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From Procaryotes to Eucaryotes

Introduction

All living creatures are made of cells - small membrane-bounded compartments filled with a
concentrated aqueous solution of chemicals. The simplest forms of life are solitary cells that
propagate by dividing in two. Higher organisms, such as ourselves, are like cellular cities in
which groups of cells perform specialized functions and are linked by intricate systems of
communication. Cells occupy a halfway point in the scale of biological complexity. We study
them to learn, on the one hand, how they are made from molecules and, on the other, how they
cooperate to make an organism as complex as a human being.

All organisms, and all of the cells that constitute them, are believed to have descended from a
common ancestor cell through evolution by natural selection. This involves two essential
processes: (1) the occurrence of random variation in the genetic information passed from an
individual to its descendants and (2) selection in favor of genetic information that helps its
possessors to survive and propagate. Evolution is the central principle of biology, helping us to
make sense of the bewildering variety in the living world.

This chapter, like the book as a whole, is concerned with the progression from molecules to
multicellular organisms. It discusses the evolution of the cell, first as a living unit constructed
from smaller parts and then as a building block for larger structures. Through evolution, we
introduce the cell components and activities that are to be treated in detail, in broadly similar
sequence, in the chapters that follow. Beginning with the origins of the first cell on earth, we
consider how the properties of certain types of large molecules allow hereditary information to be
transmitted and expressed and permit evolution to occur. Enclosed in a membrane, these
molecules provide the essentials of a self-replicating cell. Following this, we describe the major
transition that occurred in the course of evolution, from small bacteriumlike cells to much larger
and more complex cells such as are found in present-day plants and animals. Lastly, we suggest
ways in which single free-living cells might have given rise to large multicellular organisms,
becoming specialized and cooperating in the formation of such intricate organs as the brain.

Clearly, there are dangers in introducing the cell through its evolution: the large gaps in our
knowledge can be filled only by speculations that are liable to be wrong in many details. We
cannot go back in time to witness the unique molecular events that took place billions of years
ago. But those ancient events have left many traces for us to analyze. Ancestral plants, animals,
and even bacteria are preserved as fossils. Even more important, every modern organism
provides evidence of the character of living organisms in the past. Present-day biological
molecules, in particular, are a rich source of information about the course of evolution, revealing
fundamental similarities between the most disparate of living organisms and allowing us to map
out the differences between them on an objective universal scale. These molecular similarities
and differences present us with a problem like that which confronts the literary scholar who
seeks to establish the original text of an ancient author by comparing a mass of variant
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From Procaryotes to Eucaryotes

manuscripts that have been corrupted through repeated copying and editing. The task is hard,
and the evidence is incomplete, but it is possible at least to make intelligent guesses about the
major stages in the evolution of living cells.

From Molecules to the First Celll

Simple Biological Molecules Can Form Under
Prebiotic Conditions1.2

The conditions that existed on the earth in its first billion years are still a matter of dispute. Was
the surface initially molten? Did the atmosphere contain ammonia, or methane? Everyone seems
to agree, however, that the earth was a violent place with volcanic eruptions, lightning, and
torrential rains. There was little if any free oxygen and no layer of ozone to absorb the ultraviolet
radiation from the sun. The radiation, by its photochemical action, may have helped to keep the
atmosphere rich in reactive molecules and far from chemical equilibrium.

Simple organic molecules (that is, molecules containing carbon) are likely to have been
produced under such conditions. The best evidence for this comes from laboratory experiments.
If mixtures of gases such as CO,, CH,, NH3, and H, are heated with water and energized by

electrical discharge or by ultraviolet radiation, they react to form small organic molecules -
usually a rather small selection, each made in large amounts (Figure 1-1). Among these
products are compounds, such as hydrogen cyanide (HCN) and formaldehyde (HCHO), that
readily undergo further reactions in agueous solution (Figure 1-2). Most important,
representatives of most of the major classes of small organic molecules found in cells are
generated, including amino acids, sugars, and the purines and pyrimidines required to make
nucleotides.

