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Molecular Biology of the Cell I. Introduction to the Cell 1. Cells and 
Genomes

Genetic Information in Eucaryotes

Eucaryotic cells, in general, are bigger and more elaborate than procaryotic 
cells, and their genomes are bigger and more elaborate, too. The greater size is 
accompanied by radical differences in cell structure and function. Moreover, 
many classes of eucaryotic cells form multicellular organisms that attain a 
level of complexity unmatched by any procaryote.

Because they are so complex, eucaryotes confront molecular biologists with a 
special set of challenges, which will concern us in the rest of this book. 
Increasingly, biologists meet these challenges through the analysis and 
manipulation of the genetic information within cells and organisms. It is 
therefore important at the outset to know something of the special features of 
the eucaryotic genome. We begin by briefly reviewing how eucaryotic cells 
are organized, how this reflects their way of life, and how their genomes differ 
from those of procaryotes. This leads us to an outline of the strategy by which 
molecular biologists, by exploiting genetic information, are attempting to 
discover how eucaryotic organisms work.

Eucaryotic Cells May Have Originated as Predators

By definition, eucaryotic cells keep their DNA in a separate internal 
compartment, the nucleus. The DNA is separated from the cytoplasm by the 
nuclear envelope, which consists of a double layer of membrane. Eucaryotes 
also have other features that set them apart from procaryotes (Figure 1-31). 
Their cells are, typically, 10 times bigger in linear dimension, and 1000 times 
larger in volume. They have a cytoskeleton a system of protein filaments 
crisscrossing the cytoplasm and forming, together with the many proteins that 
attach to them, a system of girders, ropes, and motors that gives the cell 
mechanical strength, controls its shape, and drives and guides its movements. 
The nuclear envelope is only one part of an elaborate set of internal
membranes, each structurally similar to the plasma membrane and enclosing 
different types of spaces inside the cell, many of them involved in processes 
related to digestion and secretion. Lacking the tough cell wall of most bacteria, 
animal cells and the free-living eucaryotic cells called protozoa can change 
their shape rapidly and engulf other cells and small objects by phagocytosis
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(Figure 1-32).

It is still a mystery how all these properties evolved, and in what sequence. 
One plausible view, however, is that they are all reflections of the way of life 
of a primordial eucaryotic cell that was a predator, living by capturing other 
cells and eating them (Figure 1-33). Such a way of life requires a large cell 
with a flexible plasma membrane, as well as an elaborate cytoskeleton to 
support and move this membrane. It may also require that the cell's long, 
fragile DNA molecules be sequestered in a separate nuclear compartment, to 
protect the genome from damage by the movements of the cytoskeleton.

Eucaryotic Cells Evolved from a Symbiosis

A predatory way of life helps to explain another feature of eucaryotic cells. 
Almost all such cells also contain mitochondria (Figure 1-34). These are small 
bodies in the cytoplasm, enclosed by a double layer of membrane, that take up 
oxygen and harness energy from the oxidation of food molecules such as 
sugars to produce most of the ATP that powers the cell's activities. 
Mitochondria are similar in size to small bacteria, and, like bacteria, they have 
their own genome in the form of a circular DNA molecule, their own 
ribosomes that are different from those elsewhere in the eucaryotic cell, and 
their own transfer RNAs. It is virtually certain that mitochondria originated 
from free-living oxygen-metabolizing (aerobic) eubacteria that were engulfed 
by an ancestral eucaryotic cell that could otherwise make no such use of 
oxygen (that is, was anaerobic). Escaping digestion, these bacteria evolved in 
symbiosis with the engulfing cell and its progeny, receiving shelter and 
nourishment in return for the power generation they performed for their hosts 
(Figure 1-35). This partnership between a primitive anaerobic eucaryotic 
predator cell and an aerobic bacterial cell is thought to have been established 
about 1.5 billion years ago, when the Earth's atmosphere first became rich in 
oxygen.

Many eucaryotic cells specifically, those of plants and algae also contain 
another class of small membrane-bounded organelles somewhat similar to 
mitochondria the chloroplasts (Figure 1-36). Chloroplasts perform 
photosynthesis, using the energy of sunlight to synthesize carbohydrates from 
atmospheric carbon dioxide and water, and deliver the products to the host cell 
as food. Like mitochondria, chloroplasts have their own genome and almost 
certainly originated as symbiotic photosynthetic bacteria, acquired by cells that 
already possessed mitochondria (Figure 1-37).

A eucaryotic cell equipped with chloroplasts has no need to chase after other 
cells as prey; it is nourished by the captive chloroplasts it has inherited from its 
ancestors. Correspondingly, plant cells, although they possess the cytoskeletal 
equipment for movement, have lost the ability to change shape rapidly and to 
engulf other cells by phagocytosis. Instead, they create around themselves a 
tough, protective cell wall. If the ancestral eucaryote was indeed a predator on 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=...h&db=books&doptcmdl=GenBookHL&rid=mboc4.section.68 (2 sur 13)29/04/2006 17:24:46

♦ TOP 

10x Genomics, Inc. Exhibit 2008 
Parse Biosciences, Inc. v. 10x Genomics, Inc. 

IPR2023-01030 
Page 00011



Genetic Information in Eucaryotes

Figure 1-51. The 
consequences of 
gene duplication...

