Introduction:
Key Ideas, Central Dogma and Educational Philosophy

Life is an extraordinarily complex phenomenon. Although the study of living
things dates at least as far back as Aristotle, the advent of tools which allow the
interrogation of living systems in molecular detail and genomic breadth makes
this a particularly exciting era in the history of biology. The purpose of this
course is to help you begin to understand and appreciate our growing
understanding of what living things are, what they do, and how they do it.

It is perhaps the holistic nature of the subject matter that makes creating an
accessible introduction biology so difficult. Understanding any aspect of living
things can seem to require understanding of dozens of other aspects. There is
no easy place to begin, no simple set of problems that can be grasped in
isolation as a prelude to deeper understanding. A key goal of the course is to
impart enough knowledge about enough different aspects of life to provide a
foundation for more detailed understanding of the particulars. Much of what
we will cover is a description of what and how biologists study, rather than the
detailed results of those studies. You will learn some of the vocabulary of
biology, and some of the major ideas, which ought to be enough so that it is
possible for you to comprehend more detailed works. The study of life is really
many studies: evolution, biochemistry, genetics, pathology and ecosystems,
just to name a few. We will touch on many of these topics, with an emphasis
on biological molecules and their relevance to human health.

One of the metaphors that we will use extensively in this course is learning
biology is akin to learning a foreign language. This metaphor works at many
levels. First, there is an extensive specialized vocabulary that biologists use to
characterize living systems and their properties. In order to be able to
understand the biological literature, it is crucial that students learn these terms
and how they are used. Asyou will see later on, language is also a useful
metaphor for understanding the structure and function of biological systems at
the molecular level. The “book of life” is an apt and useful idea.

We will treat learning the language of life the way one might learn a foreign
language. Each week there will be a set of biological terms which you will be
responsible for learning. These terms will be highlighted in the course notes,
and available in list form on the web site. Also like a foreign language course,
you will be responsible not only for knowing what the words mean, but how
they are used in context. Vocabulary tests will make up a substantial portion of
the weekly problem sets. Learning a foreign language involves more than just
learning words. Languages are an intimate part of cultures, so, for example,
learning French generally involves learning something about French culture as
well as French words. Likewise in biology. Biologists approach scientific
problems somewhat differently than physicists, chemists, and other colleagues,
and one of the goals of this course is to help you come to appreciate the culture
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of biological science.

One of the major differences between biology and other scientific studies is the
central role of detailed descriptions of the phenomena under study, as
compared to general theoretical constructs. Physicists have been known to
dismiss biology as “stamp collecting,” poking fun at this aspect of the science.
While it is true that a central aspect of biological science is creating detailed
(and accurate) descriptions of living things and their activities, a better
metaphor than stamps would be collecting biographies. Although stamps do
vary, the variations are quite constrained, and most of the variations are not
particularly tied to their function. On the other hand, variation in living things,
like variation in human life stories, is extraordinarily broad and so central to
what it is to be alive (or human) that it is itself a phenomenon worthy of study.
The many details of the complex story of an organism (or a human life) play a
synergistic role in understanding it; reducing these to a simpler
characterization runs the risk of caricature. Let us therefore turn first to
examining the broad categories of “life stories” that we will be exploring.

Diversity

One of the most clearly distinguishing features of life as a whole is its diversity.
Organisms exhibit an overwhelming collection of differences. Most people are
familiar with only a tiny fraction of the kinds of life on earth, and even that

small sample includes enormous variation. Consider the differences among
just a few organisms, say mayflies, grizzly bears, tortoises, dinosaurs,
earthworms, guppies and eagles. Some are huge, others tiny. They have
tremendous differences in the feeding strategies, reproductive strategies, what
environments they can survive in, how long they live, and in their sensory and
motor abilities. And no matter how closely we look, even more diversity
becomes apparent. Whole species differ greatly from one another, and there
are also large variations among individuals within a single species. Even within
a single individual, there exists an amazing diversity of organs, tissues and types
of cells. This diverse approach to the activities and constituents of living things
continues all the way down to the molecular level.

As one becomes more familiar with the details of species, individuals, cells and
molecules, life's diversity becomes even more striking. In many respects,
microscopic life is considerably more varied than the life forms we can see.
Peering deep into fossil history shows us many apparently quite successful
organisms that are nothing like anything alive today, such as the five-eyed,
vacuum-nose Opabinia from the Cambrian era. An important part of
understanding biology is developing at least a moderately detailed appreciation
for the various kinds of living things, and their relationships with each other;
this study is called taxonomy .

