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Constants

SYMBOL CONSTANT VALUE

e Chargeona Proton or an Electron

F . FanydayConstant
g ~ Earth’s Gravitational Acceleration

i ~ Planck’s Constant ‘

Kk Boltzmann Constant

N ‘Avogadro’s Number

R ‘ The Gas Constant
Variables

SYMBOL UNITS

AEp . vV

AE Vv

Eo Vv

E kcal/bhoton o

AG® kcal/mole

AG kcal/mole

K , (variable)

4 | e
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v e
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.

3.0 x 10" nm/sec

1.6 X 10712 coulomb (C)

23 kcal/V mole

9.81 m/sec?

1.58 x 10-37 kcal sec/photon
1.38x 10-2 J/K

6.02 x 1023 molecules/mole
1.98 x 10-3 kcal/K mole

DEFINITION

Standard electromotive potential

(T =298 K, all concentrations at 1 M)
Electromotive potential

Standard reduction potential

(T =298 K, all concentrations at 1 M)

Energy of a photon at a particular wavelength
Standard free-energy change

(T =298 K, all concentrations at 1 M)
Free-energy change

Ratio of the molar concentrations of products
to reactants at equilibrium -

Wavelength

Relative molecular mass (mass of molecule
relative to /12 mass of carbon atom)

Number of electrons transferred during a
redox reaction

Frequency

Negative log;o of molar concentration
The pH at which an ionizable group | k
dissociated

Absolute temperature
Membrane potential ,
Valence (charge) on solute
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3See table of radioactive isotopes (inside back cover) for efficiency of counting of specific isotopes.



Prefixes:
SYMBOL NAME VALUE SYMBOL NAME VALUE

d- deci- . et . da- deca- ‘ 10!
e centic - 1| . ' h- hecto- 102
om milli- S 10 k- kilo- 103

- miccor : gt M- mega- 1006

n- heve. . H0s , G- giga- 109

p- pico- . 102 T- tera- 1012

f- femio: . g B peta- 10"

a- atto- o e E- exa- 1018

z- zepto- . e Z- zetta- 1021

y- yocto- 0 g Y- yotta- 1024

Geometric Formulas

FIGURE AREA SURFACE AREA VOLUME
square 12

circle mir2

ellipse T ry

cube 6Pk ; 13
cylinder 2nrh +27r2 nr2h
sphere 4 mr2 4/37r3
cone | | 7 1/3mr2h

Radioactive Isotopes

ISOTOPE EMISSION HALF-LIFE COUNTING MXIMUM
EFFICIENCY2  SPECIFIC ACTIVITY®

| o beta ‘ , 5730 years 96% 0.062 Ci/mmol
3H beta 123years  65% 29 Ci/mmol
358 beta , . 814 days 97% 1490 Ci/mmol
|y gamma, Auger, and - 603 days 78% 2400 Ci/mmol
conversion electrons , ‘
up beta ~ ' 14.3 days 100% 9120 Ci/mmol
o betaandgamma 804 days 100% 16,100 Ci/mmol

2Maximum efficiency for an unquenched sample in a liquid scintillation counter. Most real samples are quenched to some extent.
BThis value assumes one atom of radioisotope per molecule. If there are two radioactive atoms per molecule, the specific activity will be twice as great,
and so on.



THE GENETIC CODE?

1st position 3rd Positio

(5’ end) 2nd Position (3’ end)
T oEe
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AMINO ACIDS CODONS?

A  Alanine GCT GCC GCA GGG
C  Cysteine TGT TGC
D  Aspartic acid GAT GAC
E  Glutamic acid GAA GAG
F Phenylalanine Ty TG
G  Glycine: GGT GGC GGA GGG
H  Histidine CAT CAC
| Isoleucine ATT ATC ATA
K  Lysine AAA AAG
L Leucine i c1T CTC CTA QG
j TIA T
M  Methionine ATG
N  Asparagine AAT AAC
P  Proline LT ccc CCA CCG
Q Glutamine CAA CAG
R  Arginine LT o Cec EGh Ok
AGA AGG
S Serine L e o ek I
‘ AGT  AGC
T  Threonine ACT  ACC ACA NG
t Codons are shown as 'V Valine GIT. GIC ' GIA  BIG
mmmeofune W GmeERE 8
facilitate the conversion Y  Tyrosine TAT TAC
of DNA sequences into W e TAA TAG YGA

protein sequences.
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Preface

“You know, the proper method for inquiring after the properties of things is
to deduce them from experiments”
Isaac Newton, 1672