Figure 1-52. Times 
of divergence of 
different...

Figure 1-53. Human 
and mouse: similar 
genes...

Search

 This book  All 
books

 PubMed

other organisms, we can view plant cells as eucaryotes that have made the 
transition from hunting to farming.

Fungi represent yet another eucaryotic way of life. Fungal cells, like animal 
cells, possess mitochondria but not chloroplasts; but in contrast with animal 
cells and protozoa, they have a tough outer wall that limits their ability to 
move rapidly or to swallow up other cells. Fungi, it seems, have turned from 
hunters into scavengers: other cells secrete nutrient molecules or release them 
upon death, and fungi feed on these leavings performing whatever digestion 
is necessary extracellularly, by secreting digestive enzymes to the 
exterior.

Eucaryotes Have Hybrid Genomes

The genetic information of eucaryotic cells has a hybrid origin from the 
ancestral anaerobic eucaryote, and from the bacteria that it adopted as 
symbionts. Most of this information is stored in the nucleus, but a small 
amount remains inside the mitochondria and, for plant and algal cells, in the 
chloroplasts. The mitochondrial DNA and the chloroplast DNA can be 
separated from the nuclear DNA and individually analyzed and sequenced. 
The mitochondrial and chloroplast genomes are found to be degenerate, cut-
down versions of the corresponding bacterial genomes, lacking genes for many 
essential functions. In a human cell, for example, the mitochondrial genome 
consists of only 16,569 nucleotide pairs, and codes for only 13 proteins, two 
ribosomal RNA components, and 22 transfer RNAs.

The genes that are missing from the mitochondria and chloroplasts have not all 
been lost; instead, many of them have been somehow moved from the 
symbiont genome into the DNA of the host cell nucleus. The nuclear DNA of 
humans contains many genes coding for proteins that serve essential functions 
inside the mitochondria; in plants, the nuclear DNA also contains many genes 
specifying proteins required in chloroplasts.

Eucaryotic Genomes Are Big

Natural selection has evidently favored mitochondria with small genomes, just 
as it has favored bacteria with small genomes. By contrast, the nuclear 
genomes of most eucaryotes seem to have been free to enlarge. Perhaps the 
eucaryotic way of life has made large size an advantage: predators need to be 
bigger than their prey, and cell size generally increases in proportion to 
genome size. Whatever the explanation, the fact is that the genomes of most 
eucaryotes are orders of magnitude larger than those of bacteria and archaea 
(Figure 1-38). And the freedom to be extravagant with DNA has had profound 
implications.

Eucaryotes not only have more genes than procaryotes; they also have vastly 
more DNA that does not code for protein or for any other functional product 
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molecule. The human genome contains a 1000 times as many nucleotide pairs 
as the genome of a typical bacterium, 20 times as many genes, and about 
10,000 times as much noncoding DNA (~98.5% of the genome for a human is 
noncoding, as opposed to 11% of the genome for the bacterium E. coli).

Eucaryotic Genomes Are Rich in Regulatory DNA

Much of our noncoding DNA is almost certainly dispensable junk, retained 
like a mass of old papers because, when there is little pressure to keep an 
archive small, it is easier to retain everything than to sort out the valuable 
information and discard the rest. Certain exceptional eucaryotic species, such 
as the puffer fish (Figure 1-39), bear witness to the profligacy of their 
relatives; they have somehow managed either to rid themselves of large 
quantities of noncoding DNA, or to have avoided acquiring it in the first place. 
Yet they appear similar in structure, behavior, and fitness to related species 
that have vastly more such DNA.

Even in compact eucaryotic genomes such as that of puffer fish, there is more 
noncoding DNA than coding DNA, and at least some of the noncoding DNA 
certainly has important functions. In particular, it serves to regulate the 
expression of adjacent genes. With this regulatory DNA, eucaryotes have 
evolved distinctive ways of controlling when and where a gene is brought into 
play. This sophisticated gene regulation is crucial for the formation of complex 
multicellular organisms.

The Genome Defines the Program of Multicellular 
Development

The cells in an individual animal or plant are extraordinarily varied. Fat cells, 
skin cells, bone cells, nerve cells they seem as dissimilar as any cells could 
be. Yet all these cell types are generated during embryonic development from 
a single fertilized egg cell, and all (with minor exceptions) contain identical 
copies of the genome of the species.

The explanation lies in the way in which these cells make selective use of their 
genetic instructions according to the cues they get from their surroundings. 
The DNA is not just a shopping list specifying the molecules that every cell 
must have, and the cell is not an assembly of all the items on the list. Rather, 
the cell behaves as a multipurpose machine, with sensors to receive 
environmental signals and highly developed abilities to call different sets of 
genes into action according to the sequences of signals to which the cell has 
been exposed. A large fraction of the genes in the eucaryotic genome code for 
proteins that serve to regulate the activities of other genes. Most of these gene
regulatory proteins act by binding, directly or indirectly, to the regulatory 
DNA adjacent to the genes that are to be controlled (Figure 1-40), or by 
interfering with the abilities of other proteins to do so. The expanded genome 
of eucaryotes therefore serves not only to specify the hardware of the cell, but 
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Genetic Information in Eucaryotes

also to store the software that controls how that hardware is used.