Contrasting living things with their non-living counterparts makes the diversity
in life even more amazing. One of the major challenges of biology as a science

* Terms in boldface are key vocabulary items, and are defined in the Glossary.



is to account for this diversity. How did it arise? How is it maintained? Why
this particular set of diverse entities and processes, and not some other?

Unity

Given the extraordinary diversity, one of the most surprising discoveries in the
history of biology is near universality of the molecular detail underlying all
living things. Much of the action in life is at the molecular level, and many of
the phenomena we observe there are widely shared among quite diverse
organisms. The instruments and experimental approaches necessary to even
perceive anything molecular at all is a relatively recent phenomenon, and it is
on the basis of that newfound ability to investigate life at a molecular level that
so much of the recent progress and excitement has come.

All living things ever encountered depend crucially on the activities of unusual
and complex family of molecules called proteins. There are hundreds of
thousands of different kinds of proteins, and they work together in large groups
to carry out almost every biological function. Two rather extreme examples of
proteins include hemoglobin, which carries oxygen in the blood, and anthrax
toxin. Furthermore, all living things encode the recipes to create these
thousands of different proteins in another unusual and complex family of
molecules, the nucleic acids. There are two distinct kinds of nucleic acids, the
deoxyribonucleic acids (DNA) and the ribonucleic acids (RNA), which play
somewhat different, but related roles.

Together, the nucleic acids and the proteins are called biological
macromolecules, based on their large size. If one could stretch it out, a single
DNA molecule can be more than a meter long (although only a few hundred
angstroms wide)! Despite their large size, both proteins and nucleic acids are
polymers made up of long strings of just a few basic components. The
components of proteins are called amino acids, and the components of nucleic
acids are nucleotides. It is the particular order of components that gives a
particular macromolecule its distinguishing characteristics. The specific order
of components is called the sequence of the macromolecule.

In contrast to the macromolecules, all the other many molecules in the world
relevant to living things (like water, sugars, fats, drugs, and so on) are often
called small molecules. The study of the actions of biomolecules large and
small is generally termed biochemistry. Both scientific understanding of the
structure and function of macromolecules, and instrumentation engineering
advances in the ability to investigate the details of particular members of these
families are a crucial driving force in the expanding understanding of life; hence
the term molecularbiology.

The Central Dogma

The relationship between nucleic acids and proteins is so important to modern
biology that it is called The Central Dogma. The bulk of the course will be taken
up with an exploration of the remarkable properties of biological



macromolecules. The Central Dogma itself is relatively simple, although the
chemical mechanisms underlying it is not. The Dogma states: DNA molecules
contain information about how to create proteins; this information is
transcribed into RNA molecules, which, in turn, direct chemical machinery
which translates the nucleic acid message into a protein.

The Central Dogma means that the flow of information is one-way, from DNA
to RNA to protein. This is a good time to make the observation that there is
practically no statement in all of biology which is universally true, without
exception. It turns out that there are even exceptions to the central dogma!
For example, the AIDS virus, and its relatives in the broader family of
retroviruses, is able to translate RNA into DNA — hence the “retro” in retrovirus.
However, these kinds of exceptions are quite rare, and the Central Dogma is
about as law-like as any statement in biology ever gets.

Another meaning of the Central Dogma is that nearly " all of the information
necessary to construct and operate a living thing is contained in its DNA. We
call the complete complement of DNA in a living thing its genome. Agenome
sequencing project is the effort to determine the exact sequence of all of the
DNA in an organism.

Evolution

There is another unity among all forms of life that is even more important that
the molecular one: evolution. Evolution is, without a doubt, the most

important concept in biology, and it was discovered long before biological
molecules were conceived. Although biological evolution is itself a complex
topic, the basic idea is again simple: All organisms are part of a continuous line
of descent. This is the only statement | know of in biology to which there is no
exception.

There are some very important consequences to this statement. Every creature
that ever existed on earth is related (however distantly) to every other creature.
If you go back far enough, every pair of organisms shares a common ancestor.
Not only are humans related to (that is, share a common ancestor with)
chimpanzees, we are relatives to dinosaurs and even bacteria! There is, in fact,
auniversal ancestor that is the great-great-great ... great-grandparent of every
organism that ever lived.

The existence of common ancestors is an important part of the explanation of
the similarities we see within families of organisms. For example, since the use
of nucleic acids to code for proteins is universal throughout life, evolution
suggests that the universal ancestor must have done the same thing. Other
similarities among smaller sets of organisms, such as bilateral symmetry in
body shapes, or the presence of oxygen-carrying hemoglobin in circulating
blood, are shared by virtue of their presence in our common ancestors.

*There is also a role for the maternal proteins in the fertilized egg cell, but this is
relatively minor compared to the contribution of the DNA.



