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Many people have asked for whom this book has been written and the
most honest answer must be that it has been written for ourselves. It is
our hope that it will also be both instructive and entertaining for stu-
dents and professionals at many levels. We hope it avoids the worst
excesses of the skimpily edited multi-author texts written by specialists,
but necessarily this means that we have had to tread warily in areas in
which none of us has first-hand experience, let alone expertise. Although
we have touched the front edges of the subject, we have also endeav-
oured to provide an elementary basis with some historical background
to all the topics covered. There has been no attempt to be comprehen-
sive and we are aware that important topics that well qualify for inclu-
sion in a book having the title Signal Transduction are conspicuous only
by their absence. An obvious example must be the signalling processes
that guide early embryonic development. Another is the field of signal
transduction in plants. Throughout the period of writing, we have been
the main beneficiaries as students of our own subject. As we learned
more, we were encouraged to challenge, or at least to re-examine, some
of the well-established dogmas. We have also learned to respect the wis-
dom of cur forebears, whose freedom of thought and sometimes
serendipitous discoveries in the 19th and early 20th centuries led to the
creation of the modern sciences of physiology, pharmacology and cell
biology, and related clinical fields, especially endocrinology and
immunology.

The book conveniently divides in two parts. The first half (Chapters 1-9)
provides the nuts and bolts of what might be termed ‘classical’ signal
transduction. It concentrates mainly on hormones, their receptors, and
the generation and actions of second messengers, particularly cyclic
nucleotides and calcium. It was the advances in this area, particularly the
discovery of the G-proteins, that originally gave rise to the expression ‘sig-
nal transduction’, although the term ‘transduction’ was stolen from else-
where. In the second half of the book, introduced by Chapter 10, attention
is concentrated on transduction processes set in action by growth factors
and adhesion molecules, particularly the covalent modification of pro-
teins (by phosphorylation) and of inositol-containing lipids and their
roles in the initiation of intracellular signalling cascades. An important,
though not exclusive, impetus to research in this area has been the quest
to understand the cellular transformations underlying cancer, with the
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hope of devising effective therapeutic procedures. The gestation of the
word ‘cancer’ has a long history, well revealed by its description in the
dictionaries.

In preparing the book, we have had the benefit of advice and opinions
given by friends and colleagues. These include Raj Patel (and his col-
leagues, particularly John Challiss, Jonathan Blank and David Critchley)
at the Department of Biochemistry, University of Leicester) who,
between them, read the complete script. Leon Lagnado (MRC Labor-
atory for Molecular Biology, Cambridge) read Chapters 1-6 and advised
us particularly on the topic of visual transduction. Sussan Nourshargh
(Imperial College School of Medicine at Hammersmith Hospital) advised
on matters relating to cell adhesion and trafficking (Chapters 14 and 15).
Greta Matthews read the entire script and gave much valuable advice.
Alexander Levitzki (Department of Biochemistry, Hebrew University
Jerusalem) encouraged us to disregard dogma when discussing the
activation of G-proteins. We are also indebted to Peter ten Dijke
(Netherlands Cancer Institute, Amsterdam) who read Chapters 10 and
16, Fergus McKenzie (Amersham Pharmacia, Cardiff) who read Chapters
11, 12 and 17, and the essay describing the cell cycle in Chapter 10,
Lodewijk Dekker (Department of Medicine, University College London)
who read part of Chapter 9, and Patricia Cohen (MRC Protein Phosphor-
ylation Unit, University of Dundee) for her help and advice on the ser-
ine-threonine phosphatases. Elizabeth Genot (European Institute of
Chemistry and Biology, Bordeaux) provided valuable advice on matters
relating to the activation of T cells (Chapter 12). Steve Watson (Depart-
ment of Pharmacology, University of Oxford) and Chris Richards
(Department of Physiology, University College London) gave invaluable
support and advice on matters relating to calcium. Geoffery Strachan
advised on the translation of French and German texts into contem-
porary (19th century) English.

Many others, too numerous to name individually, have given us the
benefit of their knowledge and understanding. In acknowledgement, of
their contribution we offer the following quotation from a paper dated
1878, entitled On Pituri by one of the pioneers (‘A new second messenger
is discovered’, page 146) of signal transduction.

