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Preface

One of the wonderful things about molecular biolo-
gy is that the field depends on constant communi-
cation. Important questions can only be answered
through the collaboration of researchers from all
over the world, who each contribute their piece of
the puzzle and build on each other’s work. But this
lively interaction also poses challenges, particular-
ly the problem of language. How can scientists col-
laborate if they speak and publish in different lan-
guages?

As it happens, the language of molecular biolo-
gy is now English. The vast majority of pub-
lished research is in English, as are most inter-
national conferences. The language has become
so central because a large number of scientists
and research centers that have made important
contributions to molecular biology were, and
based in England and the United

States. The predominance of one language is not

still are,

necessarily fair, but it is a reality that most pro-

fessionals working in the field must face.

For Chinese students, learning biology in English
can be very exciting, but also quite challeng-
ing. Chinese and English are very different langua-
ges, with completely different phonetics and writ-
ing systems. On top of this, biology textbooks and
articles in English are especially difficult to under-
stand, even for native English speakers. There is a
lot of unique vocabularies, and there may be sen-

tence structures particular to scientific writing.

In many cases, Chinese students are presented
with a giant textbook only in English and instruc-
tors hope for the best. Qur experience as teachers

of molecular biology in China is that this approach
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is unrealistic. Most students in China at this time,
especially those who are on a course of scientific
study, do not have enough training in English to
understand textbooks written for native English
speakers. Struggling with the language often comes
at the expense of actually learning the concepts and

principles of molecular biology.

We have put together this book with the hope of
creating a more realistic, more sympathetic, and
more specialized approach to learn molecular biolo-
gy in English. Advanced students can learn by
reading the English portion of the book, and refer
to the Chinese translation to check their under-
standing, or for reference on individual words. Be-
ginners in English can learn from the Chinese por-
tion, and refer to the English for an introduction
to vocabularies. With both languages present,
students and instructors have more options for

how to learn!

An added feature of this book is that all the Eng-
lish texts and vocabularies have been accompanied
by audio files. They are especially helpful for
those who intend to improve their listening com-
prehension of academic English. Meanwhile, the
elaborately designed figures will enable readers to
understand concepts and principles in molecular

terms much more easily.

The book covers the material that we feel an ad-
vanced, undergraduate student of molecular biolo-
gy should know. Unlike many textbooks used for
molecular biology, this is not meant as a reference
book, a large volume where one can look up any
facts about the cell. Those kinds of volumes have
their use, but we feel that it is unproductive to
present students with such piles of information. If
students can master all of the information present
even in this relatively brief book, they will already
be more informed than most students of the field,

and even some professionals!
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It is with great excitement that we invite you to
learn molecular biology with us in English. This is
an important age for China and the rest of the
world! As China becomes every day more prosper-
ous, its research centers and companies are impro-
ving and have much to offer scientific communities
around the world. At the same time, the continued
development of China depends on the knowledge
and skills that have been developed in the West
and continue to flourish there. In molecular biolo-
gy, there is much to gain if we can share and com-

municate with each other!

Sincerely,
The Authors

October 2007
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Introduction

We say a cell is alive. But look inside a cell and all
you will see are molecules, collections of atoms
that are as inanimate as the paper of this book. How
does a set of objects make a dynamic living organ-
ism? This question is the basis of the field of molec-

ular biology.

The most fundamental features shared by all known
life are the ability to reproduce and the ability to
grow. If organisms were not able to reproduce, life
would be impossible. Perhaps once in a billion years a
precursor to life could arise spontaneously from a pool
of chemicals; but if this form could not make more of
itself, it would soon vanish. The necessity to grow is a
direct result of the necessity to reproduce. As one cell
makes two and two cells make four, for example, the
mass of the original cell becomes more and more divid-
ed. If the offspring do not grow, after several genera-

tions they will be impossibly small.

So how can a set of molecules reproduce and grow?
These functions are largely the work of large molecules
called proteins, nature’s tiny machines. For reproduc-
tion, proteins copy some parts of the cell, and pull
one cell apart to make two cells. For growth, they can
take in nutrients from the environment and put these
nutrients together to make the structures of the cell.
They also break down nutrients to provide the energy
and molecular building blocks. Proteins are able to un-
dertake so many tasks because of their large size, in-
structures, and complex

tricate three-dimensional

chemical properties.