Although such experiments cannot reproduce the early conditions on the earth exactly, they
make it plain that the formation of organic molecules is surprisingly easy. And the developing
earth had immense advantages over any human experimenter; it was very large and could
produce a wide spectrum of conditions. But above all, it had much more time - tens to hundreds
of millions of years. In such circumstances it seems very likely that, at some time and place,
many of the simple organic molecules found in present-day cells accumulated in high
concentrations.

Complex Chemical Systems Can Develop in an Environment
That Is Far from Chemical Equilibrium

Simple organic molecules such as amino acids and nucleotides can associate to form polymers.
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From Procaryotes to Eucaryotes

One amino acid can join with another by forming a peptide bond, and two nucleotides can join
together by a phosphodiester bond. The repetition of these reactions leads to linear polymers
known as polypeptides and polynucleotides, respectively. In present-day living cells, large
polypeptides - known as proteins - and polynucleotides - in the form of both ribonucleic acids
(RNA) and deoxyribonucleic acids (DNA)are commonly viewed as the most important
constituents. A restricted set of 20 amino acids constitute the universal building blocks of the
proteins, while RNA and DNA molecules are constructed from just four types of nucleotides
each. Although it is uncertain why these particular sets of monomers were selected for
biosynthesis in preference to others that are chemically similar, we shall see that the chemical
properties of the corresponding polymers suit them especially well for their specific roles in the
cell.

The earliest polymers may have formed in any of several ways - for example, by the heating of
dry organic compounds or by the catalytic activity of high concentrations of inorganic
polyphosphates or other crude mineral catalysts. Under laboratory conditions the products of
similar reactions are polymers of variable length and random sequence in which the particular
amino acid or nucleotide added at any point depends mainly on chance (Figure 1-3). Once a
polymer has formed, however, it can itself influence subsequent chemical reactions by acting as
a catalyst.

The origin of life requires that in an assortment of such molecules there must have been some
possessing, if only to a small extent, a crucial property: the ability to catalyze reactions that lead,
directly or indirectly, to production of more molecules of the catalyst itself. Production of catalysts
with this special self-promoting property would be favored, and the molecules most efficient in
aiding their own production would divert raw materials from the production of other substances.
In this way one can envisage the gradual development of an increasingly complex chemical
system of organic monomers and polymers that function together to generate more molecules of
the same types, fueled by a supply of simple raw materials in the environment. Such an
autocatalytic system would have some of the properties we think of as characteristic of living
matter: it would comprise a far from random selection of interacting molecules; it would tend to
reproduce itself; it would compete with other systems dependent on the same feedstocks; and if
deprived of its feedstocks or maintained at a wrong temperature that upsets the balance of
reaction rates, it would decay toward chemical equilibrium and "die."

But what molecules could have had such autocatalytic properties? In present-day living cells the
most versatile catalysts are polypeptides, composed of many different amino acids with
chemically diverse side chains and, consequently, able to adopt diverse three-dimensional forms
that bristle with reactive sites. But although polypeptides are versatile as catalysts, there is no
known way in which one such molecule can reproduce itself by directly specifying the formation
of another of precisely the same sequence.

Polynucleotides Are Capable of Directing Their Own
Synthesis3

Polynucleotides have properties that contrast with those of polypeptides. They have more limited
capabilities as catalysts, but they can directly guide the formation of exact copies of their own
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sequence. This capacity depends on complementary pairing of nucleotide subunits, which
enables one polynucleotide to act as a template for the formation of another. In the simplest case
a polymer composed of one nucleotide (for example, polycytidylic acid, or poly C) can line up the
subunits required to make another polynucleotide (in this example, polyguanylic acid, or poly G)
along its surface, thereby promoting their polymerization into poly G (Figure 1-4). Because C
subunits preferentially bind G subunits, and vice versa, the poly-G molecule in turn can promote
synthesis of more poly C.