In a developing multicellular organism, each cell is governed by the same 
control system, but with different consequences depending on the signals the 
cell exchanges with its neighbors. The outcome, astonishingly, is a precisely 
patterned array of cells in different states, each displaying a character 
appropriate to its position in the multicellular structure. The genome in each 
cell is big enough to accommodate the information that specifies an entire 
multicellular organism, but in any individual cell only part of that information 
is used (Figure 1-41).

Many Eucaryotes Live as Solitary Cells: the Protists

Many species of eucaryotic cells lead a solitary life some as hunters (the 
protozoa), some as photosynthesizers (the unicellular algae), some as 
scavengers (the unicellular fungi, or yeasts). Even though they do not form 
multicellular organisms, these single-celled eucaryotes, or protists, can be very 
complex. Figure 1-42 conveys something of the variety of forms they can take. 
The anatomy of protozoa, especially, is often elaborate and includes such 
structures as sensory bristles, photoreceptors, sinuously beating cilia, leglike 
appendages, mouth parts, stinging darts, and musclelike contractile bundles. 
Although they are single cells, protozoa can be as intricate, as versatile, and as 
complex in their behavior as many multicellular organisms (see Figure 1-33).

In terms of their ancestry and DNA sequences, protists are far more diverse 
than the multicellular animals, plants, and fungi, which arose as three 
comparatively late branches of the eucaryotic pedigree (see Figure 1-21). As 
with procaryotes, humans have tended to neglect the protists because they are 
microscopic. Only now, with the help of genome analysis, are we beginning to 
understand their positions in the tree of life, and to put into context the 
glimpses these strange creatures offer us of our distant evolutionary 
past.

A Yeast Serves as a Minimal Model Eucaryote

The molecular and genetic complexity of eucaryotes is daunting. Even more 
than for procaryotes, biologists need to concentrate their limited resources on a 
few selected model organisms to fathom this complexity.

To analyze the internal workings of the eucaryotic cell, without being 
distracted by the additional problems of multicellular development, it makes 
sense to use a species that is unicellular and as simple as possible. The popular 
choice for this role of minimal model eucaryote has been the yeast 
Saccharomyces cerevisiae (Figure 1-43) the same species that is used by 
brewers of beer and bakers of bread.
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Genetic Information in Eucaryotes

S. cerevisiae is a small, single-celled member of the kingdom of fungi and 
thus, according to modern views, at least as closely related to animals as it is to 
plants. It is robust and easy to grow in a simple nutrient medium. Like other 
fungi, it has a tough cell wall, is relatively immobile, and possesses 
mitochondria but not chloroplasts. When nutrients are plentiful, it grows and 
divides almost as rapidly as a bacterium. It can reproduce either vegetatively 
(that is, by simple cell division), or sexually: two yeast cells that are haploid
(possessing a single copy of the genome) can fuse to create a cell that is 
diploid (containing a double genome); and the diploid cell can undergo meiosis
(a reduction division) to produce cells that are once again haploid (Figure 1-
44). In contrast with higher plants and animals, the yeast can divide 
indefinitely in either the haploid or the diploid state, and the process leading 
from the one state to the other can be induced at will by changing the growth 
conditions.

All these features make this yeast an extremely convenient organism for 
genetic studies, as does one further property: its genome, by eucaryotic 
standards, is exceptionally small. Nevertheless, it suffices for all the basic 
tasks that every eucaryotic cell must perform. As we shall see later in this 
book, studies on yeasts (using both S. cerevisiae and other species) have 
provided a key to the understanding of many crucial processes. These include 
the eucaryotic cell-division cycle the critical chain of events by which the 
nucleus and all the other components of a cell are duplicated and parceled out 
to create two daughter cells from one. The control system that governs this 
process has been so well conserved over the course of evolution that many of 
its components can function interchangeably in yeast and human cells: if a 
mutant yeast lacking an essential yeast cell-division-cycle gene is supplied 
with a copy of the homologous cell-division-cycle gene from a human, the 
yeast is cured of its defect and becomes able to divide normally.

The Expression Levels of All The Genes of An Organism 
Can Be Monitored Simultaneously

The complete genome sequence of S. cerevisiae was determined in 1997. It 
consists of approximately 13,117,000 nucleotide pairs, including the small 
contribution (78,520 nucleotide pairs) of the mitochondrial DNA. This total is 
only about 2.5 times as much DNA as there is in E. coli, and it codes for only 
1.5 times as many distinct proteins (about 6300 in all). The way of life of S.
cerevisiae is similar in many ways to that of a bacterium, and it seems that this 
yeast has likewise been subject to selection pressures that have kept its genome 
compact.

Knowledge of the complete genome sequence of any organism be it a yeast 
or a human opens up new perspectives on the workings of the cell: things 
that once seemed impossibly complex now seem within our grasp. One 
example will suffice. It is possible to array on a glass microscope slide a set of 
samples of DNA sequence corresponding to each of the ~6300 proteins the 
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Genetic Information in Eucaryotes

yeast has encoded in its genome. A DNA molecule will bind selectively, by 
base-pairing, with DNA or RNA that has a complementary sequence. 
Therefore, if a mixture of nucleic acid molecules is passed over such a DNA
array, each type of molecule in the mixture will stick to its corresponding 
DNA spot. If the molecules in the mixture have a fluorescent chemical tag 
attached to them, the result will be a set of spots of fluorescence, each 
localized at a specific point in the array (Figure 1-45). In this way, it is 
possible to monitor, simultaneously, the amount of mRNA transcript that is 
produced from every gene in the genome by a yeast under any chosen 
conditions, and to see how this whole pattern of gene activity changes when 
conditions change. The analysis can be repeated with mRNA prepared from 
mutants lacking a chosen gene any gene that we care to test. In principle, 
this approach provides a way to reveal the entire system of control 
relationships that govern gene expression not only in these yeast cells, but in 
any organism whose genome sequence is known.