But proteins are not the end of the story. Proteins can-
not directly reproduce themselves; therefore, they
cannot be solely responsible for life. The formation of
proteins depends on another kind of molecule called nucle-
ic acids. Nucleic acids, mainly DNA, are especially well-

suited for carrying the information to make proteins. DNA
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is also passed down with each new generation, allo-
wing offspring to completely reproduce the set of pro-
teins present in the parent. If proteins are the cell’s ma-
chines, DNA is the cell’s head engineer-knowledgeable
about how to make the machines, and able to pass this

knowledge from generation to generation.

In order to make proteins, DNA is copied using anoth-
er nucleic acid, called RNA. This process is called
transcription. RNA is then used as a guide to put to-
gether the small molecules that make a protein, a
process called translation, This general progression,
DNA—~RNA-—> Protein, is used in all life forms. Be-
cause it is so central to molecular biclogy, it has been

termed the central dogma.

The general scheme of the central dogma is very basic,
and many details need to be filled-in. The work of adding
these details is spread between different fields of biology,
of which molecular biology is just one. Molecular biology is
most focused on the question of how nucleic acids and pro-
teins are used to make more proteins. Other fields have
different emphases. For example, genetics is focused par-
ticularly on the structure, function and inheritance of
genes. Cell biologists may study how proteins and other
molecules form the structures of the cell, how the cell di-
vides, and how it interacts with the environment. Bio-
chemistry has a classic focus on metabolic pathways in the
cell and the enzymatic roles of proteins. Generally, these
and other fields overlap to a great extent, and there is no

saying where exactly one ends and one begins.

Although the topic of molecular biology as stated here
may seem somewhat simple, many details must be
mastered to truly understand the depth of the field. It
is easy to get lost in these details, and so before we
discover them, we lay out some guiding principles that
can give a sense of order to many of these intrica-
cies. Most important are the forces that shape life, in-
cluding evolution, physics, and the availability of re-
sources.

All life forms are the product of evolution. Life today is

far too complicated to have arisen spontaneously from
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simple molecules. Its present complexity can be un-
derstood by the accumulation of small advantageous
changes over long periods of time. Because evolution
is based on chance, new improvements in an organ-
ism generally arise as relatively modest changes to a
previous state. Always remember, the mechanisms
in a cell are not necessarily the best possible; they
are the currently best improvement over a pre-exist-

ing state.

All life on Earth appears to have evolved from a com-
mon ancestor. One of the descendants of that ancestor
had a life strategy so successful that it remained mostly
unchanged in the evolution of millions of species over
billions of years. That strategy has, at its core, the
production of proteins from DNA using an RNA inter-
mediate. The changes evolved by the millions of species
that descended from that ancestor were, from a mor-
phological perspective, enormous-leading to dinosaurs
on the one hand, and bacteria on the other. From the
perspective of molecular biology, however, the evolu-
tionary changes were icing on the cake; all life forms
retained the central dogma. As a consequence, in mo-
lecular biology we are able to make very relevant com-
parisons between distant life forms, like humans and

bacteria.

In addition to sharing a common ancestor, all life on
earth is subject to the same set of physical laws; like
all matter, the molecules that make life are subject to
the laws of physics. Motion and attraction of these mol-
ecules, for example, are guided and limited by strict
rules. In the universe, all things tend to become more
disordered, a property called entropy. Cells are highly
ordered structures that must overcome the disorder of
entropy by using energy. However, energy is always
conserved in the universe. In order for a cell to obtain
more energy, it must take energy from someplace
else. The acquisition of energy and its efficient usage

are necessities that fundamentally shape living things.

Available energy is only one example of a resource that is
limited in the environment, Molecular building blocks of

cellular components are ancther. The limited availability of
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certain resources means that many cellular mechanisms are
shaped by a need to be efficient. Cells can not perform
whatever task with whatever material. In some cases,
better molecules are imaginable for the cellular tasks at
hand, but these molecules are unattainable.

Within these guidelines, and many others, life on
Earth has been able to find many solutions. Evolution,
though slow and blind, has been a very powerful
source of change over the course of billions of years of
Earth’s history. Within the laws of physics, life has
been able to create order from a disordered mixture of
chemicals-largely thanks to energy provided by the
sun. Chemical building blocks, such as carbon, that
are the basis for complex, functional structures are
widely available on Earth. Also, the presence of liquid
water on the planet has provided an ideal medium for

chemical processes on which life is based.

