" On Exactitude in Science

- . Inthat Empire, the Art of Cartography attained such Perfection that
- the map of a single Province occupied the entirety of a City, and the
~map of the Empire, the entirety of a Province. In time, those
- Uhconscionable Maps no longer satisfied, and the Carlographers Guilds
" Siruck a Map of the Empire whose size was that of the Empire, and
which coincided point for point with it. The following Generations, who
were not so fond of the Study of Cartography as their Forebears had
been, saw that that vast Map was Useless, and not without some
Pitilessness was it, that they delivered it up to the Inclemencies of Sun
and Winters. In the Deserts of the West, still today, there are Tattered

Ruins of that Map, inhabited by Animals and Beggars, in all the Land
- there is no other Relic of the Disciplines of Geography. Suarez Miranda:
* lfajes de varones prudentes, Libro Cuatro, cap. XLV, Lérida, 1658.

- Jorge Luis Borges and Adolfo Bioy Casares

- With the ever-accelerating pace of scientific knowledge acquisition, partic-
- Ularly in the binlogical sciences, there is some danger that our scientific
- understanding of life is becoming a uselessly detailed Borgesian map. A
~ tentral role of scientific textbooks is to attempt to organize and distill the
vast amounts of available information relevant to a particular area in a con-
- feptually useful manner. To that end, a number of textbook writers have
~ undertaken the formidable task of writing excellent, comprehensive sur-
~ veys of cell and molecular biology. Although we cover some of the same
- material, our goal in this book is fundamentally different from theirs.
~ There is no single correct way to construct a conceptually simplified map
~ fora huge and complex field such as cell and molecular biology. Most mod-
e hiology textbooks organize ideas, facts, and experimental data based
~ on their conceptual proximity as related to biological function. In contrast,
- this book examines the same set of information from the distinct perspec-
-' tive of physical biology. We have therefore adopted an organization in
~ which the proximity of topics is based on their nearness in the physical
- biology perspective, not the cell biology perspective.

~ This book does not assume extensive prior knowledge on the part of the
'l'eader, and is appropriate for a first course in physical biology or hio-
- physics for either undergraduates or graduate students. It is also intended
~ for any scientist interested in learning the basic principles and applications
- of physical modeling for research in biology, and aims to provide a novel
perspective even to scientists who are already familiar with some of the
- material. Throughout the book, our organization of ideas and data based on
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proximity in physical biology space juxtaposes topics that are not obviously
related in cell biolpgy space. For example, DNA wrapping around nucleo-
somes in the eukaryotic nucleus, DNA looping induced by the binding of
transcriptional repressors in the context of bacterial gene regulation, and
DNA packing into the narrow confines of bacteriophage capsids, all appear
in the same chapter because they are related by the mechanical rules gov-
erning the bending of DNA. Next, the physical and mathematical treatment
we derive for DNA bending is directly applied to other kinds of long, thin,
biological structures, including the filaments of the cytoskeleton. This orga-
nizational principle brings into focus the central thesis of this book: that
the appropriate application of a relatively small number of fundamental
physical models can serve as the foundation of whole bodies of quantitative
biological intuition, breadly useful across a wide range of apparently unre
lated biclogical problems.

Although the claim that a handful of simple physical models can shed
more than superficial light on complex biological processes is apparently
naive, the biological research literature is teeming with examples where
important quantitative insight into questions of pressing interest has been
gained by the application of such models. In every chapter, we have cho
sen specific examples from classic and current research papers where
guantitative measurements on biological systems can be largely under
stood by recourse to simple, fundamental, physical ideas. In cases where
the simplest possible physical models fail to fit the data, the specific quan-
titative nature of the disparities can often lead to testable new biological
hypotheses. For example, a simple calculation estimating the amount of
time it would take for a newly synthesized protein to diffuse from the cell
body of a motor neuron in the spinal cord to the synapse formed by the
same neuron in the foot proves that diffusion is far too slow to get the job
done, and an active transport process must occur. Inevitably, researchers
performing experiments on biological systems must have physical models
explicitly or implicitly in mind, whether imagining how changes in the rate
of transcription initiation for a particular gene will lead to changes in the
overall amount of the gene product in the cell, or picturing the ways that
signaling molecules move through cellular space to encounter their tar
gets, or envisioning how cell movements during embryogenesis lead to the
final three-dimensional structures of organs and limbs. In this book, we
aim to provide a physical and mathematical roolkit so that people used to
thinking deeply about biological problems can make this kind of guantita-
tive intuition explicit; we also hope to provide a perspective on biology
that may inspire peaple from a background maore heavily based in physics
or mathematics to seek out new biological problems that are particularly
appropriate for this kind of quantitative analysis.

Our general approach consists of four steps. First, we introduce a bio-
logical phenomenon; second, we perform simple order-of magnitude esti-
mates to develop a “feeling for the numbers” invalved in that process;
third, we demonstrate the application of an extremely simple first-pass
model; and finally, where possible, we present a refinement of the oversim-
plified model to better approximate biological reality. Our goal is to share
the pleasure in seeing the extent to which simple models can be tailored to
reveal the complexity of observed phenomena. For our examples, we have
chosen particular biological cases which we believed to be worthy illustra-
tions of the concepts at hand and which captured our imaginations, often
because of particularly elegant or clever experiments that were designed to
generate intriguing sets of quantitative data. While we have been conscien- |
tious in our exploration of these facts and in our construction of simple
muodels, it is inevitable that we will have made errors due to our ignorance
and also due to the fact that, in many cases, new discoveries may change
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the particulars of our case studies. (A list of errors and their corrections
will be posted on the book’s website.) Nevertheless, because our goal is to
demonstrate the power of applying simple models to complex systems,
even when some details are wrong or missing, we hope that any particular
lapses will not obscure the overall message. Furthermore, in many cases
we have described phenomena that are still awaiting a satisfying physical
model, We hope that many of our readers will seize on the holes and errors
in our exploration of physical biology and take these as challenges and
opportunities for launching exciting original work.