Arabidopsis Has Been Chosen Out of 300,000 Species As a 
Model Plant

The large multicellular organisms that we see around us the flowers and 
trees 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. Thus, 
while bacteria and eucaryotes are separated by more than 3000 million years of 
divergent evolution, vertebrates and insects are separated by about 700 million 
years, fish and mammals by about 450 million years, and the different species 
of flowering plants by only about 150 million years.

Because of the close evolutionary relationship between all flowering plants, we 
can, once again, get insight into the cell and molecular biology of this whole 
class of organisms by focusing on just one or a few species for detailed 
analysis. Out of the several hundred thousand species of flowering plants on 
Earth today, molecular biologists have chosen to concentrate their efforts on a 
small weed, the common wall cress Arabidopsis thaliana (Figure 1-46), which 
can be grown indoors in large numbers, and produces thousands of offspring 
per plant after 8 10 weeks. Arabidopsis has a genome of approximately 140 
million nucleotide pairs, about 11 times as much as yeast, and its complete 
sequence is known.

The World of Animal Cells Is Represented By a Worm, a 
Fly, a Mouse, and a Human

Multicellular animals account for the majority of all named species of living 
organisms, and for the largest part of the biological research effort. Four 
species have emerged as the foremost model organisms for molecular genetic 
studies and have had their genomes sequenced. In order of increasing size, 
they are the nematode worm Caenorhabditis elegans, the fly Drosophila
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Genetic Information in Eucaryotes

melanogaster, the mouse Mus musculus, and the human, Homo sapiens.

Caenorhabditis elegans (Figure 1-47) is a small, harmless relative of the 
eelworm that attacks crops. With a life cycle of only a few days, an ability to 
survive in a freezer indefinitely in a state of suspended animation, a simple 
body plan, and an unusual life cycle that is well suited for genetic studies 
(described in Chapter 21), it is an ideal model organism. C. elegans develops 
with clockwork precision from a fertilized egg cell into an adult worm with 
exactly 959 body cells (plus a variable number of egg and sperm cells) an
unusual degree of regularity for an animal. We now have a minutely detailed 
description of the sequence of events by which this occurs, as the cells divide, 
move, and change their characters according to strict and predictable rules. The 
genome of 97 million nucleotide pairs code for about 19,000 proteins and a 
wealth of mutants are available for the testing of gene functions. Although the 
worm has a body plan very different from our own, the conservation of 
biological mechanisms has been sufficient for the worm to provide a valuable 
model for many of the processes that occur in the human body. Studies of the 
worm help us to understand, for example, the programs of cell division and 
cell death that determine the numbers of cells in the body a topic of great 
importance in developmental biology and cancer research.

Studies in Drosophila Provide a Key to Vertebrate 
Development

The fruitfly Drosophila melanogaster (Figure 1-48) has been in use as a model 
genetic organism for longer than any other; in fact, the foundations of classical 
genetics were built to a large extent on studies of this insect. Over 80 years 
ago, it provided, for example, definitive proof that genes the abstract units of 
hereditary information are carried on chromosomes, concrete physical 
objects whose behavior had been closely followed in the eucaryotic cell with 
the light microscope, but whose function was at first unknown. The proof 
depended on one of the many features that make Drosophila peculiarly 
convenient for genetics the giant chromosomes, with characteristic banded 
appearance, that are visible in some of its cells (Figure 1-49). Specific changes 
in the hereditary information, manifest in families of mutant flies, were found 
to correlate exactly with the loss or alteration of specific giant-chromosome 
bands.

In more recent times, Drosophila, more than any other organism, has shown us 
how to trace the chain of cause and effect from the genetic instructions 
encoded in the chromosomal DNA to the structure of the adult multicellular 
body. Drosophila mutants with body parts strangely misplaced or mispatterned 
provided the key to the identification and characterization of the genes 
required to make a properly structured body, with gut, limbs, eyes, and all the 
other parts in their correct places. Once these Drosophila genes were 
sequenced, the genomes of vertebrates could be scanned for homologs. These 
were found, and their functions in vertebrates were then tested by analyzing 
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mice in which the genes had been mutated. The results, as we see later in the 
book, reveal an astonishing degree of similarity in the molecular mechanisms 
of insect and vertebrate development.

The majority of all named species of living organisms are insects. Even if 
Drosophila had nothing in common with vertebrates, but only with insects, it 
would still be an important model organism. But if understanding the 
molecular genetics of vertebrates is the goal, why not simply tackle the 
problem head-on? Why sidle up to it obliquely, through studies in Drosophila?