The Problems Book aims to provide a running commentary for Molecular Biol-
ogy of the Cell, Fifth Edition by Alberts et al. As we wrote in earlier prefaces, we
would like to stimulate our readers to ask questions as well as to accept, digest,
and learn the stories that ‘the big book’ tells. In real life, however, knowledge and
understanding come from research, which entails curiosity, puzzlement, doubt,
criticism, and debate. Groping one’s way through the fog of uncertainty during a
research project is a slow and often discouraging process; eureka moments
(even if one is lucky) are few and far between. Nevertheless, those moments
catch the essence of the drama, and we have tended to focus on them, where we
have been able to cast them in the form of a problem. In this way, for student
and teacher alike, we hope to encourage a questioning attitude to biology. With-
out curiosity there would be neither science nor scientists.

We have been making up problems together for more than twenty years, and
the revision leading to this new edition of The Problems Book has taken us more
than three years. There are several new things about this edition. We are proud
to say that its 20 chapters now match the first twenty chapters of Molecular Biol-
ogy of the Cell, which means that there are three entirely new chapters: on
microscopy (Chapter 9), on the extracellular matrix and cell-cell interactions
(Chapter 19) and on cancer (Chapter 20). Elsewhere, the organization of each
chapter has undergone major revision besides minor modifications and addi-
tions to existing problems. As before, sections start by listing the terms in bold
from MBoC. As a simple test of memory and comprehension, we have added a
new type of problem, which we call “Definitions,” where we ask the reader to
identify these terms from a one-sentence description of their meaning. The fol-
lowing “True/False” section consists of a set of simple statements, whose truth
the reader must judge and justify. Next come short questions we call “Thought
Problems,” modeled on the kinds of problems presented in Essential Cell Biology
also by Alberts et al. Some of these are more challenging than others, some are
playful, some are serious, but all are designed to make the reader think. After this
comes a section called “Calculations,” which is designed to help deal with quan-
titative aspects of cell biology. The calculations in this book are mostly very
straightforward, usually involving no more than the interconversion of units, yet
they provide a solid framework for thinking about the cell. Are cell-surface
receptors sparse in the plasma membrane, or jam-packed? Do molecules dif-
fuse across a cell slowly, or in the blink of an eye? Does chromatin occupy most
of the nuclear volume, or just a tiny fraction? Numerical analysis of such ques-
tions is very important if one is to gain a feel for the molecular basis of cell biol-
ogy. Last but not least, the “Data Handling” section contains research-based
problems, which arguably form the most important part of the book. Our orig-
inal brief was to compose problems based on experiments so as to allow read-
ers to get a better feel for the way in which biological knowledge is obtained. It
is tremendously important to keep asking, “How do we know that? What's the
evidence?” or to wonder how one might go about finding something out. Often
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it’s not at all obvious, often the initial breakthrough was a lucky chance obser-
vation, made while investigating some completely different business. In fact, it
takes most of us years of research experience to grasp the idea of how one sim-
ple fact “can illuminate a distant area, hitherto dark” (Boveri, 1902). Seeing how
these tiny shards of evidence give rise to the big picture often involves consider-
able imagination, as well as a certain discipline, to know how much weight the
evidence will bear. We hope we have sometimes, at least, been able to capture
the essence of how experiments lead to understanding. To do justice to the
authors of the experiments we use in these problems, however, we strongly rec-
ommend recourse to the original papers, whose references we always provide.

We hope that the organization and classification of problems will help both
student and teacher to find what they are looking for. As far as possible, the order
of questions closely follows Molecular Biology of the Cell.

Another big change in this edition pleases us very much. For this edition, we
have chosen to include the answers to every problem on the CD that comes with
this book. We think this is a thoroughly good thing for readers. Many of these
problems are difficult to answer, and are not really intended to be set as tests.
Rather, we hope that readers will be intrigued (as we were) by the questions we
ask, and after thinking a bit will want to see what the answer is, what form the
discussion takes, how to get at thinking about this particular kind of a problem.
Having used these problems ourselves, we know that even a problem with an
answer can serve as the basis for a stimulating discussion in class. And if stu-
dents are told in advance that a few problems from a larger set will be on an
exam, they will be motivated to grapple with the reasoning behind all the
answers—a lot of learning.