Evolutionarily relatedness leads to a straightforward explanation of similarities
among organisms, analogous to the observation that offspring are similar to
their parents. The more difficult challenge is to balance an explanation of our
similarities with an explanation of the diversity. Its success in this challenge is
what has made evolution so central to our understanding of life.

There are, of course, competing evolutionary theories and controversies about
the very idea of evolution, which will be dealt with in later classes. For now,

we will just introduce the three basic requirements of any evolutionary process.
First, evolution requires self-replication. That is, entities that evolve must
make copies of themselves. The entity that does the replicating is the parent,
and the resulting new entity is the offspring. There is a lot of subtlety hidden in
the word “copy” in that definition. Simply stated, offspring share at least some
of the characteristics of the parent; this sharing is called inheritance.
Inheritable characteristics are called traits. Inheritance is the force that drives
life toward unity.

The next requirement for evolution is a source of variation - if offspring were
all perfect replicates of parents, there would be no evolution. There are many
sources of inheritable variation in biology. Some of these sources of variation
are random, like mutation; others are systematic, such as the mix of
inheritance from multiple parents in sexual reproduction. Variation is one of
the forces that drives life toward diversity.

However, the variation we see in life is clearly not wholly random. The final key
in understanding evolution is the idea of selection. Not every organism gets to
reproduce. Selection is the process by which some organisms have offspring
and others don't. There are many aspects to selection. Although some aspects
of reproductive success are random, others are related to the traits of the
organism. If we look at groups of closely related organisms (called populations)
rather than individuals, it is possible to demonstrate that variation in traits
which are positively related to reproductive success will tend to become
common in the population over time, and those variations which negatively
effect reproduction will tend to disappear.

The relationship between the particular set of traits of an organism and its
reproductive success is termed fitness. Darwin's famous dictum, “Survival of
the fittest,” emphasizes the high stakes and inherent competition involved in
differential reproductive success. Of course, “fitness” is a very complex
function, which depends on many things, including the environment in which
the organism lives. Variations which improve fitness in a particular
environment are called adaptations to that environment.

The combination of inheritance, variation and selection is the essence of
evolution, the force that created both the unity and the diversity of living things
that we observe today.



Plan for the course

We will begin with an exploration of the macroscopic factors that influence
molecular biology, including a closer look at the mechanisms of evolution:
inheritance, variation and selection. For more than half the history of life,
reproduction involved single celled organisms making copies of themselves
(with the occasional mutation). However, sexual reproduction added a radical
new wrinkle to the process, combining the influence of two parents on the
offspring. The transition from colonies to true multicellular organisms is
intimately wrapped up with the origin of sexual reproduction. Itis also
historically interesting that biology's first understanding of the basic
mechanisms of evolution actually arose from a study of the inheritance of
characteristics in sexually reproducing plants. It is this phenomena that will
provide our first contact with the idea of the gene, and a brief look at Mendelian
genetics, which is the simplest version of how non-random variation arises in
sexually reproducing organisms. The idea of a gene is a complicated concept,
since it is defined both evolutionarily and biochemically; there is a great deal of
subtlety in reconciling these two approaches to what a gene is.

Once we have a broad understanding of the mechanisms of evolution, we will
take a look at the particular results of the evolutionary process as it played out
on earth. We will survey the tremendous diversity of modern organisms, many
of which are entirely outside the experience of most people. We will take a
brief look at the history of life, going back to questions about life's origins,
considering the unfolding of the evolutionary process. There are many
surprising features of life's history, but one of the most compelling is the
periodic occurrence of massive extinctions, wiping out large percentages of the
extant species in a very short time. We are in the midst of the sixth such mass
extinction right now, which another good reason to study the others.

After exploring the long, evolutionary view of life, we will turn our attention to
the molecular side, starting with a brief review of some of the relevant
chemistry. Living things achieve their many remarkable achievements by being
exquisite manipulators of matter and energy. In order to appreciate the
molecular mechanisms which accomplish these feats, we must understand
some of the basic phenomena. We will look at the atoms involved in most
biological molecules, and how bonds between them are made and broken. We
need a basic understanding of energy at scales relevant to life, and we will look
at the influence of the chemistry of the environment as well, such as
temperature, acidity and oxidation.

Armed with an appreciation of both evolution and chemistry, we will be able to
approach the life's simplest forms: the bacteria. Bacteria, or to be more
technically precise, the prokaryotes, are simple in a variety of respects.
Prokaryotes are microscopic, single-celled organism with minimal internal
structure. Their fitness is largely determined by the speed at which they can
reproduce. They are the chemically simplest organisms, and study of certain
bacteria can help us identify the chemical components and processes which are



absolutely necessary to life.