Consider now a polynucleotide with a more complex sequence of subunits - specifically, a
molecule of RNA strung together from four types of nucleotides, containing the bases uracil (U),
adenine (A), cytosine (C), and guanine (G), arranged in some particular sequence. Because of
complementary pairing between the bases A and U and between the bases G and C, this
molecule, when added to a mixture of activated nucleotides under suitable conditions, will line
them up for polymerization in a sequence complementary to its own. The resulting new RNA
molecule will be rather like a mold of the original, with each A in the original corresponding to a U
in the copy and so on. The sequence of nucleotides in the original RNA strand contains
information that is, in essence, preserved in the newly formed complementary strands: a second
round of copying, with the complementary strand as a template, restores the original sequence
(Figure 1-5).

Such complementary templating mechanisms are elegantly simple, and they lie at the heart of
information transfer processes in biological systems. Genetic information contained in every cell
is encoded in the sequences of nucleotides in its polynucleotide molecules, and this information
is passed on (inherited) from generation to generation by means of complementary base-pairing
interactions.

Templating mechanisms, however, require additional catalysts to promote polymerization;
without these the process is slow and inefficient and other, competing reactions prevent the
formation of accurate replicas. Today, the catalytic functions that polymerize nucleotides are
provided by highly specialized catalytic proteinsthat is, by enzymes. In the "prebiotic soup”
primitive polypeptides might perhaps have provided some catalytic help. But molecules with the
appropriate catalytic specificity would have remained rare unless the RNA itself were able
somehow to reciprocate and favor their production. We shall come back to the reciprocal
relationship between RNA synthesis and protein synthesis, which is crucially important in all
living cells. But let us first consider what could be done with RNA itself, for RNA molecules can
have a variety of catalytic properties, besides serving as templates for their own replication. In
particular, an RNA molecule with an appropriate nucleotide sequence can act as catalyst for the
accurate replication of another RNA molecule - the template - whose sequence can be arbitrary.
The special versatility of RNA molecules is thought to have enabled them to play a central role in
the origin of life.

Self-replicating Molecules Undergo Natural Selection3, 4

RNA molecules are not just strings of symbols that carry information in an abstract way. They
also have chemical personalities that affect their behavior. In particular, the specific sequence of
nucleotides governs how the molecule folds up in solution. Just as the nucleotides in a
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polynucleotide can pair with free complementary nucleotides in their environment to form a new
polymer, so they can pair with complementary nucleotide residues within the polymer itself. A
sequence GGGG in one part of a polynucleotide chain can form a relatively strong association
with a CCCC sequence in another region of the same molecule. Such associations produce
complex three-dimensional patterns of folding, and the molecule as a whole takes on a specific
shape that depends entirely on the sequence of its nucleotides (Figure 1-6).

The three-dimensional folded structure of a polynucleotide affects its stability, its actions on other
molecules, and its ability to replicate, so that not all polynucleotide shapes will be equally
successful in a replicating mixture. Moreover, errors inevitably occur in any copying process, and
imperfect copies of the originals will be propagated. With repeated replication, therefore, new
variant sequences of nucleotides will be continually generated. Thus, in laboratory studies,
replicating systems of RNA molecules have been shown to undergo a form of natural selection in
which different favorable sequences eventually predominate, depending on the exact conditions.
Most important, RNA molecules can be selected for the ability to bind almost any other molecule
specifically. This too has been shown, in experiments in vitro that begin with a preparation of
short RNA molecules with random nucleotide sequences manufactured artificially. These are
passed down a column packed with beads to which some chosen substance is bonded. RNA
molecules that fail to bind to the chosen substance are washed through the column and
discarded; those few that bind are retained and used as templates to direct production of multiple
copies of their own sequences. This new RNA preparation, enriched in sequences that bind the
chosen substance, is then used as the starting material for a repetition of the procedure. After
several such cycles of selection and reproduction, the RNA is found to consist of multiple copies
of a relatively small number of sequences, each of which binds the test substance quite
specifically.