[During the eight-year journey that led to this book, we benefited immea-
surably from the generosity and enthusiasm of hundreds of scientific col-
leagues who graciously shared their data, ideas, and perspectives. Indeed,
in many respects we view our book as an exercise in guantitative journal-
ism, based upon extensive "interviews” with these various scientists in a
wide range of disciplines. We offer this book as a report from the front, to
share some of the most interesting things that we have learned from our
colleagues with any and all inquiring individuals who wish to think both
deeply and broadly about the connections between biology and the physi-
cal sciences. Our imagined audience spans the range from 18-year-old
mechanical engineering undergraduates curious about the application of
their discipline to medicine, to 40-year-old string theorists wishing to
apply their mathematical and physical talents to living matter, to 70-year-
old renowned biologists wondering whether their insights into their sys-
tems might be improved by a mathematical treatment.

The book is made up of four major parts. Part 1, The Facts of Life, largely
focuses on introducing biological phenomena. For biology readers already
familiar with this material, the hope is that the quantitative spin will be
enlightening. For physics readers, the goal is to get a sense of the biologi-
cal systems themselves. Part 2, Life at Rest, explores those problems in
biology that can be attacked using quantitative models without any explicit
reference to time. Part 3, Life in Motion, tackles head-on the enhanced com-
plexity of time-dependent systems exhibiting dynamic behavior. Finally,
Patt 4, The Meaning of Life, addresses various kinds of information pro-
cessing by biological systems.

Because our hope is that you, our readers, represent a broad diversity of
backgrounds and interests, throughout the book we try as much as possi-
ble to introduce the origin of the facts and principles that we exploit. We
are reluctant to ever simply assert biological “facts” or physical “results”,
and would not expect vou te blindly accept our assertions if we did.
Therefore, we often describe classical observations by biologists over the
past centuries as well as the most recent exciting results, and illustrate how
current thinking about complex biological problems has been shaped by a
progression of observations and insights. Extended discussions of this kind
are separated from the main text in sections labeled Experiments behind the
Facts, In a complementary way, whenever we find it necessary to derive
mathematical equations, we proceed step by step through the derivation
and explain how each line leads to the next, so that readers lacking a strong
background in mathematics can nevertheless follow every step of the logic
and not be forced to take our word for any result. Specific sections labeled
The Math behind the Models and The Tricks behind the Math provide sum-
maries for the mathematical techniques that are used repeatedly through
out the book: many readers trained in physics will already be familiar with
this material, but biologists may benefit from a brief refresher or introduc-
tion. [n addition, we include labeled Estimate sections that help to develop
a “feeling for the numbers” for particularly interesting cases.

Although we review the basic information necessary to follow the exposi-
tion of each topic, you may also find it useful to have recourse to a textbook
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or reference book covering the details of scientific areas among biology,
physics, chemistry, and mathematics, with which you consider yourself less
familiar. Some references that are among our favorites in these fields are
suggested at the end of each chapter. More generally, our references to the
literature are treated in two distinct ways. Our suggestions for “Further
Reading” reflect our own tastes. Often, the choices that appear at a chapter’s
end are chosen because of uniqueness of viewpoint or presentation. We
make no attempt at completeness. The second class of “References” reflect
work that has explicitly touched the content of each chapter, either through
introducing us to a model, providing a figure, or constructing an argument.

At the end of each chapter we include a series of problems that expand
the material in the chapter or give the opportunity to attempt model-build-
ing for other case studies. These problems can be used within formal
courses or by individual readers. A complete Solutions Manual, covering all
problems in the book, is available for instructors. There are several differ-
ent types of problems. Some, whose goal is to develop a "feeling for the
numbers,” are arithmetically simple, and primarily intended to develop a
sense of order-of-magnitude biology. Others request difficult mathematical
derivarions that we could not include in the text. Still others, perhaps our
favorites, invite the readers to apply quantitative model-building to
provocative experimental data from the primary research literature. The
hook's website also includes “hints for the reader” for some of the more dif-
ficult problems.

Our book relies heavily on original data, both in the figures that appear
throughout the book and in the various end-of-chapter problems. To make
these data easily accessible to interested readers, the book's website
includes the original experimental data used to make all the figures in the
book that are based upon published measurements. Similarly, the data asso-
ciated with the end-of-chapter problems are also provided on the book’s
website. It is our hope that vou will use these data in order to perform your
own calculations for fitting the many models introduced throughout the
book to the relevant primary data, and perhaps refining the models in your
own original work.

STUDENT AND INSTRUCTOR RESOURCES

The following supplements are available for students and instructors:
e PowerPoint® slides of the figures & micrographs

“Hints for the reader” for some of the more difficult problems
Supplementary data sets

Supplementary videos

Solutions Manual for all problems

With the exception of the Solutions Manual, these resources are available
on the book's website, which can be accessed at www.garlandscience.com.
The Solutions Manual, which is available only to qualified instructors, may
be requested via e-mail from science@garland.com.

PowerPoint is a trademark of Microsoft Corporalion.

e

R S ——




