latex, 
or pigments. Others are engines, like muscle cells that burn fuel to do 
mechanical work. Still others are electricity generators, like the modi�ed 
muscle cells in the electric eel. 

Some modi�cations specialize a cell so much that they spoil its chances 
of leaving any descendants. Such specialization would be senseless 
for a cell that lived a solitary life. In a multicellular organism, however, 
there is a division of labor among cells, allowing some cells to become 
specialized to an extreme degree for particular tasks and leaving them 
dependent on their fellow cells for many basic requirements. Even the 
most basic need of all, that of passing on the genetic instructions of the 
organism to the next generation, is delegated to specialists�the egg and 
the sperm.

Living Cells All Have a Similar Basic Chemistry
Despite the extraordinary diversity of plants and animals, people have 
recognized from time immemorial that these organisms have something 
in common, something that entitles them all to be called living things. 
But while it seemed easy enough to recognize life, it was remarkably dif-
�cult to say in what sense all living things were alike. Textbooks had to 
settle for de�ning life in abstract general terms related to growth, repro-
duction, and an ability to respond to the environment.

The discoveries of biochemists and molecular biologists have provided 
an elegant solution to this awkward situation. Although the cells of all 
living things are in�nitely varied when viewed from the outside, they 
are fundamentally similar inside. We now know that cells resemble one 
another to an astonishing degree in the details of their chemistry. They are 
composed of the same sorts of molecules, which participate in the same 
types of chemical reactions (discussed in Chapter 2). In all organisms, 
genetic information�in the form of genes�is carried in DNA molecules. 
This information is written in the same chemical code, constructed out 
of the same chemical building blocks, interpreted by essentially the same 
chemical machinery, and replicated in the same way when an organism 
reproduces. Thus, in every cell, the long DNA polymer chains are made 
from the same set of four monomers, called nucleotides, strung together 
in different sequences like the letters of an alphabet to convey informa-
tion. In every cell, the information encoded in the DNA is read out, or 
transcribed, into a chemically related set of polymers called RNA. A sub-
set of these RNA molecules is in turn translated into yet another type of 
polymer called a protein. This �ow of information�from DNA to RNA 
to protein�is so fundamental to life that it is referred to as the central 
dogma (Figure 1�2). 

The appearance and behavior of a cell are dictated largely by its  
protein molecules, which serve as structural supports, chemical catalysts, 

PROTEIN

RNA

DNA

protein synthesis
TRANSLATION

RNA synthesis
TRANSCRIPTIONnucleotides

DNA synthesis
REPLICATION

ECB4 e1.02/1.02

amino acids

Figure 1�2 In all living cells, genetic 
information �ows from DNA to RNA 
(transcription) and from RNA to protein 
(translation)�a sequence known as 
the central dogma. The sequence of 
nucleotides in a particular segment of 
DNA (a gene) is transcribed into an RNA 
molecule, which can then be translated into 
the linear sequence of amino acids of a 
protein. Only a small part of the gene, RNA, 
and protein are shown.

QuESTION 1�1

�Life� is easy to recognize but 
dif�cult to de�ne. According to one 
popular biology text, living things:
1.  Are highly organized compared 
to natural inanimate objects.
2.  Display homeostasis, maintaining 
a relatively constant internal 
environment.
3.  Reproduce themselves.
4.  Grow and develop from simple 
beginnings.
5.  Take energy and matter from the 
environment and transform it.
6.  Respond to stimuli.
7.  Show adaptation to their 
environment.
Score a person, a vacuum cleaner, 
and a potato with respect to these 
characteristics.
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molecular motors, and so on. Proteins are built from amino acids, and all 
organisms use the same set of 20 amino acids to make their proteins. 
But the amino acids are linked in different sequences, giving each type 
of protein molecule a different  three-dimensional shape, or conforma-
tion, just as different sequences of letters spell different words. In this 
way, the same basic biochemical machinery has served to generate the 
whole gamut of life on Earth (Figure 1�3). A more detailed discussion 
of the structure and function of proteins, RNA, and DNA is presented in 
Chapters 4 through 8.

If cells are the fundamental unit of living matter, then nothing less than 
a cell can truly be called living. Viruses, for example, are compact pack-
ages of genetic information�in the form of DNA or RNA�encased in 
protein but they have no ability to reproduce themselves by their own 
efforts. Instead, they get themselves copied by parasitizing the reproduc-
tive machinery of the cells that they invade. Thus, viruses are chemical 
zombies: they are inert and inactive outside their host cells, but they can 
exert a malign control over a cell once they gain entry.

All Present-Day Cells Have Apparently Evolved from the 
Same Ancestral Cell
A cell reproduces by replicating its DNA and then dividing in two, passing 
a copy of the genetic instructions encoded in its DNA to each of its daugh-
ter cells. That is why daughter cells resemble the parent cell. However, 
the copying is not always perfect, and the instructions are occasionally 
corrupted by mutations that change the DNA. For this reason, daughter 
cells do not always match the parent cell exactly. 

Mutations can create offspring that are changed for the worse (in that 
they are less able to survive and reproduce), changed for the better (in 
that they are better able to survive and reproduce), or changed in a neutral 
way (in that they are genetically different but equally viable). The struggle 
for survival eliminates the �rst, favors the second, and tolerates the third. 
The genes of the next generation will be the genes of the survivors. 

On occasion, the pattern of descent may be complicated by sexual repro-
duction, in which two cells of the same species fuse, pooling their DNA. 
The genetic cards are then shuf�ed, re-dealt, and distributed in new com-
binations to the next generation, to be tested again for their ability to 
promote survival and reproduction. 

These simple principles of genetic change and selection, applied repeat-
edly over billions of cell generations, are the basis of evolution�the 
process by which living species become gradually modi�ed and adapted 
to their environment in more and more sophisticated ways. Evolution 
offers a startling but compelling explanation of why present-day cells 
are so similar in their fundamentals: they have all inherited their genetic 
instructions from the same common ancestor. It is estimated that this 
ancestral cell existed between 3.5 and 3.8 billion years ago, and we must 

(A) (B) (C) (D)

ECB4 e1.03/1.03

Figure 1�3 All living organisms are 
constructed from cells. A colony 
of bacteria, a butter�y, a rose, and a 
dolphin are all made of cells that have a 
fundamentally similar chemistry and operate 
according to the same basic principles. 
(A, courtesy of Janice Carr; C, courtesy of 
the John Innes Foundation; D, courtesy of 
Jonathan Gordon, IFAW.)

QuESTION 1�2

Mutations are mistakes in the DNA 
that change the genetic plan from 
the previous generation. Imagine 
a shoe factory. Would you expect 
mistakes (i.e., unintentional changes) 
in copying the shoe design to lead 
to improvements in the shoes 
produced? Explain your answer.
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suppose that it contained a prototype of the universal machinery of all 
life on Earth today. Through a very long process of mutation and natural 
selection, the descendants of this ancestral cell have gradually diverged 
to �ll every habitat on Earth with organisms that exploit the potential of 
the machinery in an endless variety of ways.

Genes Provide the Instructions for Cell Form, Function, 
and Complex Behavior
A cell�s genome�that is, the entire sequence of nucleotides in an organ-
ism�s DNA�provides a genetic program that instructs the cell how to 
behave. For the cells of plant and animal embryos, the genome directs 
the growth and development of an adult organism with hundreds of dif-
ferent cell types. Within an individual plant or animal, these cells can be 
extraordinarily varied, as we discuss in Chapter 20. Fat cells, skin cells, 
bone cells, and nerve cells seem as dissimilar as any cells could be. Yet 
all these differentiated cell types are generated during embryonic develop-
ment from a single fertilized egg cell, and all contain identical copies of 
the DNA of the species. Their varied characters stem from the way that 
individual cells use their genetic instructions. Different cells express dif-
ferent genes: that is, they use their genes to produce some proteins and 
not others, depending on their internal state and on cues that they and 
their ancestor cells have received from their surroundings�mainly sig-
nals from other cells in the organism.

The DNA, therefore, is not just a shopping list specifying the molecules 
that every cell must make, and a cell is not just an assembly of all the 
items on the list. Each cell is capable of carrying out a variety of biologi-
cal tasks, depending on its environment and its history, and it selectively 
uses the information encoded in its DNA to guide its activities. Later in 
this book, we will see in detail how DNA de�nes both the parts list of the 
cell and the rules that decide when and where these parts are to be made.

CELLS UNDER THE MIcROScOPE

Today, we have the technology to decipher the underlying principles 
that govern the structure and activity of the cell. But cell biology started 
without these tools. The earliest cell biologists began by simply looking 
at tissues and cells, and later breaking them open or slicing them up, 
attempting to view their contents. What they saw was to them profoundly 
baf�ing�a collection of tiny and scarcely visible objects whose relation-
ship to the properties of living matter seemed an impenetrable mystery. 
Nevertheless, this type of visual investigation was the �rst step toward 
understanding cells, and it remains essential in the study of cell biology.

