CE TO THE FIRST EDITION

Thes Book completes a trilogy, joining Introduction
20 grutese architecture: the structural biology of pro-
;ﬁ—‘l Introduction to bioinformatics. The other
g books are more specialized—Biomformatics to
segmemces, and Architecture to structures. This one is
mernded as an introduction to the other two. It also
complements them, with a focus on protein funcrion,
~ cheding the integration and regulation of function:
~ ghes book = as much about the logic of life as about
= chesssiry. These three components—sequence,
: . and function—define the significance of
geeecins m biology.
Sedmey Brenner once stated the questions to ask
albous any living system:

i

L How does it work?
"2 How does its structure form?
B Elow &d it evolve?

soence has appealed to many scientific dis-
=m0 address these problems:

of protein science have developed out of
m=try. including physical methods such as
copr, kinetics, and techniques of structure
smsnion: and organic/biochemical methods

ame out the mechanisms of enzymatic ca-
& of classical protein chemistry and
~ studied purified molecules in isola-

h stodies revealed detailed information
' p ghe stroctures and activities of individual

of protein science have developed out of
amd cellular biology. The challenge is to
our knowledge of the properties and
of molated molecules, into an under-
ghe biological context and integration
m_ T !_
methods of genomics and prote-
wery large amounts of data about
expression patterns. We know the
= of the DNA of many organisms.
: sequences we can infer, to a

c=szamly not perfectly, the amino
of a= organism’s full complement

of proteins. Proteomics tells us how the expression
patterns of these proteins vary. We have pieces of
a jigsaw puzzle that extends in both space and
time. How can we fit the pieces together to under-
stand the complex and delicate instrument that is
the living cell?

* Parts of protein science have developed out of
svolutionary biology. Evolution takes place on
the molecular scale, exploring variations in se-
quences, protein structures and functions, and
patterns of expression. Much of what we see in
living organisms depends on, and reveals, histor-
ical evenrs no longer observable directly.

*  Parts of protein science have emerged from compra-
ing. Computer science is a flourishing field with the
goal of making the most effective use of informa-
tion technology hardware. Computers are essential
for storing and analysing the very large amounts
of data that have been coming onstream. Data-
banks archive and organize access to sequences
of genomes; to amino acid sequences, structures,
expression patterns, and interaction networks of
proteins; to metabolic pathways; to the molecular
correlates of diseases; and to the scientific litera-
ture, Distribution of the information requires fa-
cilities of compurter networks and the World Wide
Web. Computer programs provide access to the
data, and tools for their analysis, Bioinformatics
15 a hybrid of biology, chemistry, physics, and com-
puter science. Its goal is to bring the data to bear
on biological problems, including applications to
clinical medicine, agriculture, and rechnology.

Somme readers may wonder why nucleic acids receive
substantial attention in a book on protein science. The
answer is that they belong here. Itis impossible to make
sense of the hiology of proteins withour discussion of
the ribosome, and of control of gene expression, just
to pick two examples. Nucleic acids provide the logical
framework of the stage on which proteins act.

Whole-genome sequencing projects have trans-
formed molecular biology. Before, we were limited
to studying selected available examples. The new
results lay bare the choices thar Nature has made.
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The three-dimensional counterpart of genome-
sequence determination, the provision of structures
of all the proteins in an organism, is known as strec-
tural genomics.

When we know the sequences and structures of all
macromaolecules in an E. coff cell, we shall have a
complere but static knowledge of the components of
a living object. The next step will be to learn about
how the components are assembled and the dynam-
ics of how their individual activities are integrated.

The maost profound significance of proteins lies in
their collective properties as a class of biomolecules,
These properties include all their potential, as well as
their actual, characteristics: proteins have an under-
lying chemical unity, they have the ability ro organize
themselves in three dimensions; and the system that
produces them can create inheritable structural vari-
ations, conferring the ability to evolve, Recent de-
velopments in genomics, proteomics, and structural
genomics permit study of the entire complement of
proteins of an organism and their coordinated ae-
tivities, and give glimpses of the protensphere—the
entire spectrum of the proteins in Nature.