An RNA molecule therefore has two special characteristics: it carries information encoded in its
nucleotide sequence that it can pass on by the process of replication, and it has a specific folded
structure that enables it to interact selectively with other molecules and determines how it will
respond to the ambient conditions. These two features - one informational, the other functional -
are the two properties essential for evolution. The nucleotide sequence of an RNA molecule is
analogous to the genotype - the hereditary information - of an organism. The folded three-
dimensional structure is analogous to the phenotype - the expression of the genetic information
on which natural selection operates.

Specialized RNA Molecules Can Catalyze Biochemical
Reactions>

Natural selection depends on the environment, and for a replicating RNA molecule a critical
component of the environment is the set of other RNA molecules in the mixture. Besides acting
as templates for their own replication, these can catalyze the breakage and formation of covalent
bonds between nucleotides. For example, some specialized RNA molecules can catalyze a
change in other RNA molecules, cutting the nucleotide sequence at a particular point; and other
types of RNA molecules spontaneously cut out a portion of their own nucleotide sequence and
rejoin the cut ends (a process known as self-splicing). Each RNA-catalyzed reaction depends on
a specific arrangement of atoms that forms on the surface of the catalytic RNA molecule (the
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ribozyme), causing particular chemical groups on one or more of its nucleotides to become
highly reactive.

Certain catalytic activities would have had a cardinal importance in the primordial soup. Consider
in particular an RNA molecule that helps to catalyze the process of templated polymerization,
taking any given RNA molecule as template. (This ribozyme activity has been directly
demonstrated in vitro, albeit in a rudimentary form.) Such a molecule, by acting on copies of
itself, can replicate with heightened speed and efficiency (Figure 1-7A). At the same time, it can
promote the replication of any other type of RNA molecules in its neighborhood (Figure 1-7B).
Some of these may have catalytic actions that help or hinder the survival or replication of RNA in
other ways. If beneficial effects are reciprocated, the different types of RNA molecules,
specialized for different activities, may evolve into a cooperative system that replicates with
unusually great efficiency.

Information Flows from Polynucleotides to Polypeptides®

There are strong suggestions, therefore, that between 3.5 and 4 billion years ago, somewhere
on earth, self-replicating systems of RNA molecules, mixed with other organic molecules
including simple polypeptides, began the process of evolution. Systems with different sets of
polymers competed for the available precursor materials to construct copies of themselves, just
as organisms now compete; success depended on the accuracy and the speed with which the
copies were made and on the stability of those copies.

However, as we emphasized earlier, while the structure of polynucleotides is well suited for
information storage and replication, their catalytic abilities are limited by comparison with those
of polypeptides, and efficient replication of polynucleotides in modern cells is absolutely
dependent on proteins. At the origin of life any polynucleotide that helped guide the synthesis of
a useful polypeptide in its environment would have had a great advantage in the evolutionary
struggle for survival.

But how could the information encoded in a polynucleotide specify the sequence of a polymer of
a different type? Clearly, the polynucleotides must act as catalysts to join selected amino acids
together. In present-day organisms a collaborative system of RNA molecules plays a central part
in directing the synthesis of polypeptides - that is, protein synthesis - but the process is aided by
other proteins synthesized previously. The biochemical machinery for protein synthesis is
remarkably elaborate. One RNA molecule carries the genetic information for a particular
polypeptide in the form of a code, while other RNA molecules act as adaptors, each binding a
specific amino acid. These two types of RNA molecules form complementary base pairs with one
another to enable sequences of nucleotides in the coding RNA molecule to direct the
incorporation of specific amino acids held on the adaptor RNAs into a growing polypeptide chain.
Precursors to these two types of RNA molecules presumably directed the first protein synthesis
without the aid of proteins (Figure 1-7C).