Cells were not made visible until the seventeenth century, when the 
microscope was invented. For hundreds of years afterward, all that 
was known about cells was discovered using this instrument. Light 
microscopes use visible light to illuminate specimens, and they allowed 
biologists to see for the �rst time the intricate structure that underpins all 
living things. 

Although these instruments now incorporate many sophisticated 
improvements, the properties of light itself set a limit to the �neness of 
detail they reveal. Electron microscopes, invented in the 1930s, go beyond 
this limit by using beams of electrons instead of beams of light as the 
source of illumination, greatly extending our ability to see the �ne details 
of cells and even making some of the larger molecules visible individ-
ually. These and other forms of microscopy remain vital tools in the 
modern cell biology laboratory, where they continue to reveal new and 
sometimes surprising details about the way cells are built and how they 
operate.

Cells Under the Microscope         
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The Invention of the Light Microscope Led to the 
Discovery of Cells
The development of the light microscope depended on advances in the 
production of glass lenses. By the seventeenth century, lenses were pow-
erful enough to make out details invisible to the naked eye. Using an 
instrument equipped with such a lens, Robert Hooke examined a piece 
of cork and in 1665 reported to the Royal Society of London that the cork 
was composed of a mass of minute chambers. He called these cham-
bers �cells,� based on their resemblance to the simple rooms occupied 
by monks in a monastery. The name stuck, even though the structures 
Hooke described were actually the cell walls that remained after the living 
plant cells inside them had died. Later, Hooke and his Dutch contempo-
rary Antoni van Leeuwenhoek were able to observe living cells, seeing 
for the �rst time a world teeming with motile microscopic organisms.

For almost 200 years, such instruments�the �rst light microscopes�
remained exotic devices, available only to a few wealthy individuals. It 
was not until the nineteenth century that microscopes began to be widely 
used to look at cells. The emergence of cell biology as a distinct science 
was a gradual process to which many individuals contributed, but its of�-
cial birth is generally said to have been signaled by two publications: one 
by the botanist Matthias Schleiden in 1838 and the other by the zoolo-
gist Theodor Schwann in 1839. In these papers, Schleiden and Schwann 
documented the results of a systematic investigation of plant and animal 
tissues with the light microscope, showing that cells were the universal 
building blocks of all living tissues. Their work, and that of other nine-
teenth-century microscopists, slowly led to the realization that all living 
cells are formed by the growth and division of existing cells�a principle 
sometimes referred to as the cell theory (Figure 1�4). The implication that 

50 µm

(A)

(B)

ECB4 e1.04/1.04

Figure 1�4 New cells form by growth and division of existing cells. (A) In 1880, Eduard Strasburger drew a living plant cell 
(a hair cell from a Tradescantia �ower), which he observed dividing into two daughter cells over a period of 2.5 hours. (B) A comparable 
living plant cell photographed recently through a modern light microscope. (B, courtesy of Peter Hepler.)
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Even the most powerful electron microscopes, however, cannot visualize 
the individual atoms that make up biological molecules (Figure 1�8). To 
study the cell�s key components in atomic detail, biologists have developed 
even more sophisticated tools. A technique called X-ray crystallography, 
for example, is used to determine the precise three-dimensional structure 
of protein molecules (discussed in Chapter 4). 

THE PROKARYOTIc CELL
Of all the types of cells revealed by the microscope, bacteria have the sim-
plest structure and come closest to showing us life stripped down to its 
essentials. Indeed, a bacterium contains essentially no organelles�not 
even a nucleus to hold its DNA. This property�the presence or absence 
of a nucleus�is used as the basis for a simple but fundamental classi�ca-
tion of all living things. Organisms whose cells have a nucleus are called 
eukaryotes (from the Greek words eu, meaning �well� or �truly,� and 
karyon, a �kernel� or �nucleus�). Organisms whose cells do not have a 
nucleus are called prokaryotes (from pro, meaning �before�). The terms 
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Figure 1�8 How big is a cell and its components? (A) The sizes of cells and of their component parts, plus the 
units in which they are measured. (B) Drawings to convey a sense of scale between living cells and atoms. Each 
panel shows an image that is magni�ed by a factor of 10 compared to its predecessor�producing an imaginary 
progression from a thumb, to skin, to skin cells, to a mitochondrion, to a ribosome, and ultimately to a cluster of 
atoms forming part of one of the many protein molecules in our bodies. Note that ribosomes are present inside 
mitochondria (as shown here), as well as in the cytoplasm. Details of molecular structure, as shown in the last two 
panels, are beyond the power of the electron microscope.
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�bacterium� and �prokaryote� are often used interchangeably, although 
we will see that the category of prokaryotes also includes another class 
of cells, the archaea (singular archaeon), which are so remotely related to 
bacteria that they are given a separate name.

Prokaryotes are typically spherical, rodlike, or corkscrew-shaped (Figure 
1�9). They are also small�generally just a few micrometers long, 
although there are some giant species as much as 100 times longer than 
this. Prokaryotes often have a tough protective coat, or cell wall, sur-
rounding the plasma membrane, which encloses a single compartment 
containing the cytoplasm and the DNA. In the electron microscope, the 
cell interior typically appears as a matrix of varying texture, without any 
obvious organized internal structure (Figure 1�10). The cells reproduce 
quickly by dividing in two. Under optimum conditions, when food is plen-
tiful, many prokaryotic cells can duplicate themselves in as little as 20 
minutes. In 11 hours, by repeated divisions, a single prokaryote can give 
rise to more than 8 billion progeny (which exceeds the total number of 
humans presently on Earth). Thanks to their large numbers, rapid growth 
rates, and ability to exchange bits of genetic material by a process akin 
to sex, populations of prokaryotic cells can evolve fast, rapidly acquir-
ing the ability to use a new food source or to resist being killed by a new 
antibiotic.

Prokaryotes Are the Most Diverse and Numerous Cells  
on Earth
Most prokaryotes live as single-celled organisms, although some join 
together to form chains, clusters, or other organized multicellular struc-
tures. In shape and structure, prokaryotes may seem simple and limited, 
but in terms of chemistry, they are the most diverse and inventive class of 
cells. Members of this class exploit an enormous range of habitats, from 
hot puddles of volcanic mud to the interiors of other living cells, and they 
vastly outnumber all eukaryotic organisms on Earth. Some are aerobic, 
using oxygen to oxidize food molecules; some are strictly anaerobic and 
are killed by the slightest exposure to oxygen. As we discuss later in this 

 spherical cells,
e.g., Streptococcus 

rod-shaped cells,
e.g., Escherichia coli,
Salmonella 

spiral cells,
e.g., Treponema pallidum 

2 µm 
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cell wall

cytoplasm

Figure 1�9 Bacteria come in different 
shapes and sizes. Typical spherical, rodlike, 
and spiral-shaped bacteria are drawn 
to scale. The spiral cells shown are the 
organisms that cause syphilis. 

Figure 1�10 The bacterium Escherichia 
coli (E. coli ) has served as an important 
model organism. An electron micrograph 
of a longitudinal section is shown here;  
the cell�s DNA is concentrated in the  
lightly stained region. (Courtesy of  
E. Kellenberger.)

The Prokaryotic Cell         

QuESTION 1�4

A bacterium weighs about 10�12 g 
and can divide every 20 minutes. 
If a single bacterial cell carried on 
dividing at this rate, how long would 
it take before the mass of bacteria 
would equal that of the Earth  
(6 × 1024 kg)? Contrast your result 
with the fact that bacteria originated 
at least 3.5 billion years ago and 
have been dividing ever since. 
Explain the apparent paradox. (The 
number of cells N in a culture at 
time t is described by the equation 
N = N0 × 2t/G, where N0 is the 
number of cells at zero time and G is 
the population doubling time.)
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perform photosynthesis�the chloroplasts�have evolved from photosyn-
thetic bacteria that long ago found a home inside the cytoplasm of a plant 
cell ancestor.

The World of Prokaryotes Is Divided into Two Domains: 
Bacteria and Archaea
Traditionally, all prokaryotes have been classi�ed together in one large 
group. But molecular studies reveal that there is a gulf within the class 
of prokaryotes, dividing it into two distinct domains called the bacteria 
and the archaea. Remarkably, at a molecular level, the members of these 
two domains differ as much from one another as either does from the 
eukaryotes. Most of the prokaryotes familiar from everyday life�the spe-
cies that live in the soil or make us ill�are bacteria. Archaea are found 
not only in these habitats, but also in environments that are too hostile 
for most other cells: concentrated brine, the hot acid of volcanic springs, 
the airless depths of marine sediments, the sludge of sewage treatment 
plants, pools beneath the frozen surface of Antarctica, and in the acidic, 
oxygen-free environment of a cow�s stomach where they break down cel-
lulose and generate methane gas. Many of these extreme environments 
resemble the harsh conditions that must have existed on the primitive 
Earth, where living things �rst evolved before the atmosphere became 
rich in oxygen.