Proteins are where the action is

Proteins are fascinating molecular devices, They play
a variety of roles: there are structural proteins {mol-
ecules of the cytoskeleton, epidermal kerarin, viral
coat proteins); catalytic proteins (enzymes); trans-
port and storage proteins (haemoglobin, myoglobin,
ferritin}; regulatory proteins, {including hormones,
many kinases and phosphatases, and proteins that
control gene expression); and proteins of the immune
system and the immunoglobulin superfamily {includ-
ing antibodies, and proteins involved in cell-cell rec-
ognition and signalling).

Amino acid sequences are now available for over
1 million proteins, and detailed atomic structures for
over 24 000, These data support a number of fascin-
ating and useful scientific endeavours, including:

1. Interpretations of the mechanisms of function
of individual proteins. The caralytic activities of
enzymes can be explained in terms of physical-
arganic chemistry, on the basis of the interactions
of substrares wirh residues in the active site of the
protein,

2, Patterns of molecular evolution. For many fam-
ilies of proteins, we know dozens or even hundreds
of amino acid sequences, and many structures, We
can chserve the structural and funcrional roles of
the sets of residues that are strongly conserved.
We can describe the consequences of mutations,
insertions and deletions in the amine acid se-
quence that perturb protein conformation, and
identify constraints that selection imposes on the
structure to preserve function. When proteins
evolve with changes in funcrion, these constraines
on the steucture are relaved—aor rather, replaced
by alternative constraints—and the sequences and
structures change more radically.

On a broader scale, comparative genomics
traces the changes and distribution of proteins and
regulatory sequences in different species, and simi-
larities and differences in genome organization.

3. The amino acid sequences of proteins dictate
their three-dimensional structures, and their
folding pathways.

{a) Under physiological conditions of solvent and
temperature, proteins fold spontaneously to an
active native state. Although we cannot ver con-
fidently predict the confermation of a novel pro-
tein structure from its amino acid sequence in all
cases, many principles of prorein srructure and
folding are now understood,

(b} Relationships between the evolutionary diver-
gence of amino acid sequence and structure in
protein families do make possible the reliable
prediction of protein structure from amino acid
seguence, whenever we know the sequence and
structure of one or more sufficiently closely re-
lated proteins. As we come closer to having a
structure of every type that appears in MNarure.
then the nearest relative of known structure will
provide a reasonable quantitative model for al.
most all unknown proteins. In the future, this
will give us access to structures of the proteins
encoded in any genome,

{c) The amino acid sequence of a protein must no
only preferentially stabilize the native state,
must contain a road map relling the proteir
how to get there, starting from the many diverss



comformarions that comprise the unfolded state.
A combination of physicochemical measurements
and seudies of the effects of mutations on the kin-
enics of folding and unfolding are illuminating the
process of folding.

£ Mapping the logic and the mechanisms of inte-
gration and control of life processes.

f2) We can measure and compare patterns of bio-
chemical activity in different tissues, or under dif-
Sesent growth conditions. Comparisons of protein
expeession patterns, or of genotypes embedded
= the DNA, using microarrays, have direct clin-
acal applications. Many diseases involve failures
= control mechanisms. Therefore differences in
expression patterns in normal and disease states
permmit precise diagnosis of disease, producing a
more accurate prognosis and choice of treatment,
Prediction, from details of genotypes, of enhanced
sescepubility to disease may suggest preventative
messarss, including alteration of lifestyle.
W= cam trace pathways of information flow in
~ memmdatory networks. Proteins receive and trans-
mmr sigmals, often using conformational changes
= comrol activity. Proteins “talk’ to one another,
. amd aso o DNA. DNA-protein interactions con-
! S SXPression,
ssmdy parterns in time as well as in space.
) cpcde. and the unfolding of developmen-
. < are coordinated with changes in
expression. Development of the nervous
of Bagher organisms presents great chal-
@mwersaty plus accuracy in molecular sig-

It is now possible to design
ses of known proteins, and to

Applications include:
: o thermostability, for example
iismlplade or salt bridges, or by

= of amino acids that pack

: for mstance therapeutic
f =mm ramse annibodies against
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human tumours, Transfer of the active site from a
rat antibody to a human antibody framework can
produce a molecule that retains therapeutic activ-
ity in humans but reduces the side effecrs arising
from patients’ immunological response against
the antigenic rat protein.