Drosophila requires only 9 days to progress from a fertilized egg to an adult; it 
is vastly easier and cheaper to breed than any vertebrate, and its genome is 
much smaller about 170 million nucleotide pairs, compared with 3200 
million for a human. This codes for about 14,000 proteins, and mutants can 
now be obtained for essentially any gene. But there is also another, deeper 
reason why genetic mechanisms that are hard to discover in a vertebrate are 
often readily revealed in the fly. This relates, as we now explain, to the 
frequency of gene duplication, which is substantially greater in vertebrate 
genomes than in the fly genome and has probably been crucial in making 
vertebrates the complex and subtle creatures that they are.

The Vertebrate Genome Is a Product of Repeated 
Duplication

Almost every gene in the vertebrate genome is found to have paralogs other
genes in the same genome that are unmistakably related and must have arisen 
by gene duplication. In many cases, a whole cluster of genes is closely related 
to similar clusters present elsewhere in the genome, suggesting that genes have 
been duplicated in linked groups rather than as isolated individuals. According 
to one hypothesis, at an early stage in the evolution of the vertebrates, the 
entire genome underwent duplication twice in succession, giving rise to four 
copies of every gene. In some groups of vertebrates, such as fish of the salmon 
and carp families (including the zebrafish, a popular research animal), it has 
been suggested that there was yet another duplication, creating an eightfold 
multiplicity of genes.

The precise course of vertebrate genome evolution remains uncertain, because 
many further evolutionary changes have occurred since these ancient events. 
Genes that were once identical have diverged; many of the gene copies have 
been lost through disruptive mutations; some have undergone further rounds of 
local duplication; and the genome, in each branch of the vertebrate family tree, 
has suffered repeated rearrangements, breaking up most of the original gene 
orderings. A careful comparison of the gene order in two related organisms, 
such as the human and the mouse, reveals that on the time scale of vertebrate 
evolution chromosomes frequently fuse and fragment to move large blocks 
of DNA sequence around. Indeed, it is entirely possible, as we shall discuss in 
Chapter 7, that the present state of affairs is the result of many separate 
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duplications of fragments of the genome, rather than duplications of the 
genome as a whole.

There is, however, no doubt that such whole-genome duplications do occur 
from time to time in evolution, for we can see recent instances in which 
duplicated chromosome sets are still clearly identifiable as such. The frog 
genus Xenopus, for example, comprises a set of closely similar species related 
to one another by repeated duplications or triplications of the whole genome. 
Among these frogs are X. tropicalis, with an ordinary diploid genome; the 
common laboratory species X. laevis, with a duplicated genome and twice as 
much DNA per cell; and X. ruwenzoriensis, with a sixfold reduplicated 
genome and six times as much DNA per cell (108 chromosomes, compared 
with 36 in X. laevis, for example). These species are estimated to have 
diverged from one another within the past 120 million years (Figure 1-
50).

Genetic Redundancy Is a Problem for Geneticists, But It 
Creates Opportunities for Evolving Organisms

Whatever the details of the evolutionary history, it is clear that most genes in 
the vertebrate genome exist in several versions that were once identical. The 
related genes often remain functionally interchangeable for many purposes. 
This phenomenon is called genetic redundancy. For the scientist struggling to 
discover all the genes involved in some particular process, it has a dire 
consequence. If gene A is mutated and no effect is seen, one can no longer 
conclude that gene A is functionally irrelevant it may simply be that this 
gene normally works in parallel with its relatives, and these suffice for near-
normal function even when gene A is defective (just as an airliner continues to 
fly when one of its engines fails). In the less repetitive genome of Drosophila,
where gene duplication is less common, the analysis is more straightforward: 
single gene functions are revealed directly by the consequences of single-gene 
mutations (the single-engined plane stops flying when the engine fails).

Genome duplication has clearly allowed the development of more complex life 
forms; it provides an organism with a cornucopia of spare gene copies, which 
are free to mutate to serve divergent purposes. While one copy becomes 
optimized for use in the liver, say, another can become optimized for use in the 
brain or adapted for a novel purpose. In this way, the additional genes allow 
for increased complexity and sophistication. As the genes take on divergent 
functions, they cease to be redundant. Often, however, while the genes acquire 
individually specialized roles, they also continue to perform some aspects of 
their original core function in parallel, redundantly. Mutation of a single gene 
then causes a relatively minor abnormality that reveals only a part of the gene's 
function (Figure 1-51). Families of genes with divergent but partly overlapping 
functions are a pervasive feature of vertebrate molecular biology, and they are 
encountered repeatedly in this book.
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The Mouse Serves as a Model for Mammals

Mammals have typically three or four times as many genes as Drosophila, a 
genome that is 20 times larger, and millions or billions of times as many cells 
in their adult bodies. In terms of genome size and function, cell biology, and 
molecular mechanisms, mammals are nevertheless a highly uniform group of 
organisms. Even anatomically, the differences among mammals are chiefly a 
matter of size and proportions; it is hard to think of a human body part that 
does not have a counterpart in elephants and mice, and vice versa. Evolution 
plays freely with quantitative features, but it does not readily change the logic 
of the structure.