Today, these events in the assembly of new proteins take place on the surface of ribosomes -
complex particles composed of several large RNA molecules of yet another class, together with
more than 50 different types of protein. In Chapter 5 we shall see that the ribosomal RNA in
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these particles plays a central catalytic role in the process of protein synthesis and forms more
than 60% of the ribosome's mass. At least in evolutionary terms, it appears to be the
fundamental component of the ribosome.

It seems likely, then, that RNA guided the primordial synthesis of proteins, perhaps in a clumsy
and primitive fashion. In this way RNA was able to create tools - in the form of proteins - for more
efficient biosynthesis, and some of these could have been put to use in the replication of RNA
and in the process of tool production itself.

The synthesis of specific proteins under the guidance of RNA required the evolution of a code by
which the polynucleotide sequence specifies the amino acid sequence that makes up the
protein. This code - the genetic code - is spelled out in a "dictionary" of three-letter words:
different triplets of nucleotides encode specific amino acids. The code seems to have been
selected arbitrarily (subject to some constraints, perhaps); yet it is virtually the same in all living
organisms. This strongly suggests that all present-day cells have descended from a single line of
primitive cells that evolved the mechanism of protein synthesis.

Membranes Defined the First Cell’

One of the crucial events leading to the formation of the first cell must have been the
development of an outer membrane. For example, the proteins synthesized under the control of
a certain species of RNA would not facilitate reproduction of that species of RNA unless they
remained in the neighborhood of the RNA; moreover, as long as these proteins were free to
diffuse among the population of replicating RNA molecules, they could benefit equally any
competing species of RNA that might be present. If a variant RNA arose that made a superior
type of enzyme, the new enzyme could not contribute selectively to the survival of the variant
RNA in its competition with its fellows. Selection of RNA molecules according to the quality of the
proteins they generated could not occur efficiently until some form of compartment evolved to
contain the proteins made by an RNA molecule and thereby make them available only to the
RNA that had generated them (Figure 1-8).

The need for containment is easily fulfilled by another class of molecules that has the simple
physicochemical property of being amphipathic, that is, consisting of one part that is hydrophobic
(water insoluble) and another part that is hydrophilic (water soluble). When such molecules are
placed in water, they aggregate, arranging their hydrophobic portions as much in contact with
one another as possible and their hydrophilic portions in contact with the water. Amphipathic
molecules of appropriate shape spontaneously aggregate to form bilayers, creating small closed
vesicles whose aqueous contents are isolated from the external medium (Figure 1-9). The
phenomenon can be demonstrated in a test tube by simply mixing phospholipids and water
together: under appropriate conditions, small vesicles will form. All present-day cells are
surrounded by a plasma membrane consisting of amphipathic molecules - mainly phospholipids -
in this configuration; in cell membranes, the lipid bilayer also contains amphipathic proteins. In
the electron microscope such membranes appear as sheets about 5 nm thick, with a distinctive
three-layered appearance due to the tail-to-tail packing of the phospholipid molecules.

Presumably, the first membrane-bounded cells were formed by spontaneous assembly of
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phospholipid molecules from the prebiotic soup, enclosing a self-replicating mixture of RNA and
other molecules. It is not clear at what point in the evolution of biological catalysts and protein
synthesis this first occurred. In any case, once RNA molecules were sealed within a closed
membrane, they could begin to evolve in earnest as carriers of genetic instructions: they could
be selected not merely on the basis of their own structure, but also according to their effect on
the other molecules in the same compartment. The nucleotide sequences of the RNA molecules
could now be expressed in the character of a unitary living cell.

All Present-Day Cells Use DNA as Their Hereditary
Material3: 6. 8

The picture we have presented is, of course, speculative: there are no fossil records that trace
the origins of the first cell. Nevertheless, there is persuasive evidence from present-day
organisms and from experiments that the broad features of this evolutionary story are correct.
The prebiotic synthesis of small molecules, the self-replication of catalytic RNA molecules, the
translation of RNA sequences into amino acid sequences, and the assembly of lipid molecules to
form membrane-bounded compartments - all presumably occurred to generate primitive cells 3.5
to 4 billion years ago.