{c] Modifying antibodies to give them catalytic ac-
tivity, Two features of enzymes are: the ability to
bind substrate specifically, and the juxtaposition
of bound substrate with residues that caralyse
a chemical change. Antibodies can provide the
binding and discrimination; the challenge to the
chemist is to introduce the catalytic funcrion.

(d} Modifications o probe mechanisms of function
or folding, such as the identification of properties
of folding intermediates by the effects of mura-
tions on stability and folding kinetics,

6. Drug discovery, There are many proteins specific
to pathogens thar we want to deactivate. Know-
ing the structure of the AIDS proteinase, or the
neuraminidase of influenza virus, it should be
possible to design molecules that will bind tightly
and specifically to an essental site on these mol-
ecules, to interfere with their function. Knowing
the structures of receptors it should be possible to
design agonists and antagonists of the signals to
which they respond.

These and other topics comprise a new scientific
speciality, protein science. By a combination of ap-
proaches and methods, gathered from many other
fields of science, we are gaining insight into the prin-
ciples governing this fascinating class of molecules.
Let us apply this knowledge in medicine, agriculture,
and technology to improve the lot of mankind.

I'thank E Arnold, M. Bashton, C. Chothia, ]. Clarke,
T.]J. Dafforn, A. Doherty, D.S. Eisenberg, 1. Fearnley,
J.R. Fresco, A. Friday, M. Gait, E. Gherardi, W.B.
Gratzer, R. Henderson, O. Herzberg, T.J.F. Hubbard,
J. Janin, T. Kiethaber, G. Kleywegt, P.A. Lawrence,
E.L. Lesk, V.E. Lesk, V1. Lesk, L. Liljas, L. Lo Conte,
D.J. Lomas, |. Liwe, PA, Lyons, AJ. McCay, J.D.
Mollon, 5. Moran, ]. Moult, A.G. Murzin, D, Neu-
haus, M. Oliveberg, V. Ramakrishnan, R. Read, G.DD.
Rose, B. Rost, K. Scotr, L. Serpell, R. Staden, R. Trege-
ar, M. Vendruscolo, C. Vogel, G. Vriend, A.G. Weeds,
J.C. Whisstock, A. Yonath, and L. You,



PREFACE TO THE SECOND EDITION

This new edition of Introdiction to protein science:
striecture, function, and genomics seeks to retain the
successful features of the first edition, and to expand
the coverage of the subject. This includes a fuller treat-
ment of methods of structure determination, of en-
zymatic catalysis, and of protein evolution. There have
been significant advances in protein science since the
first edition, both experimental and computational. In
presenting these advances, | emphasize how, for many
topics, the comhbination of theory and experiment has
proved to be a very powerful and effective partnership.

In the first edition, Introduction to protein sci-
ence was described as a companion volume to

Introduction to protein architecture: the structural
biology of proteins, and Introduction to bioinfor-
matics. Some of Architecture has been integrated
into this volume. A more recent book, Introduction
O genomics, is another companion volume,

Proteins claim the attention of many readers, span-
ning a range of interests in the fields of biology and
medicine, chemistry and physics. In using this book
as a text for a course, instructors will find ample
opportunity to tailor the material to their students’
interests and needs, especially through choice of ex-
ercises, problems, and weblems,
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last edition of this book, protein science has
i along many lines of research already ac-
mitiated new ones.

kemdmark in structure determination was the
of the world-wide Protein Data Bank to
200000 entries, in May 2014, Electron micros-
o macromolecular structures and complexes
w soon achieve atomic resolution.