THE EuKARYOTIc CELL
Eukaryotic cells, in general, are bigger and more elaborate than bacte-
ria and archaea. Some live independent lives as single-celled organisms, 
such as amoebae and yeasts (Figure 1�13); others live in multicellular 
assemblies. All of the more complex multicellular organisms�including 
plants, animals, and fungi�are formed from eukaryotic cells.

By de�nition, all eukaryotic cells have a nucleus. But possession of 
a nucleus goes hand-in-hand with possession of a variety of other 
organelles, most of which are membrane-enclosed and common to 
all eukaryotic organisms. In this section, we take a look at the main 
organelles found in eukaryotic cells from the point of view of their func-
tions, and we consider how they came to serve the roles they have in the 
life of the eukaryotic cell. 

The Nucleus Is the Information Store of the Cell
The nucleus is usually the most prominent organelle in a eukaryotic cell 
(Figure 1�14). It is enclosed within two concentric membranes that form 
the nuclear envelope, and it contains molecules of DNA�extremely long 
polymers that encode the genetic information of the organism. In the 
light microscope, these giant DNA molecules become visible as individual 
chromosomes when they become more compact before a cell divides 
into two daughter cells (Figure 1�15). DNA also carries the genetic infor-
mation in prokaryotic cells; these cells lack a distinct nucleus not because 
they lack DNA, but because they do not keep their DNA inside a nuclear 
envelope, segregated from the rest of the cell contents.

ECB4 n1.101/1.13

10 µm

Figure 1�13 Yeasts are simple free-living eukaryotes. The 
cells shown in this micrograph belong to the species of yeast, 
Saccharomyces cerevisiae, used to make dough rise and turn 
malted barley juice into beer. As can be seen in this image, the cells 
reproduce by growing a bud and then dividing asymmetrically into a 
large mother cell and a small daughter cell; for this reason, they are 
called budding yeast.

The Eukaryotic Cell         
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Mitochondria Generate Usable Energy from Food to 
Power the Cell
Mitochondria are present in essentially all eukaryotic cells, and they are 
among the most conspicuous organelles in the cytoplasm (see Figure 
1�7B). In a �uorescence microscope, they appear as worm-shaped struc-
tures that often form branching networks (Figure 1�16). When seen 
with an electron microscope, individual mitochondria are found to be 
enclosed in two separate membranes, with the inner membrane formed 
into folds that project into the interior of the organelle (Figure 1�17). 

Microscopic examination by itself, however, gives little indication of 
what mitochondria do. Their function was discovered by breaking open 
cells and then spinning the soup of cell fragments in a centrifuge; this 
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Figure 1�15 Chromosomes become 
visible when a cell is about to divide. 
As a eukaryotic cell prepares to divide, its 
DNA molecules become progressively more 
compacted (condensed), forming wormlike 
chromosomes that can be distinguished 
in the light microscope. The photographs 
show three successive steps in this process 
in a cultured cell from a newt�s lung; note 
that in the last micrograph on the right, 
the nuclear envelope has broken down. 
(Courtesy of Conly L. Rieder.)

Figure 1�14 The nucleus contains most 
of the DNA in a eukaryotic cell. (A) This 
drawing of a typical animal cell shows its 
extensive system of membrane-enclosed 
organelles. The nucleus is colored brown, 
the nuclear envelope is green, and the 
cytoplasm (the interior of the cell outside 
the nucleus) is white. (B) An electron 
micrograph of the nucleus in a mammalian 
cell. Individual chromosomes are not visible 
because at this stage of the cell�s growth 
its DNA molecules are dispersed as �ne 
threads throughout the nucleus. (B, courtesy 
of Daniel S. Friend.)
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Mitochondria contain their own DNA and reproduce by dividing in two. 
Because they resemble bacteria in so many ways, they are thought to 
have been derived from bacteria that were engulfed by some ancestor 
of present-day eukaryotic cells (Figure 1�18). This evidently created a 
symbiotic relationship in which the host eukaryote and the engulfed bac-
terium helped one another to survive and reproduce.

Chloroplasts Capture Energy from Sunlight
Chloroplasts are large, green organelles that are found only in the cells 
of plants and algae, not in the cells of animals or fungi. These organelles 
have an even more complex structure than mitochondria: in addition to 
their two surrounding membranes, they possess internal stacks of mem-
branes containing the green pigment chlorophyll (Figure 1�19). 

Chloroplasts carry out photosynthesis�trapping the energy of sun-
light in their chlorophyll molecules and using this energy to drive the 
manufacture of energy-rich sugar molecules. In the process, they release 

Figure 1�19 Chloroplasts in plant cells 
capture the energy of sunlight. 
(A) A single cell isolated from a leaf 
of a �owering plant, seen in the light 
microscope, showing many green 
chloroplasts. (B) A drawing of one of the 
chloroplasts, showing the inner and outer 
membranes, as well as the highly folded 
system of internal membranes containing 
the green chlorophyll molecules that absorb 
light energy. (A, courtesy of Preeti Dahiya.)

Figure 1�18 Mitochondria most likely 
evolved from engulfed bacteria. It is 
virtually certain that mitochondria originate 
from bacteria that were engulfed by an 
ancestral pre-eukaryotic cell and survived 
inside it, living in symbiosis with their host. 
Note that the double membrane of present-
day mitochondria is thought to have been 
derived from the plasma membrane and 
outer membrane of the engulfed bacterium.
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oxygen as a molecular by-product. Plant cells can then extract this stored 
chemical energy when they need it, by oxidizing these sugars in their 
mitochondria, just as animal cells do. Chloroplasts thus enable plants to 
get their energy directly from sunlight. And they allow plants to produce 
the food molecules�and the oxygen�that mitochondria use to generate 
chemical energy in the form of ATP. How these organelles work together 
is discussed in Chapter 14.

Like mitochondria, chloroplasts contain their own DNA, reproduce 
by dividing in two, and are thought to have evolved from bacteria�in 
this case, from photosynthetic bacteria that were engulfed by an early 
eukaryotic cell (Figure 1�20). 

Internal Membranes Create Intracellular Compartments 
with Different Functions
Nuclei, mitochondria, and chloroplasts are not the only membrane-
enclosed organelles inside eukaryotic cells. The cytoplasm contains a 
profusion of other organelles that are surrounded by single membranes 
(see Figure 1�7A). Most of these structures are involved with the cell�s 
ability to import raw materials and to export both the useful substances 
and waste products that are produced by the cell. 

The endoplasmic reticulum (ER) is an irregular maze of interconnected 
spaces enclosed by a membrane (Figure 1�21). It is the site where most 
cell-membrane components, as well as materials destined for export 
from the cell, are made. This organelle is enormously enlarged in cells 
that are specialized for the secretion of proteins. Stacks of �attened, 
membrane-enclosed sacs constitute the Golgi apparatus (Figure 1�22), 
which modi�es and packages molecules made in the ER that are destined 
to be either secreted from the cell or transported to another cell com-
partment. Lysosomes are small, irregularly shaped organelles in which 
intracellular digestion occurs, releasing nutrients from ingested food par-
ticles and breaking down unwanted molecules for either recycling within 
the cell or excretion from the cell. Indeed, many of the large and small 
molecules within the cell are constantly being broken down and remade. 
Peroxisomes are small, membrane-enclosed vesicles that provide a safe 
environment for a variety of reactions in which hydrogen peroxide is 
used to inactivate toxic molecules. Membranes also form many different 
types of small transport vesicles that ferry materials between one mem-
brane-enclosed organelle and another. All of these membrane-enclosed 
organelles are sketched in Figure 1�23A. 
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Figure 1�20 Chloroplasts almost certainly 
evolved from engulfed photosynthetic 
bacteria. The bacteria are thought to have 
been taken up by early eukaryotic cells that 
already contained mitochondria.
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engulf very large particles, or even entire foreign cells, by endocytosis. In 
the reverse process, called exocytosis, vesicles from inside the cell fuse 
with the plasma membrane and release their contents into the external 
medium (see Figure 1�24); most of the hormones and signal molecules 
that allow cells to communicate with one another are secreted from cells 
by exocytosis. How membrane-enclosed organelles move proteins and 
other molecules from place to place inside the cell is discussed in detail 
in Chapter 15.