Another departure from previous editions is that a selection of questions
from The Problems Book now appears in Molecular Biology of the Cell at the end
of each chapter. We picked these problems in consultation with the authors of
MBoC'to highlight important issues in the text and to cover the range of problem
styles. We are pleased with the final selections; they include some of our all-time
favorites. The solutions to all these problems are printed in a separate section at
the end of The Problems Book. We hope that many more readers of the main text-
book will try working problems as a result of this change.

As always, we want to hear from our readers, for despite our best efforts, we
do not always get things right. Please email John Wilson at jwilson@bcm.edu or
Tim Hunt at tim.hunt@cancer.org.uk with your comments or queries, and we’ll
do our best to answer them.
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A Couple of Things to Know

Avogadro’s Number (6.02 x 1023 molecules/mole)

Avogadro’s number (N) is perhaps the most important constant in molecular sciences,
and it appears again and again in this book. Do you know how it was determined?
We didn’t, or had forgotten if we ever knew. How can one measure the number of
molecules in a mole? And who did it first? You will not find this information in modern
biology books, partly because it is ancient history, and partly because it was the
business of physicists; some pretty good physicists too, as we shall see.

Amadeo Avogadro had no idea how many molecules there were in 22.4 L of a gas.
His hypothesis, presented in 1811, was simply that equal volumes of all gases con-
tained the same number of molecules, irrespective of their size or density. Not until
much later, when the reality of molecules was more widely accepted and the micro-
scopic basis for the properties of gases was being worked out, were the first estimates
attempted. An Austrian high school teacher called Josef Loschmidt used James Clerk
Maxwell’s recently developed kinetic theory of gases to estimate how many molecules
there were in a cubic centimeter of air. Maxwell had derived an expression for the
viscosity of a gas, which is proportional to the density of the gas, to the mean velocity
of the molecules, and to their mean free path. The latter could be estimated if one
knew the size and number of the molecules. Loschmidt simply made the assumption
that when a gas was condensed into a liquid, its molecules were packed as closely as
they could be, like oranges in a display on a fruit stand, and from this he was able to
get a pretty accurate value for Avogadro’s number. Not surprisingly, in Austria they
often refer to NV as ‘Loschmidt’s number.’ In fact, it wasn’t until 1909 that the term
‘Avogadro’s number’ was suggested by Jean Perrin, who won the 1926 Nobel prize for
physics (his lecture is available on the Nobel web site, and his book on Atoms [Les
Atomes, 1913, translated from the original French by D. LI. Hammick, reprinted in
1990 by Ox Bow Press] is highly recommended—and accessible—reading. It has been
called the finest book on physics of the 20th century).

You may be surprised to discover, as we were, that estimating Avogadro’s num-
ber was an important topic of Albert Einstein’s Ph.D. thesis. Abraham Pais'’s wonder-
ful biography of Einstein, Subtle is the Lord (subtitled The Science and the Life of
Albert Einstein, 1982 Oxford University Press) devotes Chapter 5, ‘The Reality of
Molecules,’ to this period of the great physicist’s life and work. Einstein found three
independent ways to estimate N: from the viscosity of dilute sucrose solutions, from
his analysis of Brownian motion, and from light scattering by gases near the critical
point, including the blueness of the sky. Because the sky is five million times less
bright than direct sunlight, Avogadro’s number is 6 x 1023, Isn'’t that romantic?

But Einstein’s was not the last word on the subject. Indeed, according to Pais,
he made an “elementary but nontrivial mistake” in his thesis that was later cor-
rected, and it was really Perrin who brought the whole field together with his exper-
iments on Brownian motion. The Nobel presentation speech contains this line:

“His [Perrin’s] measurements on the Brownian movement showed that Einstein’s
theory was in perfect agreement with reality. Through these measurements a new
determination of Avogadro’s number was obtained.”