It is useful to compare these early cells with the simplest and smallest present-day cells, the
mycoplasmas. Mycoplasmas are small bacteria of a degenerate type that normally lead a
parasitic existence in close association with animal or plant cells (Figure 1-10). Some have a
diameter of about 0.3 mm and contain only enough nucleic acid to direct the synthesis of about
400 different proteins. Some of these proteins are enzymes, some are structural; some lie in the
cell's interior, others are embedded in its membrane. Together they synthesize essential small
molecules that are not available in the environment, redistribute the energy needed to drive
biosynthetic reactions, and maintain appropriate conditions inside the cell.

The first cells on the earth were presumably less sophisticated than a mycoplasma and less
efficient in reproducing themselves. There was, however, a more fundamental difference
between these primitive cells and a mycoplasma, or indeed any other present-day cell: the
hereditary information in all cells alive today is stored in DNA rather than in the RNA that is
thought to have stored the hereditary information during the earliest stages of evolution. Both
types of polynucleotides are found in present-day cells, but they function in a collaborative
manner, each having evolved to perform specialized tasks. Small chemical differences fit the two
kinds of molecules for distinct functions. DNA acts as the permanent repository of genetic
information, and, unlike RNA, it is found in cells principally in a double-stranded form, composed
of a pair of complementary polynucleotide molecules. This double-stranded structure makes
DNA in cells more robust and stable than RNA,; it also makes DNA relatively easy to replicate (as
will be explained in Chapter 3) and permits a repair mechanism to operate that uses the intact
strand as a template for the correction or repair of the associated damaged strand. DNA guides
the synthesis of specific RNA molecules, again by the principle of complementary base-pairing,
though now this pairing is between slightly different types of nucleotides. The resulting single-
stranded RNA molecules then perform two primeval functions: they direct protein synthesis both
as coding RNA molecules (messenger RNAs) and as RNA catalysts (ribosomal and other
nonmessenger RNAS).
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The suggestion, in short, is that RNA preceded DNA in evolution, having both genetic and
catalytic properties; eventually, DNA took over the primary genetic function and proteins became
the major catalysts, while RNA remained primarily as the intermediary connecting the two
(Figure 1-11). With the advent of DNA cells were enabled to become more complex, for they
could then carry and transmit an amount of genetic information greater than that which could be
stably maintained in RNA molecules.

Summary

Living cells probably arose on earth about 3.5 billion years ago by spontaneous reactions
between molecules in an environment that was far from chemical equilibrium. From our
knowledge of present-day organisms and the molecules they contain, it seems likely that the
development of the directly autocatalytic mechanisms fundamental to living systems began with
the evolution of families of RNA molecules that could catalyze their own replication. With time,
one of these families of cooperating RNA catalysts developed the ability to direct synthesis of
polypeptides. Finally, as the accumulation of additional protein catalysts allowed more efficient
and complex cells to evolve, the DNA double helix replaced RNA as a more stable molecule for
storing the increased amounts of genetic information required by such cells.
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Figure 1-1. A typical experiment simulating conditions on the primitive earth. Water is heated in a
closed apparatus containing CH,, NH3, and H,, and an electric discharge is passed through the

vaporized mixture. Organic compounds accumulate in the U-tube trap.
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Figure 1-2. A few of the compounds that might form in the experiment described in Figure 1-1.
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Figure 1-3. Formation of polynucleotides and polypeptides. Nucleotides of four kinds (here
represented by the single letters A, U, G, and C) can undergo spontaneous polymerization with
the loss of water. The product is a mixture of polynucleotides that are random in length and
sequence. Similarly, amino acids of different types, symbolized here by three-letter abbreviated
names, can polymerize with one another to form polypeptides. Present-day proteins are built

from a standard set of 20 types of amino acids.
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Figure 1-4. Polynucleotides as templates. Preferential binding occurs between pairs of
nucleotides (G with C and U with A) by relatively weak chemical bonds (above). This pairing

enables one polynucleotide to act as a template for the synthesis of another (left).