In the following chapters of this book, we invite you
to learn how inanimate molecules have come together
to create life, steering between the limitations and
the advantages provided by our planet and our uni-

verse.

4  Introduction

WEAMIYLE R T Bt 8 R R
AR HOREY . A0S A BERE O B fo
FUEAT 41 B R ATIEMTAE 5. & BB
%, @HREEERAEFNTTERRT
kRS, EREGTFAEERAE.

FEE IR R IR EHESR AN, IR b
HAEMRE TIFSMR TR, HBR
REBWNZEMEAET R, HAMKRAE
ERJLHCER LB, EHEER
HHHRGRR T RINBIR . FEYHE
ARG T, A AT R
RAYIHANE DL THFNEH—XE
RIS FHRHLERER . —SLIRBRIE T
XML TR E IR FREA 5 KE,
ENRARREEERNEEMH R,
Besh . HUER b IRAS K B TE R A A
R R T BN R,

EABHEEET P, RAITEERKE
X BTG A T RIS iR
BB AR, BRI FEER LA
EFHRENARRGSERRMGZ
&) B PTRIATRY .



Chapter 1 Amino Acids to Proteins

Life is most directly the work of proteins. Proteins al-
low organisms to grow and reproduce, the most funda-
mental properties of life. They provide shape and
strength, and in many cases movement. They underlie
cellular communication, but are also a key part of the
boundaries that separate cells and organelles from their
environment. In the cell, proteins are everywhere and
do almost everything. In this chapter we examine the
molecular composition of proteins, showing how the
joining of small, simple molecules can produce large
molecules with complicated shapes and extraordinary

functions.

1.1 Protein Composition

Proteins are polymers of small molecules called ami-
no acids (Figure 1. 1). It is convenient to think of
an amino acid as a carbon atom attached to four dif-
ferent chemical groups. Three of these are all al-
ways the same: an amino group, a carboxyl group,
and a hydrogen atom. The fourth group is generally
termed the side chain, or R group, and varies be-
tween different amino acids. There are 20 different
amino acids commonly used to make proteins, and
all 20 have different R groups. R groups have vari-
ous sizes and chemical properties (Figures 1. 2 and
1.3).

Amino group
,,’ 4 H\ \\‘ ’/Ib
g 1 1|
: H/N\/’\ C/\‘/\C\
B \—-/, \ \\—

Side chain

Figure 1.1 General amino acid structure
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Gly

Glycine

G
Alanine HAMR Ala A
Isoleucine REHEAMR Ile 1
Leucine AR Leu L
Methionine H i 2 R Met M
Phenylalanine EHEAR Phe F
Tryptophan o &Z R Trp w
Proline i &= AR Pro P
Valine i R Val \%
Aspartic acid REHMR Asp D
Glutamic acid HHEHR Glu E

Figure 1. 2 The twenty amino acids and

their abbreviations

Amino acids are joined to each other by combining the
amino end of one with the carboxyl end of another (Fig-
ure 1.4). Because all amino acids have these two ends,
any amino acid can join to any other amino acid. The poly-
mer that results from these combinations is linear, mean-
ing that there are no branchpoints. Proteins can be com-
posed of any combination of the twenty amino acids, in
any number, attached in any order. In fact, this flexibil-
ity in composition is necessary to produce the wide variety

of proteins that are used in nature.

The bond that joins two amino acids in a protein is called a
peptide bond. It is a kind of amide bond. The peptide bond
is quite strong and rigid, and does not allow rotation. This
is because the double-bond joining the carbon and oxygen
is also distributed between the same carbon and the adja-
cent nitrogen. The redistribution of electron density gives a
partial double-bond character to the carbon-nitrogen bond,
which is the core component of the peptide bond. This par-
tial double-bond character prevents the peptide bond from
rotating easily.

Although peptide bonds are rigid, amino acid chains
are flexible because other bonds within each of the ami-
no acids can rotate (Figure 1.5). As a result, although
proteins are linear, they are not one-dimensional. The lin-
ear molecule bends, folds, and twists to form complicat-
ed three-dimensional structures. We explore protein struc-

tures in the next section.
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