The Cytosol Is a Concentrated Aqueous Gel of Large and 
Small Molecules
If we were to strip the plasma membrane from a eukaryotic cell and then 
remove all of its membrane-enclosed organelles, including the nucleus, 
endoplasmic reticulum, Golgi apparatus, mitochondria, chloroplasts, and 
so on, we would be left with the cytosol (see Figure 1�23B). In other 
words, the cytosol is the part of the cytoplasm that is not contained within 
intracellular membranes. In most cells, the cytosol is the largest single 
compartment. It contains a host of large and small molecules, crowded 
together so closely that it behaves more like a water-based gel than a 
liquid solution (Figure 1�25). The cytosol is the site of many chemical 
reactions that are fundamental to the cell�s existence. The early steps in 
the breakdown of nutrient molecules take place in the cytosol, for exam-
ple, and it is here that most proteins are made by ribosomes. 

The Cytoskeleton Is Responsible for Directed Cell 
Movements
The cytoplasm is not just a structureless soup of chemicals and organelles. 
Using an electron microscope, one can see that in eukaryotic cells the 
cytosol is criss-crossed by long, �ne �laments. Frequently, the �laments 
are seen to be anchored at one end to the plasma membrane or to radi-
ate out from a central site adjacent to the nucleus. This system of protein 
�laments, called the cytoskeleton, is composed of three major �lament 
types (Figure 1�26). The thinnest of these �laments are the actin �la-
ments; they are abundant in all eukaryotic cells but occur in especially 
large numbers inside muscle cells, where they serve as a central part 
of the machinery responsible for muscle contraction. The thickest �la-
ments in the cytosol are called microtubules, because they have the form 
of minute hollow tubes. In dividing cells, they become reorganized into a 
spectacular array that helps pull the duplicated chromosomes in opposite 
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Figure 1�23 Membrane-enclosed 
organelles are distributed throughout 
the eukaryotic cell cytoplasm. (A) The 
membrane-enclosed organelles, shown 
in different colors, are each specialized 
to perform a different function. (B) The 
cytoplasm that �lls the space outside 
of these organelles is called the cytosol 
(colored blue).

Figure 1�24 Eukaryotic cells engage in 
continual endocytosis and exocytosis. 
They import extracellular materials by 
endocytosis and secrete intracellular 
materials by exocytosis.
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directions and distribute them equally to the two daughter cells (Figure 
1�27). Intermediate in thickness between actin �laments and microtu-
bules are the intermediate �laments, which serve to strengthen the cell. 
These three types of �laments, together with other proteins that attach to 
them, form a system of girders, ropes, and motors that gives the cell its 
mechanical strength, controls its shape, and drives and guides its move-
ments (Movie 1.2 and Movie 1.3). 

Because the cytoskeleton governs the internal organization of the cell 
as well as its external features, it is as necessary to a plant cell�boxed 
in by a tough wall of extracellular matrix�as it is to an animal cell that 
freely bends, stretches, swims, or crawls. In a plant cell, for example, 
organelles such as mitochondria are driven in a constant stream around 
the cell interior along cytoskeletal tracks (Movie 1.4). And animal cells 
and plant cells alike depend on the cytoskeleton to separate their internal 
components into two daughter cells during cell division (see Figure 1�27).

The cytoskeleton�s role in cell division may be its most ancient func-
tion. Even bacteria contain proteins that are distantly related to those of 
eukaryotic actin �laments and microtubules, forming �laments that play 
a part in prokaryotic cell division. We examine the cytoskeleton in detail 
in Chapter 17, discuss its role in cell division in Chapter 18, and review 
how it responds to signals from outside the cell in Chapter 16.

The Cytoplasm Is Far from Static
The cell interior is in constant motion. The cytoskeleton is a dynamic 
jungle of protein ropes that are continually being strung together and 
taken apart; its �laments can assemble and then disappear in a matter 
of minutes. Motor proteins use the energy stored in molecules of ATP to 
trundle along these tracks and cables, carrying organelles and proteins 
throughout the cytoplasm, and racing across the width of the cell in sec-
onds. In addition, the large and small molecules that �ll every free space 
in the cell are swept to and fro by random thermal motion, constantly 
colliding with one another and with other structures in the cell�s crowded 
cytoplasm (Movie 1�5).

Figure 1�25 The cytoplasm is stuffed with 
organelles and a host of large and small 
molecules. This schematic drawing, which 
extends across two pages and is based 
on the known sizes and concentrations 
of molecules in the cytosol, shows how 
crowded the cytoplasm is. Proteins are blue, 
membrane lipids are yellow, and ribosomes 
and DNA are pink. The panorama begins on 
the far left at the plasma membrane, moves 
through the endoplasmic reticulum, Golgi 
apparatus, and a mitochondrion, and ends 
on the far right in the nucleus. (Courtesy of 
D. Goodsell.)

50 µm 
(B) (C)(A)
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Figure 1�26 The cytoskeleton is a 
network of protein �laments that criss-
crosses the cytoplasm of eukaryotic 
cells. The three major types of �laments 
can be detected using different �uorescent 
stains. Shown here are (A) actin �laments, 
(B) microtubules, and (C) intermediate 
�laments. (A, courtesy of Simon Barry 
and Chris D�Lacey; B, courtesy of Nancy 
Kedersha; C, courtesy of Clive Lloyd.)

QuESTION 1�5

Suggest a reason why it would be 
advantageous for eukaryotic cells to 
evolve elaborate internal membrane 
systems that allow them to import 
substances from the outside, as 
shown in Figure 1�24.
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Of course, neither the bustling nature of the cell�s interior nor the details 
of cell structure were appreciated when scientists �rst peered at cells in 
a microscope; our knowledge of cell structure accumulated slowly. A few 
of the key discoveries are listed in Table 1�1. In addition, Panel 1�2 sum-
marizes the differences between animal, plant, and bacterial cells.

Eukaryotic Cells May Have Originated as Predators
Eukaryotic cells are typically 10 times the length and 1000 times the vol-
ume of prokaryotic cells, although there is huge size variation within 
each category. They also possess a whole collection of features�a 
cytoskeleton, mitochondria, and other organelles�that set them apart 
from bacteria and archaea.

When and how eukaryotes evolved these systems remains something of a 
mystery. Although eukaryotes, bacteria, and archaea must have diverged 
from one another very early in the history of life on Earth (discussed in 
Chapter 14), the eukaryotes did not acquire all of their distinctive features 
at the same time (Figure 1�28). According to one theory, the ancestral 
eukaryotic cell was a predator that fed by capturing other cells. Such a 
way of life requires a large size, a �exible membrane, and a cytoskel-
eton to help the cell move and eat. The nuclear compartment may have 
evolved to keep the DNA segregated from this physical and chemical 
hurly-burly, so as to allow more delicate and complex control of the way 
the cell reads out its genetic information. 

Such a primitive cell, witha nucleus and cytoskeleton, was most likely 
the sort of cell that engulfed the free-living, oxygen-consuming bacte-
ria that were the likely ancestors of the mitochondria (see Figure 1�18). 
This partnership is thought to have been established 1.5 billion years ago, 
when the Earth�s atmosphere �rst became rich in oxygen. A subset of 

Figure 1�27 Microtubules help distribute 
the chromosomes in a dividing cell. 
When a cell divides, its nuclear envelope 
breaks down and its DNA condenses into 
visible chromosomes, each of which has 
duplicated to form a pair of conjoined 
chromosomes that will ultimately be pulled 
apart into separate cells by microtubules. In 
the transmission electron micrograph (left), 
the microtubules are seen to radiate from 
foci at opposite ends of the dividing cell. 
(Photomicrograph courtesy of  
Conly L. Rieder.)
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QuESTION 1�6

Discuss the relative advantages 
and disadvantages of light and 
electron microscopy. How could 
you best visualize (a) a living skin 
cell, (b) a yeast mitochondrion, (c) a 
bacterium, and (d) a microtubule?
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so well conserved over the course of evolution that many of its compo-
nents can function interchangeably in yeast and human cells (see How 
We Know, pp. 30�31). Darwin himself would no doubt have been stunned 
by this dramatic example of evolutionary conservation.

Arabidopsis Has Been Chosen as a Model Plant
The large multicellular organisms that we see around us�both plants 
and animals�seem fantastically varied, but they are much closer to one 
another in their evolutionary origins, and more similar in their basic 
cell biology, than the great host of microscopic single-celled organisms. 
Whereas bacteria, archaea, and eukaryotes separated from each other 
more than 3 billion years ago, plants, animals, and fungi diverged only 
about 1.5 billion years ago, and the different species of �owering plants 
less than 200 million years ago.

The close evolutionary relationship among all �owering plants means 
that we can gain insight into their cell and molecular biology by focusing 
on just a few convenient species for detailed analysis. Out of the several 
hundred thousand species of �owering plants on Earth today, molecular 
biologists have focused their efforts on a small weed, the common wall 
cress Arabidopsis thaliana (Figure 1�32), which can be grown indoors 
in large numbers: one plant can produce thousands of offspring within 
8�10 weeks. Because genes found in Arabidopsis have counterparts in 
agricultural species, studying this simple weed provides insights into 
the development and physiology of the crop plants upon which our lives 
depend, as well as into the evolution of all the other plant species that 
dominate nearly every ecosystem on Earth.