step 1 step 2

AHGHGHUHCHCHA UHEHCHAHGHGHU|
ORIGINAL SEQUEMCE COMPLEMEMNTARY
FORMS SEQUEMNCE FORMS
COMPLEMENTARY ORIGINAL SEQUENCE
SEQUENCE

UHCHEHAHGHGHUY] AHGHGHUHCHCHA]

Figure 1-5. Replication of a polynucleotide sequence (here an RNA molecule). In step 1 the
original RNA molecule acts as a template to form an RNA molecule of complementary sequence.
In step 2 this complementary RNA molecule itself acts as a template, forming RNA molecules of
the original sequence. Since each templating molecule can produce many copies of the
complementary strand, these reactions can result in the "multiplication” of the original sequence.
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Figure 1-6. Conformation of an RNA molecule. Nucleotide pairing between different regions of
the same polynucleotide (RNA) chain causes the molecule to adopt a distinctive shape.
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Figure 1-7. Three successive steps in the evolution of a self-replicating system of RNA
molecules capable of directing protein synthesis.
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Figure 1-8. Evolutionary significance of cell-like compartments. In a mixed population of self-
replicating RNA molecules capable of influencing protein synthesis (as illustrated in Figure 1-7),
any improved form of RNA that is able to promote formation of a more useful protein must share
this protein with its neighboring competitors. However, if the RNA is enclosed within a
compartment, such as a lipid membrane, then any protein the RNA causes to be made is
retained for its own use; the RNA can therefore be selected on the basis of its guiding production
of a better protein.

OiL
|
PERRRR RN Y "-ii!: "
b
S, ] phospholipid
"‘ r ] e S o
- - NG layEr
E L -=
- e WATER
4-'“ -..“ﬁ
“'J‘IIII-"-
'l|-"“I|I =
2 =
- o4 phospholipsd
: :' Bl avisr
- &
C -

G s

Figure 1-9. Formation of membranes by phospholipids. Because these molecules have
hydrophilic heads and lipophilic tails, they will align themselves at an oil-water interface with their
heads in the water and their tails in the oil. In water they will associate to form closed bilayer
vesicles in which the lipophilic tails are in contact with one another and the hydrophilic heads are
exposed to the water.
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Hum

Figure 1-10. Spiroplasma citrii, a mycoplasma that grows in plant cells. (Courtesy of Jeremy
Burgess.)
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Figure 1-11. Suggested stages of evolution from simple self-replicating systems of RNA
molecules to present-day cells. Today, DNA is the repository of genetic information and RNA
acts largely as a go-between to direct protein synthesis.
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Protozoa Include the Most Complex Cells Known

In Eucaryotic Cells the Genetic Material Is Packaged in Complex Ways

Summary

Introduction

It is thought that all organisms living now on earth derive from a single primordial cell born more
than 3 billion years ago. This cell, out-reproducing its competitors, took the lead in the process of
cell division and evolution that eventually covered the earth with green, changed the composition
of its atmosphere, and made it the home of intelligent life. The family resemblances among all
organisms seem too strong to be explained in any other way. One important landmark along this
evolutionary road occurred about 1.5 billion years ago, when there was a transition from small
cells with relatively simple internal structures - the so-called procaryotic cells, which include the
various types of bacteria - to a flourishing of larger and radically more complex eucaryotic cells
such as are found in higher animals and plants.