To get a more exact measure of how closely mammalian species resemble one 
another genetically, we can compare the nucleotide sequences of 
corresponding (orthologous) genes, or the amino acid sequences of the proteins 
that these genes encode. The results for individual genes and proteins vary 
widely. But typically, if we line up the amino acid sequence of a human 
protein with that of the orthologous protein from, say, an elephant, about 85% 
of the amino acids are identical. A similar comparison between human and 
bird shows an amino acid identity of about 70% twice as many differences, 
because the bird and the mammalian lineages have had twice as long to 
diverge as those of the elephant and the human (Figure 1-52).

The mouse, being small, hardy, and a rapid breeder, has become the foremost 
model organism for experimental studies of vertebrate molecular genetics. 
Many naturally occurring mutations are known, often mimicking the effects of 
corresponding mutations in humans (Figure 1-53). Methods have been 
developed, moreover, to test the function of any chosen mouse gene, or of any 
non-coding portion of the mouse genome, by artificially creating mutations in 
it, as we explain later in the book.

One made-to-order mutant mouse can provide a wealth of information for the 
cell biologist. It reveals the effects of the chosen mutation in a host of different 
contexts, simultaneously testing the action of the gene in all the different kinds 
of cells in the body that could in principle be affected.

Humans Report on Their Own Peculiarities

As humans, we have, of course, a special interest in the human genome. We 
want to know the full set of parts from which we ourselves are made, and to 
discover how they work. But even if you were a mouse, preoccupied with the 
molecular biology of mice, humans would be attractive as model genetic 
organisms, because of one special property: through medical examinations and 
self-reporting, we catalog our own genetic (and other) disorders. The human 
population is enormous, consisting today of some 6 billion individuals, and 
this self-documenting property means that a huge database of information is 
available on human mutations. The complete human genome sequence of more 
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than 3 billion nucleotide pairs has recently been determined in a rough draft 
form, making it easier than ever before to identify at a molecular level the 
precise gene responsible for each human mutant characteristic.

By drawing together the insights from humans, mice, flies, worms, yeasts, 
plants, and bacteria using gene sequence similarities to map out the 
correspondences between one model organism and another we enrich our 
understanding of them all.

We Are All Different in Detail

What precisely do we mean when we speak of the human genome? Whose 
genome? On average, any two people taken at random differ in about one or 
two in every 1000 nucleotide pairs in their DNA sequence. The Human 
Genome Project has arbitrarily selected DNA from a small number of 
anonymous individuals for sequencing. The human genome the genome of 
the human species is, properly speaking, a more complex thing, embracing 
the entire pool of variant genes that are found in the human population and 
continually exchanged and reassorted in the course of sexual reproduction. 
Ultimately, we can hope to document this variation too. Knowledge of it will 
help us understand, for example, why some people are prone to one disease, 
others to another; why some respond well to a drug, others badly. It will also 
provide new clues to our history the population movements and minglings of 
our ancestors, the infections they suffered, the diets they ate. All these things 
leave traces in the variant forms of genes that have survived in human 
communities.

Knowledge and understanding bring the power to intervene with humans, to 
avoid or prevent disease; with plants, to create better crops; with bacteria, to 
turn them to our own uses. All these biological enterprises are linked, because 
the genetic information of all living organisms is written in the same language. 
The new-found ability of molecular biologists to read and decipher this 
language has already begun to transform our relationship to the living world. 
The cell biology to be presented in the subsequent chapters will, we hope, 
prepare you to understand, and possibly to contribute to, the great scientific 
adventure of the twenty-first century.

Summary

Eucaryotic cells, by definition, keep their DNA in a separate membrane-
bounded compartment, the nucleus. They have, in addition, a cytoskeleton for 
movement, elaborate intracellular compartments for digestion and secretion, 
the capacity (in many species) to engulf other cells, and a metabolism that 
depends on the oxidation of organic molecules by mitochondria. These 
properties suggest that eucaryotes originated as predators on other cells. 
Mitochondria and, in plants, chloroplasts contain their own genetic 
material, and evidently evolved from bacteria that were taken up into the 
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cytoplasm of the eucaryotic cell and survived as symbionts. Eucaryotic cells 
have typically 3 30 times as many genes as procaryotes, and often thousands 
of times more noncoding DNA. The noncoding DNA allows for complex 
regulation of gene expression, as required for the construction of complex 
multicellular organisms. Many eucaryotes are, however, unicellular, among 
them the yeast Saccharomyces cerevisiae, which serves as a simple model 
organism for eucaryotic cell biology, revealing the molecular basis of 
conserved fundamental processes such as the eucaryotic cell division cycle. A 
small number of other organisms have been chosen as primary models for 
multicellular plants and animals, and the sequencing of their entire genomes 
has opened the way to systematic and comprehensive analysis of gene 
functions, gene regulation, and genetic diversity. As a result of gene 
duplications during vertebrate evolution, vertebrate genomes contain multiple 
closely related homologs of most genes. This genetic redundancy has allowed 
diversification and specialization of genes for new purposes, but it also makes 
gene functions harder to decipher. There is less genetic redundancy in the 
nematode Caenorhabditis elegans and the fly Drosophila melanogaster, which 
have thus played a key part in revealing universal genetic mechanisms of 
animal development.

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.
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The major features of eucaryotic cells.
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Figure 1-31. The major features of eucaryotic cells. The drawing depicts a typical animal cell, but almost all the same 
components are found in plants and fungi and in single-celled eucaryotes such as yeasts and protozoa. Plant cells contain 
chloroplasts in addition to the components shown here, and their plasma membrane is surrounded by a tough external wall 
formed of cellulose. 