Model Animals Include Flies, Fish, Worms, and Mice
Multicellular animals account for the majority of all named species of 
living organisms, and the majority of animal species are insects. It is �t-
ting, therefore, that an insect, the small fruit �y Drosophila melanogaster 
(Figure 1�33), should occupy a central place in biological research. In 
fact, the foundations of classical genetics were built to a large extent on 
studies of this insect. More than 80 years ago, genetic analysis of the fruit 
�y provided de�nitive proof that genes�the units of heredity�are car-
ried on chromosomes. In more recent times, Drosophila, more than any 
other organism, has shown us how the genetic instructions encoded in 
DNA molecules direct the development of a fertilized egg cell (or zygote) 
into an adult multicellular organism containing vast numbers of different 
cell types organized in a precise and predictable way. Drosophila mutants 
with body parts strangely misplaced or oddly patterned have provided 
the key to identifying and characterizing the genes that are needed to 
make a properly structured adult body, with gut, wings, legs, eyes, and 
all the other bits and pieces in their correct places. These genes�which 
are copied and passed on to every cell in the body�de�ne how each cell 
will behave in its social interactions with its sisters and cousins, thus 
controlling the structures that the cells can create. Moreover, the genes 
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Figure 1�31 The yeast Saccharomyces cerevisiae is a model 
eukaryote. In this scanning electron micrograph, a few yeast cells are 
seen in the process of dividing, which they do by budding. Another 
micrograph of the same species is shown in Figure 1�13. (Courtesy of 
Ira Herskowitz and Eric Schabatach.)

Figure 1�32 Arabidopsis thaliana, the common wall cress, is a 
model plant. This small weed has become the favorite organism 
of plant molecular and developmental biologists. (Courtesy of Toni 
Hayden and the John Innes Centre.)
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All living things are made of cells, and all cells�as we 
have discussed in this chapter�are fundamentally simi-
lar inside: they store their genetic instructions in DNA 
molecules, which direct the production of RNA mol-
ecules, which in turn direct the production of proteins. 
It is largely the proteins that carry out the cell�s chemi-
cal reactions, give the cell its shape, and control its 
behavior. But how deep do these similarities between 
cells�and the organisms they comprise�really run? 
Are parts from one organism interchangeable with parts 
from another? Would an enzyme that breaks down glu-
cose in a bacterium be able to digest the same sugar if it 
were placed inside a yeast cell or a cell from a lobster or 
a human? What about the molecular machines that copy 
and interpret genetic information? Are they functionally 
equivalent from one organism to another? Insights have 
come from many sources, but the most stunning and 
dramatic answer came from experiments performed on  
humble yeast cells. These studies, which shocked the 
biological community, focused on one of the most fun-
damental processes of life�cell division.

Division and discovery
All cells come from other cells, and the only way to 
make a new cell is through division of a preexisting 
one. To reproduce, a parent cell must execute an orderly 
sequence of reactions, through which it duplicates its 
contents and divides in two. This critical process of 
duplication and division�known as the cell-division 
cycle, or cell cycle for short�is complex and carefully 
controlled. Defects in any of the proteins involved can 
be devastating to the cell.

Fortunately for biologists, this acute reliance on cru-
cial proteins makes them easy to identify and study. If a 
protein is essential for a given process, a mutation that 
results in an abnormal protein�or in no protein at all�
can prevent the cell from carrying out the process. By 
isolating organisms that are defective in their cell-divi-
sion cycle, scientists have worked backward to discover 
the proteins that control progress through the cycle. 

The study of cell-cycle mutants has been particularly 
successful in yeasts. Yeasts are unicellular fungi and are 
popular organisms for such genetic studies. They are 
eukaryotes, like us, but they are small, simple, rapidly 
reproducing, and easy to manipulate genetically. Yeast 
mutants that are defective in their ability to complete 
cell division have led to the discovery of many genes 
that control the cell-division cycle�the so-called Cdc 
genes�and have provided a detailed understanding of 
how these genes, and the proteins they encode, actually 
work.

Paul Nurse and his colleagues used this approach to 
identify Cdc genes in the yeast Schizosaccharomyces 
pombe, which is named after the African beer from 
which it was �rst isolated. S. pombe is a rod-shaped cell, 
which grows by elongation at its ends and divides by �s-
sion into two, through the formation of a partition in the 
center of the rod. The researchers found that one of the 
Cdc genes they had identi�ed, called Cdc2, was required 
to trigger several key events in the cell-division cycle. 
When that gene was inactivated by a mutation, the yeast 
cells would not divide. And when the cells were pro-
vided with a normal copy of the gene, their ability to 
reproduce was restored.

It�s obvious that replacing a faulty Cdc2 gene in S. pombe 
with a functioning Cdc2 gene from the same yeast 
should repair the damage and enable the cell to divide 
normally. But what about using a similar cell-division 
gene from a different organism? That�s the question the 
Nurse team tackled next.

Next of kin
Saccharomyces cerevisiae is another kind of yeast and 
is one of a handful of model organisms biologists have 
chosen to study to expand their understanding of how 
cells work. Also used to brew beer, S. cerevisiae divides 
by forming a small bud that grows steadily until it sepa-
rates from the mother cell (see Figures 1�13 and 1�31). 
Although S. cerevisiae and S. pombe differ in their style of 
division, both rely on a complex network of interacting 
proteins to get the job done. But could the proteins from 
one type of yeast substitute for those of the other?

To �nd out, Nurse and his colleagues prepared DNA 
from healthy S. cerevisiae, and they introduced this DNA 
into S. pombe cells that contained a mutation in the Cdc2 
gene that kept the cells from dividing when the tem-
perature was elevated. And they found that some of the 
mutant S. pombe cells regained the ability to proliferate 
when warm. If spread onto a culture plate containing 
a growth medium, the rescued cells could divide again 
and again to form visible colonies, each containing mil-
lions of individual yeast cells (Figure 1�35). Upon closer 
examination, the researchers discovered that these �res-
cued� yeast cells had received a fragment of DNA that 
contained the S. cerevisiae version of Cdc2�a gene that 
had been discovered in pioneering studies of the cell 
cycle by Lee Hartwell and colleagues.

The result was exciting, but perhaps not all that sur-
prising. After all, how different can one yeast be from 
another? A more demanding test would be to use DNA 
from a more distant relative. So Nurse�s team repeated 
the experiment, this time using human DNA. And the 
results were the same. The human equivalent of the  
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S. pombe Cdc2 gene could rescue the mutant yeast cells, 
allowing them to divide normally. 

Gene reading
This result was much more surprising�even to Nurse. 
The ancestors of yeast and humans diverged some 1.5 
billion years ago. So it was hard to believe that these 

two organisms would orchestrate cell division in such 
a similar way. But the results clearly showed that the 
human and yeast proteins are functionally equivalent. 
Indeed, Nurse and colleagues demonstrated that the 
proteins are almost exactly the same size and consist of 
amino acids strung together in a very similar order; the 
human Cdc2 protein is identical to the S. pombe Cdc2 
protein in 63% of its amino acids and is identical to the 
equivalent protein from S. cerevisiae in 58% of its amino 
acids (Figure 1�36). Together with Tim Hunt, who dis-
covered a different cell-cycle protein called cyclin, Nurse 
and Hartwell shared a 2001 Nobel Prize for their studies 
of key regulators of the cell cycle. 

The Nurse experiments showed that proteins from very 
different eukaryotes can be functionally interchange-
able and suggested that the cell cycle is controlled in 
a similar fashion in every eukaryotic organism alive 
today. Apparently, the proteins that orchestrate the cycle 
in eukaryotes are so fundamentally important that they 
have been conserved almost unchanged over more than 
a billion years of eukaryotic evolution.

The same experiment also highlights another, even more 
basic, point. The mutant yeast cells were rescued, not by 
direct injection of the human protein, but by introduc-
tion of a piece of human DNA. Thus the yeast cells could 
read and use this information correctly, indicating that, 
in eukaryotes, the molecular machinery for reading the 
information encoded in DNA is also similar from cell to 
cell and from organism to organism. A yeast cell has 
all the equipment it needs to interpret the instructions 
encoded in a human gene and to use that information to 
direct the production of a fully functional human protein.