ON PITURI. By SYDNEY RINGER, M.D., and WILLIAM MURRELL, MR.CP,
Lecturer on Practical Physiology at the Westminster School of Medicine, and
Assistant Physician to the Royal Hospital for Diseases of the Chest

QUITE recently a student of University College, London, whose, name we have
unfortunately forgotten, gave us a small packet containing a few twigs and bro-
ken leaves of the powerful and interesting drug, Pituri. These we placed in Mr
Gerard's hands, and he kindly made first an extract from which he obtained a
minute quantity of an alkaloid, and with this he made a solution containing one
part of the alkaloid to twenty of water. Baron Mueller, from an examination of
the leaves of pituri, is of opinion that it is derived from Duboisia Hopwoodii.
Pituri is found growing in desert scrubs from the Darling River and Barcoote
to West Australia. The natives, it is said to fortify themselves during their long
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foot marches, chew the leaves for the same purpose as Cocoa leaves are used
in Bolivia. Dr G Bennett in the New South Wales Medical Gazette, May, 1873,
says Pituri is a stimulating, narcotic and is used by the natives of New South
Wales in like manner as the Betel of the East. It seems to be a substitute for
tobacco. It is generally met with in the form of dry leaves, usually so pulverized
that their character cannot be made out.
The use of pituri is confined to the men of a tribe called Mallutha. Before any
serious undertaking, they chew these dried leaves, using about a tea-spoonful.
. A few twigs are burnt and the ashes mixed with the leaves. After a slight
mastication the bolus is placed behind the ear (to increase it is supposed its
strength), to be again chewed from time to time, the whole being at last swal-
lowed. The native after this process is in a sufficiently courageous state either
to transact business or to fight. When indulged in to excess, it is said to induce
a condition of- infuriation. In persons not accustomed to its use pituri causes
severe headache.

Of course, the authors of this paper would themselves never have heard
the expression ‘signal transduction’ and it would be a further 100 years
before it made its appearance in the biological literature. The sensations
brought about by pituri, an alkaloid that Ringer and Murrell described as
sharing some of the pharmacological properties of atropine (courage,
infuriation, frustration and headaches), are not dissimilar to those ex-
perienced by us in the writing of this book. However, we have never come
to blows, never even felt the need to fight. Although it was drafted by three
authors, the aim throughout has been to present a book written as if by
one mind, one pair of hands. Of course, we all have our own particular
fields of interest and (hopefully) expertise and we were individually
responsible for the original drafting of particular chapters and sections.
However, there is not a line of the book that has not been read, replaced,
rewritten, expanded, cut or otherwise altered so that in the end, we hope
that the text has a consistent style throughout.

B Notes

For protein structural data we have made use of: the Protein Data Bank:
Berman, H.M., Westbrook, J., Feng, Z. et al. The protein data bank. Nucleic
Acid Res. 2000; 28: 235-42 (http://www.rcsb.org/pdb/).

For chemical structures we wish to acknowledge the use of the EPSRC’s
Chemical Database Service at Daresbury:

Fletcher, D.A., McMeeking, R.E, Parkin, D. The United Kingdom Chemaical
Database Service. J. Chem. Inf. Comput. Sci. 1996; 36: 746-9.

Protein structures have been generated using Rasmol and CHIME:

Sayle R., Milner-White, E.J. RasMol: Biomolecular graphics for all. Trends
Biochem. Sci. 1995; 20: 374.

Martz, E. (University of Massachusetts, Amherst, MA, USA) and MDL
Information Systems, Inc. (San Leandro, CA, USA).
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B References

We have tried to provide original text sources to nearly all the statements,
experiments and discoveries discussed. The main reason for this is that
we ourselves have necessarily had to extend the treatment of nearly all the
topics presented far beyond the areas of our own experience or expertise.
Thus, the comprehensive lists are there to provide us with some sort of
reassurance that what we have written has not simply been conjured out
of the air. Also, because we have made a particular feature of presenting
original historical source material by quotation, which necessarily
required referencing, it seemed logical also to include literature refer-
ences to modern sources as well. Thus we hope that this book may serve
as a valuable resource, in the manner of a basic literature review, for any-
one wanting to explore further.