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.figgrp.7029/04/2006 17:40:50

® 
0 
0 

JI 

_________ + 

actin 
fil me111s 

peroxisom!l 

ribosomes: 

mterotu b<J le 

ALBERTS 

JOHNSON 

LEWIS 

RAFF 

ROBERTS 

c-entro,some with 
pi!ir of centrioles 

clironnati Ii I DNA] 

nuclear pore 

uclea, Oflv,clopc 

fn evtosol ,Gol'9I app r tu11, lnterm dlate 
filaments 

plasm membrane n1,1deus endol)IMm1c 
ret iculum 

mltoehondrl0111 

10x Genomics, Inc. Exhibit 2008 
Parse Biosciences, Inc. v. 10x Genomics, Inc. 

IPR2023-01030 
Page 00023



Phagocytosis.
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Figure 1-32. Phagocytosis. This series of stills from a movie shows a human white 
blood cell (a neutrophil) engulfing a red blood cell (artificially colored red) that has 
been treated with antibody. (Courtesy of Stephen E. Malawista and Anne de 
Boisfleury Chevance.) 
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A single-celled eucaryote that eats other cells.
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Figure 1-33. A single-celled eucaryote that eats other cells. (A) Didinium is a 
carnivorous protozoan, belonging to the group known as ciliates. It has a globular 
body, about 150 µm in diameter, encircled by two fringes of cilia sinuous, whiplike 
appendages that beat continually; its front end is flattened except for a single 
protrusion, rather like a snout. (B) Didinium normally swims around in the water at 
high speed by means of the synchronous beating of its cilia. When it encounters a 
suitable prey, usually another type of protozoan, it releases numerous small 
paralyzing darts from its snout region. Then, the Didinium attaches to and devours 
the other cell by phagocytosis, inverting like a hollow ball to engulf its victim, which 
is almost as large as itself. (Courtesy of D. Barlow.) 
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A mitochondrion.
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Figure 1-34. A mitochondrion. (A) A cross section, as seen in the electron microscope. (B) A drawing of a 
mitochondrion with part of it cut away to show the three-dimensional structure. (C) A schematic eucaryotic cell, 
with the interior space of a mitochondrion, containing the mitochondrial DNA and ribosomes, colored. Note the 
smooth outer membrane and the convoluted inner membrane, which houses the proteins that generate ATP from 
the oxidation of food molecules. (A, courtesy of Daniel S. Friend.) 
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The origin of mitochondria.
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Figure 1-35. The origin of mitochondria. An ancestral eucaryotic cell is 
thought to have engulfed the bacterial ancestor of mitochondria, initiating a 
symbiotic relationship. 

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=mboc4.figgrp.7529/04/2006 17:45:34

ALBERTS 

JOHNSON 

LEWIS 

RAFF 

ROBERTS 

WALTER 
~ 

I FOURTH EDITION I 

0 

0 

__________ ... ________ + 
---- ~ · -------------

.anceslra'I 
-uc.aryol.ili'.: ~II 

I •• rtv 
e:uc-arr•toltc cell 

mi1od1 onelni~ 
will.h 1:foubl e 

iirnbr..11 

10x Genomics, Inc. Exhibit 2008 
Parse Biosciences, Inc. v. 10x Genomics, Inc. 

IPR2023-01030 
Page 00027



Chloroplasts.
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Figure 1-36. Chloroplasts. These organelles capture the energy of sunlight in plant cells and some single-celled 
eucaryotes. (A) Leaf cells in a moss seen in the light microscope, showing the green chloroplasts. (B) An electron 
micrograph of a chloroplast in a leaf of grass, showing the highly folded system of internal membranes containing the 
chlorophyll molecules by which light is absorbed. (C) An interpretative drawing of (B). (B, courtesy of Eldon 
Newcomb.)
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The origin of chloroplasts.
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Figure 1-37. The origin of chloroplasts. An early eucaryotic cell, already 
possessing mitochondria, engulfed a photosynthetic bacterium (a 
cyanobacterium) and retained it in symbiosis. All present-day chloroplasts are 
thought to trace their ancestry back to a single species of cyanobacterium that 
was adopted as an internal symbiont (an endosymbiont) over a billion years ago. 
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Genome sizes compared.
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Figure 1-38. Genome sizes compared. Genome size is measured in nucleotide pairs 
of DNA per haploid genome, that is, per single copy of the genome. (The cells of 
sexually reproducing organisms such as ourselves are generally diploid: they contain 
two copies of the genome, one inherited from the mother, the other from the father.) 
Closely related organisms can vary widely in the quantity of DNA in their genomes, 
even though they contain similar numbers of functionally distinct genes. (Data from 
W.-H. Li, Molecular Evolution, pp. 380 383. Sunderland, MA: Sinauer, 1997.) 
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The puffer fish (Fugu rubripes). 
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Figure 1-39. The puffer fish (Fugu rubripes). This organism has a genome 
size of 400 million nucleotide pairs about one-quarter as much as a 
zebrafish, for example, even though the two species of fish have similar 
numbers of genes. (From a woodcut by Hiroshige, courtesy of Arts and 
Designs of Japan.) 
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Controlling gene readout by environmental signals.
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Figure 1-40. Controlling gene readout by environmental signals.
Regulatory DNA allows gene expression to be controlled by regulatory 
proteins, which are in turn the products of other genes. This diagram shows 
how a cell's gene expression is adjusted according to a signal from the cell's 
environment. The initial effect of the signal is to activate a regulatory protein 
already present in the cell; the signal may, for example, trigger the attachment 
of a phosphate group to the regulatory protein, altering its chemical properties. 
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Genetic control of the program of multicellular development.
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Figure 1-41. Genetic control of the program of multicellular development.
The role of a regulatory gene is demonstrated in the snapdragon Antirrhinum.
In this example, a mutation in a single gene coding for a regulatory protein 
causes leafy shoots to develop in place of flowers: because a regulatory protein 
has been changed, the cells adopt characters that would be appropriate to a 
different location in the normal plant. The mutant is on the left, the normal 
plant on the right. (Courtesy of Enrico Coen and Rosemary Carpenter.) 
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The Structure and Function of DNA