The story of Cdc2 is just one of thousands of examples of 
how research in yeast cells has provided critical insights 
into human biology. Although it may sound paradoxi-
cal, the shortest, most ef�cient path to improving human 
health will often begin with detailed studies of the biol-
ogy of simple organisms such as brewer�s or baker�s 
yeast.
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Figure 1�35 S. pombe mutants defective in a cell-cycle gene 
can be rescued by the equivalent gene from S. cerevisiae. 
DNA is collected from S. cerevisiae and broken into large 
fragments, which are introduced into a culture of mutant  
S. pombe cells dividing at room temperature. We discuss how 
DNA can be manipulated and transferred into different cell types 
in Chapter 10. These yeast cells are then spread onto a plate 
containing a suitable growth medium and are incubated at a 
warm temperature, at which the mutant Cdc2 protein is inactive. 
The rare cells that survive and proliferate on these plates have 
been rescued by incorporation of a foreign gene that allows 
them to divide normally at the higher temperature.

Figure 1�36 The cell-division-cycle proteins from yeasts and human are very similar in their amino acid sequences. Identities 
between the amino acid sequences of a region of the human Cdc2 protein and a similar region of the equivalent proteins in  
S. pombe and S. cerevisiae are indicated by green shading. Each amino acid is represented by a single letter.

introduce
fragments of

foreign yeast DNA
(from S. cerevisiae)

spread cells over plate;
incubate at warm
temperature

mutant S. pombe cells 
with a temperature-sensitive

Cdc2 gene cannot
divide at warm temperature

cells that received
a functional S. cerevisiae

substitute for the Cdc2 gene will
divide to form a colony

at the warm temperature

ECB4 e1.36/1.34

Model Organisms         



32	 CHAPteR 1     Cells: The Fundamental Units of Life

creature is transparent for the �rst 2 weeks of its life, it provides an ideal 
system in which to observe how cells behave during development in a 
living animal (Figure 1�37). 

Mammals are among the most complex of animals, and the mouse has 
long been used as the model organism in which to study mammalian 
genetics, development, immunology, and cell biology. Thanks to modern 
molecular biological techniques, it is now possible to breed mice with 
deliberately engineered mutations in any speci�c gene, or with arti�cially 
constructed genes introduced into them. In this way, one can test what 
a given gene is required for and how it functions. Almost every human 
gene has a counterpart in the mouse, with a similar DNA sequence and 
function. Thus, this animal has proven an excellent model for studying 
genes that are important in both human health and disease.

Biologists Also Directly Study Human Beings and  
Their Cells
Humans are not mice�or �sh or �ies or worms or yeast�and so we also 
study human beings themselves. Like bacteria or yeast, our individual 
cells can be harvested and grown in culture, where we can study their 
biology and more closely examine the genes that govern their functions. 
Given the appropriate surroundings, most human cells�indeed, most 
cells from animals or plants�will survive, proliferate, and even express 
specialized properties in a culture dish. Experiments using such cultured 
cells are sometimes said to be carried out in vitro (literally, �in glass�) to 
contrast them with experiments on intact organisms, which are said to be 
carried out in vivo (literally, �in the living�).

Although not true for all types of cells, many types of cells grown in 
culture display the differentiated properties appropriate to their origin: 
�broblasts, a major cell type in connective tissue, continue to secrete 
collagen; cells derived from embryonic skeletal muscle fuse to form 
muscle �bers, which contract spontaneously in the culture dish; nerve 
cells extend axons that are electrically excitable and make synapses with 
other nerve cells; and epithelial cells form extensive sheets, with many 
of the properties of an intact epithelium (Figure 1�38). Because cultured 
cells are maintained in a controlled environment, they are accessible to 
study in ways that are often not possible in vivo. For example, cultured 
cells can be exposed to hormones or growth factors, and the effects that 
these signal molecules have on the shape or behavior of the cells can be 
easily explored.

In addition to studying human cells in culture, humans are also exam-
ined directly in clinics. Much of the research on human biology has been 
driven by medical interests, and the medical database on the human spe-
cies is enormous. Although naturally occurring mutations in any given 
human gene are rare, the consequences of many mutations are well doc-
umented. This is because humans are unique among animals in that they 
report and record their own genetic defects: in no other species are bil-
lions of individuals so intensively examined, described, and investigated. 

Nevertheless, the extent of our ignorance is still daunting. The mam-
malian body is enormously complex, being formed from thousands of 

Figure 1�37 Zebra�sh are popular models for studies of vertebrate 
development. (A) These small, hardy, tropical �sh are a staple in many 
home aquaria. But they are also ideal for developmental studies, as their 
transparent embryos (B) make it easy to observe cells moving and changing 
their characters in the living organism as it develops. (A, courtesy of Steve 
Baskauf; B, from M. Rhinn et al., Neural Dev. 4:12, 2009. With permission 
from BioMed Central Ltd.)
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billions of cells, and one might despair of ever understanding how the 
DNA in a fertilized mouse egg cell makes it generate a mouse rather than 
a �sh, or how the DNA in a human egg cell directs the development of 
a human rather than a mouse. Yet the revelations of molecular biology 
have made the task seem eminently approachable. As much as anything, 
this new optimism has come from the realization that the genes of one 
type of animal have close counterparts in most other types of animals, 
apparently serving similar functions (Figure 1�39). We all have a com-
mon evolutionary origin, and under the surface it seems that we share 
the same molecular mechanisms. Flies, worms, �sh, mice, and humans 
thus provide a key to understanding how animals in general are made 
and how their cells work.

Comparing Genome Sequences Reveals Life�s Common 
Heritage
At a molecular level, evolutionary change has been remarkably slow. We 
can see in present-day organisms many features that have been preserved 
through more than 3 billion years of life on Earth�about one-�fth of the 
age of the universe. This evolutionary conservatism provides the founda-
tion on which the study of molecular biology is built. To set the scene for 
the chapters that follow, therefore, we end this chapter by considering a 
little more closely the family relationships and basic similarities among 
all living things. This topic has been dramatically clari�ed in the past few 
years by technological advances that have allowed us to determine the 
complete genome sequences of thousands of organisms, including our 
own species (as discussed in more detail in Chapter 9).

The �rst thing we note when we look at an organism�s genome is its 
overall size and how many genes it packs into that length of DNA. 
Prokaryotes carry very little super�uous genetic baggage and, nucleotide- 

(A)
20 mm

(B)
100 mm

(C)
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Figure 1�38 Cells in culture often display 
properties that re�ect their origin. 
(A) Phase-contrast micrograph of �broblasts 
in culture. (B) Micrograph of cultured 
myoblasts, some of which have fused 
to form multinucleate muscle cells that 
spontaneously contract in culture.  
(C) Cultured epithelial cells forming a cell 
sheet. Movie 1.7 shows a single heart 
muscle cell beating in culture. (A, courtesy 
of Daniel Zicha; B, courtesy of Rosalind 
Zalin; C, from K.B. Chua et al., Proc. Natl 
Acad. Sci. USA 104:11424�11429, 2007, with 
permission from the National Academy of 
Sciences.) 

Figure 1�39 Different species share 
similar genes. The human baby and the 
mouse shown here have similar white 
patches on their foreheads because they 
both have defects in the same gene (called 
Kit ), which is required for the development 
and maintenance of some pigment cells. 
(Courtesy of R.A. Fleischman, from Proc. 
Natl Acad. Sci. USA 88:10885�10889, 
1991. With permission from the National 
Academy of Sciences.)

Model Organisms         
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QuESTION 1�8

By now you should be familiar with the following cellular 
components. Brie�y de�ne what they are and what function 
they provide for cells. 

A.	 cytosol

B.	 cytoplasm

C.	 mitochondria 

D.	 nucleus

E.	 chloroplasts

F.	 lysosomes

G.	 chromosomes

H.	G olgi apparatus

I.	 peroxisomes

J.	 plasma membrane

K.	 endoplasmic reticulum

L.	 cytoskeleton

QuESTION 1�9

Which of the following statements are correct? Explain your 
answers.

A.	T he hereditary information of a cell is passed on by its 
proteins.

B. 	Bacterial DNA is found in the cytosol.

C.	P lants are composed of prokaryotic cells.

D.	A ll cells of the same organism have the same number of 
chromosomes (with the exception of egg and sperm cells).

E.	T he cytosol contains membrane-enclosed organelles, 
such as lysosomes.

F.	T he nucleus and mitochondria are surrounded by a 
double membrane.

G.	P rotozoans are complex organisms with a set of 
specialized cells that form tissues, such as �agella, 
mouthparts, stinging darts, and leglike appendages. 

H.	L ysosomes and peroxisomes are the sites of degradation 
of unwanted materials.

QuESTION 1�10

To get a feeling for the size of cells (and to practice the use 
of the metric system), consider the following: the human 
brain weighs about 1 kg and contains about 1012 cells. 
Calculate the average size of a brain cell (although we 
know that their sizes vary widely), assuming that each cell is 
entirely �lled with water (1 cm3 of water weighs 1 g). What 
would be the length of one side of this average-sized brain 
cell if it were a simple cube? If the cells were spread out as a 
thin layer that is only a single cell thick, how many pages of 
this book would this layer cover?