' e computational side, molecular dynamics
a long way from the early days when Jer-
Eaowles could dismiss it as "an expensive way
h-t proteins’. This is no longer true. Thanks
m computer power, molecular dynamics is
g lomger so expensive; thanks to the availability of
Sorce fields and the ability to include explicit
= no longer denatures proteins, A confirm-
e mamnty of the field was the award of the
4 Prize in chemistry to molecular-dynamics
Aarmn Karplus, Michael Levitt, and Arieh

¢ adf=on to naturallv-occurring proteins, artifi-
= can be created by simulated ‘evolution’ in
or even designed by computer pro-
s possible by genetic engineering to express
peossins, for applications or for research.
antibody enterprise, creating mol-
deagnostics and therapy, is currently a
dollar per year industry.
& m molecular evolurion can in many cases
e seguences of proteins in the absence of
=l data. Thus, it may not be possible to
emmre extinct organisms, but when analysis
smetac trees gives us a confident statement
: emces, their proteins can be synthesized,
Sor their purported functions. This rela-
; is called palacomolecular biology.
qicatmn of our knowledge requires
stion-retrieval facilities. Not only
h— continued and accelerating growth
mmformation resources about pro-
s of amino acid sequences and three-
2 m—these results are becoming
| dv integrated into more general
These include databanks of protein

1

function, coordinated into databanks of metabaolic
pathways; and data dealing with expression patterns,
across different species and within the developmental
programs of individual organisms. Proteomics and
even genomics make use of data on proteins to creare
integrated descriptions of processes of life,

The new edition of this book reflects these changes,
There 15 a general migration of material from the rext
to the web. In particular, instead of stereo pictures in
the book as aids to the three-dimensional perception
of strucrures, the associated website contains movies,
iMany widely-available computer programs can
generate additional pictures. Facility in their use is
a necessary skill for study and research in this field.)
Emphasis on a wider variety of darabanks is another
appropriate response to recent developments.

The “weblems’—problems to be solved by appeal
to websites, a prominent feature of earlier editions,
have been expanded and now do not appear in the
printed text but only on the companion website,
They remain an integral pare of the hook,

Even more than in previous editions, there is an
emphasis on applications. These may be thought of
as both illustrations of the general principles that
remain the backbone of the exposition, and also as
exemplifying the contributions to society that the
progress in fundamental research has made possible.

Plan of the book

Chapter 1: A general introduction to the subject, set-
ting out the topics developed in the rest of the book,
emphasizing that amino acid sequences of proteins
derermine their three-dimensional strucrures and
functions.

Chapter 2: Derailed description of the structural
chemistry of proteins and their constituent amino ac-
ids; survey of varieties of proteins,

Chapter 3: Protein structure determination, inte-
grating experimental and computational methods,

Chapter 4: Protein  bioinformatics:  databases
of sequences, structures and the results of other
experiments, and tools for information retrieval and
analysis.
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Chapter 5: Enzyme catalysis and mechanisms, and
the use of classical and modern tools to illuminate
mechanisms of enzyme activiry.

Chapter 6: Protein interactions, including fune-
tional aspects of complex formarion,

Chapter 7: Protein evolution: by diverging in se-
quence and structure, proteins can retain, modify, or
profoundly alter their function.

Chapter 8: Mechanism of the folding process by
which proteins achieve their native states.

Chapter %: Proteomics and Systems biology: analy-
sis of proteins within their natural context, and de-
scription of the regulatory networks by which cells
control and integrate the activities of their constitu-
ent molecules,

Learning aids throughout the book include boxes
with a puorple background containing summaries
of key concepts, Interpolated short comments on
green backgrounds are the equivalent of marginal
notes; larger boxes with green backgrounds contain
description of applicanions, many but not all clinical.

The list of people to thank has grown. In addition to
those mentioned in the first edinion, I acknowledge with
gratitude Dirs P Aloy, A, Andreeva, P.C. Babbitt, H. and
E Bernstein, E.H. Egelman, |. Finer-Moore, J.R. Fresco,
MLE. Glassner, K. Henrick, D.T. Jones, |.'T.]. Lecomre,
C. Praul, N. Seeman, ]. Sussman, V.E. Womble, and
E.B. Ziff for reading specific sections and answering
guestions, and many other colleagues and publishers
for courtesy in allowing me to reproduce illustrations,