beautifully simple process in which strand S separates from strand S , and each 
separated strand then serves as a template for the production of a new 
complementary partner strand that is identical to its former partner.

The ability of each strand of a DNA molecule to act as a template for 
producing a complementary strand enables a cell to copy, or replicate, its 
genes before passing them on to its descendants. In the next chapter we 
describe the elegant machinery the cell uses to perform this enormous 
task.

In Eucaryotes, DNA Is Enclosed in a Cell Nucleus

Nearly all the DNA in a eucaryotic cell is sequestered in a nucleus, which 
occupies about 10% of the total cell volume. This compartment is delimited by 
a nuclear envelope formed by two concentric lipid bilayer membranes that are 
punctured at intervals by large nuclear pores, which transport molecules 
between the nucleus and the cytosol. The nuclear envelope is directly 
connected to the extensive membranes of the endoplasmic reticulum. It is 
mechanically supported by two networks of intermediate filaments: one, called 
the nuclear lamina, forms a thin sheetlike meshwork inside the nucleus, just 
beneath the inner nuclear membrane; the other surrounds the outer nuclear 
membrane and is less regularly organized (Figure 4-9).

The nuclear envelope allows the many proteins that act on DNA to be 
concentrated where they are needed in the cell, and, as we see in subsequent 
chapters, it also keeps nuclear and cytosolic enzymes separate, a feature that is 
crucial for the proper functioning of eucaryotic cells. Compartmentalization, of 
which the nucleus is an example, is an important principle of biology; it serves 
to establish an environment in which biochemical reactions are facilitated by 
the high concentration of both substrates and the enzymes that act on 
them.

Summary

Genetic information is carried in the linear sequence of nucleotides in DNA. 
Each molecule of DNA is a double helix formed from two complementary 
strands of nucleotides held together by hydrogen bonds between G-C and A-T 
base pairs. Duplication of the genetic information occurs by the use of one 
DNA strand as a template for formation of a complementary strand. The 
genetic information stored in an organism's DNA contains the instructions for 
all the proteins the organism will ever synthesize. In eucaryotes, DNA is 
contained in the cell nucleus.
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Glossary

NK cell see natural killer cell

N-linked oligosaccharide Chain of sugars attached to a protein through the 
NH2 group of the side chain of an asparagine residue. 

NMR (nuclear magnetic resonance) Resonant absorption of electromagnetic 
radiation at a specific frequency by atomic nuclei in a magnetic field, due to 
flipping of the orientation of their magnetic dipole moments. The NMR 
spectrum provides information about the chemical environment of the nuclei. 
Two-dimensional NMR is used widely to determine the three-dimensional 
structure of small proteins. 

nm see nanometer

noncovalent attraction Chemical bond in which, in contrast to a covalent 
bond, no electrons are shared. Noncovalent bonds are relatively weak, but they 
can sum together to produce strong, highly specific interactions between 
molecules.

noncyclic photophosphorylation Photosynthetic process that produces both 
ATP and NADPH in plants and cyanobacteria. 

nonenveloped virus Virus consisting of a nucleic acid core and protein capsid 
only.

nonpolar (apolar) Lacking any asymmetric accumulation of positive and 
negative charge. Nonpolar molecules are generally insoluble in water. 

nonsense-mediated mRNA decay Mechanism for removing aberrant mRNAs 
containing in-frame internal stop codons before they can be translated. 

Northern blotting Technique in which RNA fragments separated by 
electrophoresis are immobilized on a paper sheet. A specific RNA is then 
detected by hybridization with a labeled nucleic acid probe. 

NO see nitric oxide

Notch Receptor protein involved in many instances of choice of cell fate in 
animal development, for example in the specification of nerve cells from 
ectodermal epithelium. Its ligands are cell-surface proteins such as Delta and 
Serrate.

notochord Stiff rod of mesoderm that runs along the back of all chordate 
embryos. In vertebrates it does not persist and becomes incorporated into the 
vertebral column. 

NSF Protein with ATPase activity that disassembles a complex of a v-SNARE 
and a t-SNARE. 

nuclear envelope Double membrane surrounding the nucleus. Consists of an 
outer and inner membrane and is perforated by nuclear pores. 
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