QuESTION 1�11

Identify the different organelles indicated with letters in the 
electron micrograph of a plant cell shown below. Estimate 
the length of the scale bar in the �gure.

QuESTION 1�12
There are three major classes of �laments that make up the 
cytoskeleton. What are they, and what are the differences in 

QuESTIONS

Chapter 1 End-of-Chapter Questions          

archaeon	 eukaryote	 nucleus
bacterium	 evolution	 organelle
cell	 �uorescence microscope	 photosynthesis
chloroplast	 genome	 plasma membrane
chromosome	 homologous	 prokaryote
cytoplasm	 micrometer	 protein
cytoskeleton	 microscope	 protozoan
cytosol	 mitochondrion	 ribosome
DNA	 model organism	RNA
electron microscope	
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It is at �rst sight dif�cult to accept that living creatures are merely chemi-
cal systems. Their incredible diversity of form, their seemingly purposeful 
behavior, and their ability to grow and reproduce all seem to set them 
apart from the world of solids, liquids, and gases that chemistry normally 
describes. Indeed, until the nineteenth century, it was widely believed 
that animals contained a vital force�an �animus��that was responsible 
for their distinctive properties.

We now know that there is nothing in living organisms that disobeys 
chemical or physical laws. However, the chemistry of life is indeed a 
special kind. First, it is based overwhelmingly on carbon compounds, 
the study of which is known as organic chemistry. Second, it depends 
almost exclusively on chemical reactions that take place in a watery, 
or aqueous, solution and in the relatively narrow range of temperatures 
experienced on Earth. Third, it is enormously complex: even the simplest 
cell is vastly more complicated in its chemistry than any other chemical 
system known. Fourth, it is dominated and coordinated by collections of 
enormous polymeric molecules�chains of chemical subunits linked end-
to-end�whose unique properties enable cells and organisms to grow 
and reproduce and to do all the other things that are characteristic of life. 
Finally, the chemistry of life is tightly regulated: cells deploy a variety of 
mechanisms to make sure that all their chemical reactions occur at the 
proper place and time.

Because chemistry lies at the heart of all biology, in this chapter, we brie�y 
survey the chemistry of the living cell. We will meet the molecules from 
which cells are made and examine their structures, shapes, and chemical 
properties. These molecules determine the size, structure, and functions 

CHEMICAL BONDS

SMALL MOLECULES IN CELLS

MACROMOLECULES IN CELLS

CHAPTER TWO 2
Chemical Components of Cells
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of living cells. By understanding how they interact, we can begin to see 
how cells exploit the laws of chemistry and physics to survive, thrive, and 
reproduce. 

Chemical Bonds
Matter is made of combinations of elements�substances such as hydro-
gen or carbon that cannot be broken down or interconverted by chemical 
means. The smallest particle of an element that still retains its distinctive 
chemical properties is an atom. The characteristics of substances other 
than pure elements�including the materials from which living cells are 
made�depend on which atoms they contain and the way these atoms 
are linked together in groups to form molecules. To understand living 
organisms, therefore, it is crucial to know how the chemical bonds that 
hold atoms together in molecules are formed.

Cells Are Made of Relatively Few Types of Atoms
Each atom has at its center a dense, positively charged nucleus, which 
is surrounded at some distance by a cloud of negatively charged elec-
trons, held there by electrostatic attraction to the nucleus (Figure 2–1 ). 
The nucleus consists of two kinds of subatomic particles: protons, which 
are positively charged, and neutrons, which are electrically neutral. The 
number of protons present in an atom�s nucleus determines its atomic 
number. An atom of hydrogen has a nucleus composed of a single pro-
ton; so hydrogen, with an atomic number of 1, is the lightest element. 
An atom of carbon has six protons in its nucleus and an atomic number 
of 6 (Figure 2–2 ). The electric charge carried by each proton is exactly 
equal and opposite to the charge carried by a single electron. Because 
the whole atom is electrically neutral, the number of negatively charged 
electrons surrounding the nucleus is equal to the number of positively 
charged protons that the nucleus contains; thus the number of electrons 
in an atom also equals the atomic number. All atoms of a given ele-
ment have the same atomic number, and we will see shortly that it is this 
number that dictates each atom�s chemical behavior.

Neutrons have essentially the same mass as protons. They contribute to 
the structural stability of the nucleus�if there are too many or too few, 
the nucleus may disintegrate by radioactive decay�but they do not alter 
the chemical properties of the atom. Thus an element can exist in several 
physically distinguishable but chemically identical forms, called iso-
topes, each having a different number of neutrons but the same number 
of protons. Multiple isotopes of almost all the elements occur naturally, 
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Figure 2–1 An atom consists of a nucleus 
surrounded by an electron cloud. The 
dense, positively charged nucleus contains 
most of the atom�s mass. The much lighter 
and negatively charged electrons occupy 
space around the nucleus, as governed 
by the laws of quantum mechanics. The 
electrons are depicted as a continuous 
cloud, as there is no way of predicting 
exactly where an electron is at any given 
instant. The density of shading of the cloud 
is an indication of the probability that 
electrons will be found there. The diameter 
of the electron cloud ranges from about 
0.1 nm (for hydrogen) to about 0.4 nm (for 
atoms of high atomic number). The nucleus 
is very much smaller: about 5 × 10�6 nm for 
carbon, for example.

Figure 2–2 The number of protons in 
an atom determines its atomic number. 
Schematic representations of an atom of 
carbon and an atom of hydrogen are shown. 
The nucleus of every atom except hydrogen 
consists of both positively charged protons 
and electrically neutral neutrons; the atomic 
weight equals the number of protons plus 
neutrons. The number of electrons in an 
atom is equal to the number of protons, so 
that the atom has no net charge. In contrast 
to Figure 2�1, the electrons are shown 
here as individual particles. The concentric 
black circles represent in a highly schematic 
form the �orbits� (that is, the different 
distributions) of the electrons. The neutrons, 
protons, and electrons are in reality minute 
in relation to the atom as a whole; their size 
is greatly exaggerated here.
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including some that are unstable�and thus radioactive. For exam-
ple, while most carbon on Earth exists as the stable isotope carbon�12, 
with six protons and six neutrons, also present are small amounts of an 
unstable isotope, carbon 14, which has six protons and eight neutrons. 
Carbon�14 undergoes radioactive decay at a slow but steady rate, which 
allows archaeologists to estimate the age of organic material.

The atomic weight of an atom, or the molecular weight of a molecule, 
is its mass relative to that of a hydrogen atom. This is essentially equal to 
the number of protons plus neutrons that the atom or molecule contains, 
because the electrons are so light that they contribute almost nothing to 
the total mass. Thus the major isotope of carbon has an atomic weight 
of 12 and is written as 12C. The unstable carbon isotope just mentioned 
has an atomic weight of 14 and is written as 14C. The mass of an atom or 
a molecule is generally speci�ed in daltons, one dalton being an atomic 
mass unit approximately equal to the mass of a hydrogen atom.

Atoms are so small that it is hard to imagine their size. An individual 
carbon atom is roughly 0.2 nm in diameter, so that it would take about 
5 million of them, laid out in a straight line, to span a millimeter. One 
proton or neutron weighs approximately 1/(6 × 1023) gram. As hydrogen 
has only one proton�thus an atomic weight of 1�1 gram of hydrogen 
contains 6 × 1023 atoms. For carbon�which has six protons and six neu-
trons, and an atomic weight of 12�12 grams contain 6 × 1023 atoms. This 
huge number, called Avogadro’s number, allows us to relate everyday 
quantities of chemicals to numbers of individual atoms or molecules. If 
a substance has a molecular weight of M, M grams of the substance will 
contain 6 × 1023 molecules. This quantity is called one mole of the sub-
stance (Figure 2–3 ). The concept of mole is used widely in chemistry as 
a way to represent the number of molecules that are available to partici-
pate in chemical reactions. 

There are about 90 naturally occurring elements, each differing from the 
others in the number of protons and electrons in its atoms. Living organ-
isms, however, are made of only a small selection of these elements, four 
of which�carbon (C), hydrogen (H), nitrogen (N), and oxygen (O)�con-
stitute 96 % of an organism�s weight. This composition differs markedly 
from that of the nonliving inorganic environment on Earth (Figure 2–4 ) 
and is evidence of a distinctive type of chemistry. 

The Outermost Electrons Determine How Atoms Interact
To understand how atoms come together to form the molecules that 
make up living organisms, we have to pay special attention to the atoms� 
electrons. Protons and neutrons are welded tightly to one another in an 
atom�s nucleus, and they change partners only under extreme condi-
tions�during radioactive decay, for example, or in the interior of the sun 
or of a nuclear reactor. In living tissues, only the electrons of an atom 
undergo rearrangements. They form the accessible part of the atom and 
specify the rules of chemistry by which atoms combine to form molecules.