B Abbreviations

The definitions of all the main abbreviations used in this book can be
found in the index.

B Genes and gene products

According to convention, acronyms printed in lower case indicate genes
(e.g. ras), capitalized acronyms indicate their protein products (Ras). The
genes of yeast are printed in upper case (RAS). The prefixes v- and c- indi-
cate viral or cellular origin (v-Ras, c-Ras).
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From the Shorter Oxford English Dictionary (3™ edition, 1944, with cor-
rections 1977):

Transduction (trans,dv"kfon). rare. 1656.
[Igd. L. tra(ns)ductionem, tra(ns)ducere; see
RADUCE.] The action of leading or bringing
across.

Traduce (tridiz's),z. 1533. [ad. L. tredu-
cere to lead across, etc. ; also, to lead along as
a spectacle, to bring into disgrace; f. Zrans
across + ducere to lead.] 1. frans. To convey
from one place to another ; to transport -1678,
1tb. To translate, render ; to alter, modify, re~
duce -1850. ‘fc. To transfer from one use,
sense, ownership, or employment to another
-1640, +2. To transmit, esp, by generation
-1733. 1b. fransf. To propagate -1711. fc.
To derive, deduce, obtain from a source —1709.
3. To speak evil of, esp. (now always) falsely or
maliciously ; to defame, malign, slander, calum-
niate, misrepresent 1586. *tb. To expose (to
contempt) ; todishonour, clisgrace (rare) -166t,
t4. To falsify, misrepresent, pervert -1674.

1. b. Milton has been traduced into French and
overturned into Dutch SoutHry. a. Vertue is not
traduced in propagation, nor learning bequeathed by
our will, to our heires 1606. 3. The man that dares
t., because he can With safety to himself, is not a man
CowrerR. b. By their own ignoble actions they t.,
that is, disgrace their ancestors 1661, 4. Who taking
Texts ,. traduced the Sense thereof 1648. Hence
Tradu'cement, the, or an, action of traducing ; de.
famation, calumny, slander. Tradu‘cingly adz.
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from The Oxford English Dictionary (2nd edition) On Compact Disc:

transduction (tra:ns'dck | e n, treens-).
[ad. L. transduction-em (usually traductionem), n.ofactionf. tra(ns)dfucere:
seeTRADUCE.]

1. The action of leading or bringing across. rare.
1656 Brount Glossogr., Transduction, a leading over, a removing from
one place to another.
al816 BentHam Offic. Apt. Maximized, Introd. View (1830) 19 In lieu of
adduction, as the purpose requires, will be subjoined abduction,
transduction,..and so forth.

2. The action or process of transducing a signal.
1947 Jinl Acoustical Soc. Amer. XIX. 307/1 It is rather interesting that
the direct method of electronic transduction, instead of the indirect
method of employing a conventional transducer and then amplifying
the output with a vacuum tube, has not been developed.
1970 J. EARL Tuners & Amplifiers iv. 87 Low impedance pickup
cartridges using the moving-coil principle of transduction.
1975 Nature 17 Apr. 625/1 The transduction of light energy into neural
signals is mediated in all known visual systems by a common type of
visual pigment.

3. Microbiology. The transfer of genetic material from one cell to
another by a virus or virus-like particle.
1952 ZINDER & LEDERBERG in Jrnl. BacterioL LXIV. 681 To help the
further exposition of our experiments, we shall use the term trans-
duction for genetically unilateral transfer in contrast to the union of
equivalent elements in fertilization.
1960 [see F1IIl. 1 1].
1971 Nature 18 June 46611 It has been suggested that transduction of
genes by viruses was an important mechanism in evolution for
spreading useful mutations between organisms not formally related.
1977 Lancet 9 July 94/2 These were derived by selection of sensitive
variants from gentamicin-resistant strains or by transduction of this
resistance to sensitive strains.
Hence
trans’ductional a., of or pertaining to (genetic) transduction.
1956 Genetics XLI. 845 (heading) Linear inheritance in transductional
clones.
1980 Jrnl. Gen. Microbiol. CXIX. 51 Transductional analysis revealed
that one of the four mutations carried by strain T-693 was responsible
for constitutive synthesis of both isoleucine and threonine biosyn-
thetic enzymes.