Procaryotic Cells Are Structurally Simple but Biochemically
DiverselO

Bacteria are the simplest organisms found in most natural environments. They are spherical or
rod-shaped cells, commonly several micrometers in linear dimension (Figure 1-12). They often
possess a tough protective coat, called a cell wall, beneath which a plasma membrane encloses a
single cytoplasmic compartment containing DNA, RNA, proteins, and small molecules. In the
electron microscope this cell interior appears as a matrix of varying texture without any obvious
organized internal structure (see Figure 1-12B).

Bacteria are small and can replicate quickly, simply dividing in two by binary fission. When food is
plentiful, "survival of the fittest" generally means survival of those that can divide the fastest.
Under optimal conditions a single procaryotic cell can divide every 20 minutes and thereby give
rise to 5 billion cells (approximately equal to the present human population on earth) in less than
11 hours. The ability to divide quickly enables populations of bacteria to adapt rapidly to changes
in their environment. Under laboratory conditions, for example, a population of bacteria
maintained in a large vat will evolve within a few weeks by spontaneous mutation and natural
selection to utilize new types of sugar molecules as carbon sources.

In nature bacteria live in an enormous variety of ecological niches, and they show a corresponding
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richness in their underlying biochemical composition. Two distantly related groups can be
recognized: the eubacteria, which are the commonly encountered forms that inhabit soil, water,
and larger living organisms; and the archaebacteria, which are found in such incommodious
environments as bogs, ocean depths, salt brines, and hot acid springs (Figure 1-13).

There are species of bacteria that can utilize virtually any type of organic molecule as food,
including sugars, amino acids, fats, hydrocarbons, polypeptides, and polysaccharides. Some are
even able to obtain their carbon atoms from CO, and their nitrogen atoms from N,. Despite their

relative simplicity, bacteria have existed for longer than any other organisms and still are the most
abundant type of cell on earth.

Metabolic Reactions EvolvelO, 11

A bacterium growing in a salt solution containing a single type of carbon source, such as glucose,
must carry out a large number of chemical reactions. Not only must it derive from the glucose the
chemical energy needed for many vital processes, it must also use the carbon atoms of glucose to
synthesize every type of organic molecule that the cell requires. These reactions are catalyzed by
hundreds of enzymes working in reaction "chains" so that the product of one reaction is the
substrate for the next; such enzymatic chains, called metabolic pathways, will be discussed in the
following chapter.

Originally, when life began on earth, there was probably little need for such elaborate metabolic
reactions. Cells with relatively simple chemistry could survive and grow on the molecules in their
surroundings. But as evolution proceeded, competition for these limited natural resources would
have become more intense. Organisms that had developed enzymes to manufacture useful
organic molecules more efficiently and in new ways would have had a strong selective advantage.
In this way the complement of enzymes possessed by cells is thought to have gradually
increased, generating the metabolic pathways of present organisms. Two plausible ways in which
a metabolic pathway could arise in evolution are illustrated in Figure 1-14.

If metabolic pathways evolved by the sequential addition of new enzymatic reactions to existing
ones, the most ancient reactions should, like the oldest rings in a tree trunk, be closest to the
center of the "metabolic tree," where the most fundamental of the basic molecular building blocks
are synthesized. This position in metabolism is firmly occupied by the chemical processes that
involve sugar phosphates, among which the most central of all is probably the sequence of
reactions known as glycolysis, by which glucose can be degraded in the absence of oxygen (that
is, anaerobically). The oldest metabolic pathways would have had to be anaerobic because there
was no free oxygen in the atmosphere of the primitive earth. Glycolysis occurs in virtually every
living cell and drives the formation of the compound adenosine triphosphate, or ATP, which is
used by all cells as a versatile source of chemical energy. Certain thioester compounds play a
fundamental role in the energy-transfer reactions of glycolysis and in a host of other basic
biochemical processes in which two organic molecules (a thiol and a carboxylic acid) are joined by
a high-energy bond involving sulfur (Figure 1-15). It has been argued that this simple but powerful
chemical device is a relic of prebiotic processes, reflecting the reactions that<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>