Electrons are in continuous motion around the nucleus, but motions on 
this submicroscopic scale obey different laws from those we are familiar 
with in everyday life. These laws dictate that electrons in an atom can 
exist only in certain discrete regions of movement�roughly speaking, 
in discrete orbits. Moreover, there is a strict limit to the number of elec-
trons that can be accommodated in an orbit of a given type, a so-called 
electron shell. The electrons closest on average to the positive nucleus 
are attracted most strongly to it and occupy the inner, most tightly bound 
shell. This innermost shell can hold a maximum of two electrons. The 
second shell is farther away from the nucleus, and can hold up to eight 

A  mole  is X grams of a substance, 
where X is the molecular weight of the
substance. A mole will contain
6 × 1023 molecules of the substance.

1 mole of carbon weighs 12 g
1 mole of glucose weighs 180 g
1 mole of sodium chloride weighs 58 g

A  one molar solution  has a 
concentration of 1 mole of the substance 
in 1 liter of solution. A 1 M solution of 
glucose, for example, contains 180 g/l, 
and a one millimolar (1 mM) solution
contains 180 mg/l.

The standard abbreviation for gram is g;
the abbreviation for liter is L.
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Figure 2–3 What’s a mole? Some sample 
calculations of moles and molar solutions.







44	 CHAPtER 2     Chemical Components of Cells

Covalent Bonds Form by the Sharing of Electrons
All of the characteristics of a cell depend on the molecules it contains. 
A molecule is a cluster of atoms held together by covalent bonds, in 
which electrons are shared rather than transferred between atoms. The 
shared electrons complete the outer shells of the interacting atoms. In the 
simplest possible molecule�a molecule of hydrogen (H2)�two H atoms, 
each with a single electron, share their electrons, thus �lling their outer-
most shells. The shared electrons form a cloud of negative charge that 
is densest between the two positively charged nuclei. This electron den-
sity helps to hold the nuclei together by opposing the mutual repulsion 
between their positive charges that would otherwise force them apart. 
The attractive and repulsive forces are in balance when the nuclei are 
separated by a characteristic distance, called the bond length (Figure 2–8 ).

Whereas an H atom can form only a single covalent bond, the other com-
mon atoms that form covalent bonds in cells�O, N, S, and P, as well as 
the all-important C�can form more than one. The outermost shells of 
these atoms, as we have seen, can accommodate up to eight electrons, 
and they form covalent bonds with as many other atoms as necessary to 
reach this number. Oxygen, with six electrons in its outer shell, is most 
stable when it acquires two extra electrons by sharing with other atoms, 
and it therefore forms up to two covalent bonds. Nitrogen, with �ve outer 
electrons, forms a maximum of three covalent bonds, while carbon, with 
four outer electrons, forms up to four covalent bonds�thus sharing four 
pairs of electrons (see Figure 2�5).

When one atom forms covalent bonds with several others, these mul-
tiple bonds have de�nite orientations in space relative to one another, 
re�ecting the orientations of the orbits of the shared electrons. Cova- 
lent bonds between multiple atoms are therefore characterized by spe-
ci�c bond angles, as well as by speci�c bond lengths and bond energies  
(Figure 2–9 ). The four covalent bonds that can form around a carbon 
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Figure 2–7 The chemistry of life is 
predominantly the chemistry of lighter 
elements. When ordered by their atomic 
number into a periodic table, elements fall 
into groups that show similar properties 
based on the number of electrons each 
element possesses in its outer shell. Atoms 
in the same vertical column must gain or 
lose the same number of electrons to attain 
a �lled outer shell, and they thus behave 
similarly. Thus, both magnesium (Mg) and 
calcium (Ca) tend to give away the two 
electrons in their outer shells to form ionic 
bonds with atoms such as chlorine (Cl) that 
need extra electrons to complete their outer 
shells.  
   The four elements highlighted in red 
constitute 99% of the total number of atoms 
present in the human body and about 96% 
of our total weight. An additional seven 
elements, highlighted in blue, together 
represent about 0.9% of the total number 
of atoms. Other elements, shown in green, 
are required in trace amounts by humans. 
It remains unclear whether those elements 
shown in yellow are essential in humans 
or not. 
   The atomic weights shown here are 
those of the most common isotope of each 
element. 
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(covalent
bond)

TOO
FAR
(no
attraction)

TOO
CLOSE
(nuclei repel
each other)

two hydrogen atoms

bond length: 0.074 nm

Figure 2–8 The hydrogen molecule is held together by a covalent 
bond. Each hydrogen atom in isolation has a single electron, which 
means that its �rst (and only) electron shell is incompletely �lled. By 
coming together, the two atoms are able to share their electrons, 
so that each obtains a completely �lled �rst shell, with the shared 
electrons adopting modi�ed orbits around the two nuclei. The covalent 
bond between the two atoms has a de�nite length�0.074 nm, which is 
the distance between the two nuclei. If the atoms were closer together, 
the positive nuclei would repel each other; if they were farther apart, 
they would not be able to share electrons as effectively. 
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atom, for example, are arranged as if pointing to the four corners of a reg-
ular tetrahedron. The precise orientation of the covalent bonds around 
carbon produces the three-dimensional geometry of organic molecules.

There Are Different Types of Covalent Bonds
Most covalent bonds involve the sharing of two electrons, one donated 
by each participating atom; these are called single bonds. Some covalent 
bonds, however, involve the sharing of more than one pair of electrons. 
Four electrons can be shared, for example, two coming from each par-
ticipating atom; such a bond is called a double bond. Double bonds are 
shorter and stronger than single bonds and have a characteristic effect 
on the three-dimensional geometry of molecules containing them. A sin-
gle covalent bond between two atoms generally allows the rotation of 
one part of a molecule relative to the other around the bond axis. A dou-
ble bond prevents such rotation, producing a more rigid and less �exible 
arrangement of atoms (Figure 2–10 ). This restriction has a major in�u-
ence on the three-dimensional shape of many macromolecules. Panel 
2–1 (pp. 66�67) reviews the covalent bonds commonly encountered in 
biological molecules.

Some molecules contain atoms that share electrons in a way that pro-
duces bonds that are intermediate in character between single and double 
bonds. The highly stable benzene molecule, for example, is made up of 
a ring of six carbon atoms in which the bonding electrons are evenly 
distributed (although the arrangement is sometimes depicted as an alter-
nating sequence of single and double bonds, as shown in Panel 2�1).

When the atoms joined by a single covalent bond belong to different ele-
ments, the two atoms usually attract the shared electrons to different 
degrees. Covalent bonds in which the electrons are shared unequally in 
this way are known as polar covalent bonds. A polar structure (in the elec-
trical sense) is one in which the positive charge is concentrated toward 
one end of the molecule (the positive pole) and the negative charge is 
concentrated toward the other end (the negative pole). Oxygen and nitro-
gen atoms, for example, attract electrons relatively strongly, whereas an 
H atom attracts electrons relatively weakly (because of the relative dif-
ferences in the positive charges of the nuclei of C, O, N, and H). Thus the 
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O

oxygen

N C

carbonnitrogen

water (H 2O)

propane (CH 3-CH2-CH3)(B)

(A)
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Figure 2–9 Covalent bonds are 
characterized by particular geometries. 
(A) The spatial arrangement of the covalent 
bonds that can be formed by oxygen, 
nitrogen, and carbon. (B) Molecules formed 
from these atoms therefore have a precise 
three-dimensional structure de�ned by the 
bond angles and bond lengths for each 
covalent linkage. A water molecule, for 
example, forms a �V� shape with an angle 
close to 109°. 
   In these ball-and-stick models, the 
different colored balls represent different 
atoms, and the sticks represent the 
covalent bonds. The colors traditionally 
used to represent the different atoms�
black for carbon, white for hydrogen, blue 
for nitrogen, and red for oxygen�were 
established by the chemist August Wilhelm 
Hofmann in 1865, when he used a set of 
colored croquet balls to build molecular 
models for a public lecture on �the 
combining power of atoms.� 

(A) ethane

(B) ethene
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Figure 2–10 Carbon–carbon double 
bonds are shorter and more rigid than 
carbon–carbon single bonds. ( A) The 
ethane molecule, with a single covalent 
bond between the two carbon atoms, shows 
the tetrahedral arrangement of the three 
single covalent bonds between each carbon 
atom and its three attached H atoms. The 
CH3 groups, joined by a covalent C�C 
bond, can rotate relative to one another 
around the bond axis. (B) The double 
bond between the two carbon atoms in a 
molecule of ethene (ethylene) alters the 
bond geometry of the carbon atoms and 
brings all the atoms into the same plane; 
the double bond prevents the rotation of 
one CH2 group relative to the other.
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