(© Oxford University Press)
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Figure 4.2 Three-dimensional structure of the a- and By-subunits of G.The u-subunit
(left, cyan) has a molecule of GDP bound.The N-terminal helix is at top right. The By-
subunits (B green, y yellow) are in close apposition. The surface of the heterotrimeric
structure that is in contact with the membrane is at the top of the figure.The
hydrophobic attachments that are responsible are not shown.They involve the N-terminal
of the a-subunit and the C-terminal of the y-subunit. The separate 3y-subunit on the
right has been rotated about a vertical axis to show the [ propeller structure. (Data
source: |gp2.pdb®*®).

o subunit of G;

Figure 4.8 The a-subunits of G proteins and the monomeric GTPases exhibit
structural similarities. o, (left) has an rd domain (ras domain, upper half) that
resembles the small GTPase Ras (right). The lower half of the ¢, structure is the hd
domain (helical domain). Each molecule has a bound GDP. (Mg?* is only indicated in the
RasGDP structure, green sphere.) Data source: u.: |gp2.pdb*®, RasGDP: 4q21.pdb.'2>'%8



Figure 4.13 Three-dimensional structure of RasGDP. In this stereo image, the
conserved motifs G|-G5 that make contact with the nucleotide are depicted in the
following colours to match Table 4.4: G| green, G2 blue, G3 cyan, G4 purple, G5 yellow.
GDP is shown in CPK colours.The Mg?* ion is coloured dark green. Instructions for
viewing stereo images can be found on page 396. (Data source 4q2|.pdb'*'%))

Figure 4.14 Structural differences in the switch regions of GDP- and
GTP-bound Ras. Structures of the N-terminal residues of H-Ras complexed with
GDP and with GppNHp (an analogue of GTP).The switch regions are indicated. The
nucleotides are depicted as ball-and-stick structures. The green atom is Mg?*. (Data
sources 4q21.pdb'?>"'?% and 5p21.pdb'# respectively.)



Figure 7.7 Three-dimensional structure of the ryanodine receptor obtained
by cryoelectron microscopy: (A) Three-dimensional reconstruction of the ryanodine
receptor from skeletal muscle. Stereoscopic views of (a), the surface that faces the
T-tubule; (b) that facing the lumen of the SR; (c) a side view.The transmembrane part is
pink and the cytoplasmic region is green. Instructions for viewing stereo images can be
found on page 396. (B) A depiction of the receptor (cyan) indicating the locations of
calmodulin (yellow) and FKBP12 (magenta). The orange shading indicates regions likely
to interact with dihydropyridine receptors. The scale bar is 10 nm. Adapted from
Malenka et al.?'
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Figure 7.13 Pseudocolour images of Ca’ levels in cells activated by
extracellular ligands and by plasma membrane depolarization: (a) Ca’* changes
visualized in a confluent layer of human endothelial cells following stimulation with
histamine (I pmol/l). The calibration, on the right, indicates intracellular Ca**
concentration. The map on the extreme right shows the individual cell boundaries. The
time, in seconds, after histamine addition is indicated in each frame.There is a complex
pattern of spatial and temporal changes in Ca?" level within each cell. (Dye: Fura2.)
Courtesy of Ron Jacob.®® (b) Time course of Ca?* changes in a single chromaffin cell,
following membrane depolarization. The cell is voltage clamped in the whole cell
configuration (patch pipette not shown). Six fluorescence images of a cell were collected
at fixed times after a series of depolarizations, using pulsed laser imaging. The colour-
coded images in the top panel show the Ca*' concentration rising mostly in peripheral
regions of the cell, especially on one edge (55 ms) and then falling. The bisecting line in
each image indicates the region sampled to give the cross-sections shown beneath. (Dye:
Rhod2.) Courtesy of Julio Hernandez and Jonathan Monck.*