For most methods of counting molecules, neither the physics nor the math is easy
to follow, but two are simple to understand. The first comes from radioactive decay,
and another Nobel prize-winning physicist, Ernest Rutherford. When radium decays,
it emits alpha particles, which are helium nuclei. If you can count the radioactive decay
events with a Geiger counter and measure the volume of helium emitted, you can esti-
mate Avogadro’s number. The second way is much more modern. You can see large
proteins and nucleic acids with the aid of an electron microscope.

xiii



xiv A Couple of Things to Know

Calculations and Unit Analysis

Many of the problems in this book involve calculations. Where the calculations are
based on an equation (for example, the Nernst equation or the equation for volume
of a sphere), we provide the equation along with a brief explanation of symbols, and
often their values. Many calculations, however, involve the conversion of information
from one form into another, equivalent form. For example, if the concentration of a
protein is 10° M, how many molecules of it would be present in a mammalian
nucleus with a volume of 500 um3? Here, a concentration is given as M (moles/L),
whereas the desired answer is molecules/nucleus; both values are expressed as
‘number/volume’ and the problem is to convert one into the other.

Both kinds of calculation use constants and conversion factors that may or
may not be included in the problem. The Nernst equation, for example, uses the gas
constant R (2.0 x 1073 kcal/°K mole) and the Faraday constant F (23 kcal/V mole).
And conversion of moles/L to molecules/nucleus requires Avogadro’s number N
(6.0 x 1023 molecules/mole). All of the constants, symbols, and conversion factors
that are used in this book are listed inside the book covers (along with the standard
genetic code, the one-letter amino acid code, useful geometric formulas, and data on
common radioisotopes used in biology).

For each type of calculation, we strongly recommend the powerful general
strategy known as unit analysis (or dimensional analysis). If units (for example,
moles/L) are included along with the numbers in the calculations, they provide an
internal check on whether the numbers have been combined correctly. If you've
made a mistake in your math, the units will not help, but if you've divided where you
should have multiplied, for example, the units of the answer will be nonsensical: they
will shout ‘error.’ Consider the conversion of 10 M (moles/L) to molecules/nucleus.
In the conversion of moles to molecules, do you multiply 10~ by 6 x 1023 (Avogadro's
number) or do you divide by it? If units are included, the answer is clear.

-9 23 14
102 moles % 6 x 10 molecules _ 6 x 10'* molecules YES

L mole L
10~ moles o mole _ 1.7x 1033 mole? NO
L 6 x 102 molecules ~ molecules L

Similarly, in the conversion of liters to nuclei, the goal is to organize the conversion
factors to transform the units to the desired form.

6 x 10'*molecules 1L mL cm? 500 um3 _ 300 molecules

L 1000 mL  cm? | (10* um)?® * nucleus nucleus

If you do this calculation with pure numbers, you must worry at each step
whether to divide or multiply. If you attach the units, however, the decision is
obvious. It is important to realize that any set of (correct) conversion factors will give
the same answer. If you are more comfortable converting liters to ounces, that’s fine,
so long as you know a string of conversion factors that will ultimately transform
ounces to pms3.

There are a few simple rules for handling units in calculations.

1. Quantities with different units cannot be added or subtracted. (You cannot
subtract 3 meters from 10 kcal.)

2. Quantities with different units can be multiplied or divided; just multiply or
divide the units along with the numbers. (You can multiply 3 meters times 10
kcal; the answer is 30 kcal meters.)

3. All exponents are unitless. (You can’t use 106 ML)

4. You cannot take the logarithm of a quantity with units.

Throughout this book, we have included the units for each element in every
calculation. If the units are arranged so that they cancel to give the correct units for
the answer, the numbers will take care of themselves.



Problems

J A

Darwin'’s first known (July 1837) sketch of the tree of life.
The writing reads:

“| think”

“Thus between A & B enormous gap of relation. C + B. The
finest gradation, B + D rather greater distinction Thus genera
would have formed. - bearing relation”

In the bubbles, added later (probably in 1839):

“Case must be that one generation then should be as many
living as now”

“To do this & to have many species in same genus (as is)
requires extinction.’

See Charles Darwin’s Notebooks (1836-1844): Geology,
Transmutation of Species, Metaphysical Enquiries. Edited with
Paul Barrett, Peter Gautrey, Sandra Herbert and Sydney Smith.
Ithaca: British Museum (Natural History), Cornell University
Press, and Cambridge University Press, 1987. Thanks to David
Kohn for the image and helpful comments on its significance.
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