Being as simple as possible still involves a fair degree of complexity. The
molecular systems we will study in bacteria accomplish most of the key tasks in
all living things: the capture, transport and application of energy; the synthesis
of all the molecules necessary for life from environmentally available materials;
sensation, awareness and response to the environment; and the processing and
even exchange of nucleic acid instructions. Itis in this somewhat simplified
world of bacteria that we first see in detail how particular molecules, working
together, manage to be alive. Our study of prokaryotes will teach us about the
biochemical components of cells, and the various processes which carry out the
functions necessary for those cells to survive and reproduce.

We will then turn our attention to the constituents of the broad class of
organisms that include plants, fungi and animals; that is, the Eukaryotes. We
begin by looking at the Eukaryotic cell, which can be either a free-living single-
celled organism, or one of the trillion or so cells that make up a human being.
Eukaryotic cells have much more internal structure than bacteria. They have a
variety of separate compartments, and also specialized internal components
called organelles. The origins of the Eukaryotic cell are particularly interesting;
they appear to be the result of symbiotic communities of prokaryotes losing
their individuality and merging into a single entity. Organelles are remnants of
this merging — one even has kept its own genome, which reproduces and is
inherited separately from the rest of the organism's genome.

After considering each of the major components of the Eukaryotic cell, we will
finally be ready to turn to the essence of molecular biology: proteins and
nucleic acids. We will be returning to these molecules with a greater
appreciation of what they have to accomplish, chemically and evolutionarily.
Revisiting the Central Dogma, we will examine all the steps from DNA
encodings to the functional activity of proteins and other molecules. We will
gain an understanding the organization of the genome, the control of the DNA
translation process, and what can happen to proteins after they are translated
from the DNA. We will also look at how DNA is replicated, which is a key step
in both reproduction and the introduction of mutations. We can now also get a
sense of strengths and limitations of the different instruments and
experimental methodologies used to gain insights into their structure and
function.

The next step is to look at how biomolecules work together. Falling back on
our metaphor of proteins as words in a language, then organisms are
something like books (or maybe libraries!). Proteins work in groups to
accomplish various tasks the way words work together in sentences, paragraphs
and chapters. We will look at the different ways that elaborate combinations
proteins work together to transform matter and energy, to send and receive
signals about the state of the organism and the environment, and to control the
processing of DNA.

Once we have a sense of how the Eukaryotic cell works generally, we can turn



our attention to multicellular organisms, where cells specialize to accomplish
particular tasks. The origin of multicellular organisms is another fascinating
milestone in the history of life, which we will consider in some detail. In
multicellular organisms, cells specialize into different functional groups. The
most basic of these divisions is into reproductive cells (eggs and sperm) versus
everything else, called somatic cells. Although the somatic cells sometimes
divide, none of their genomes will make it directly into another generation of
the entire organism. From an evolutionary perspective, this is a remarkable
loss of function, and we will look closely at the grand deal that made this deal
possible. The breakdown of this deal, when somatic cells begin to reproduce
without regard to their being part of an overarching organism is what we call
cancer.

Reproduction is not the only place that cells in multicellular organisms have to
cooperate. Nearly every organismal function depends on tight coordination
among cells, and an elaborate mechanism for sending and receiving signal has
developed in response to this need. We will look at the mechanisms of cellular
signaling in some detail. One particularly important reason for doing this is the
key role that signal transduction plays in the function of pharmaceuticals.

Once we have investigated cellular specialization and signaling, we can explore
in more detail the processes of cellular differentiation and the development of
an organism from fertilized egg to mature adult. Also at this point, we will see
what stem cells are, and why they may play such an important role in new kinds
of medicine.

At this point, we will have touched on all of the basics of molecular biology.

The remainder of the course will bring our new framework to understanding
the relationship between the science of molecular biology and the creation of
biotechnology and new approaches to medicine. We will start with genome
projects and bioengineering, looking at cloning and the processes for artificially
adding and deleting particular sequences of DNA from an organism. We will
also take a look at a few of the ethical, social and legal issues involved in the
scientific and commercial exploitation of this knowledge.

Advances in molecular biology generally, and genetic engineering in particular
require experimental systems that are more amenable to experimentation and
explanation than human beings. These model systems include a wide variety of
different organisms, as well as artificially maintained cell cultures and even
computer programs. We will survey these model systems and some of their
advantages and disadvantages for various kinds of science and engineering.

The final section of the course will be a closer look at how molecular biology
relates to medicine and its future. In order to address these questions, we will
have to make a quick tour of the systems, tissues and processes in the human
body, and the kind of problems that can occur in them. Although covering
even a small fraction of the detailed knowledge that physicians have about the
body and disease is well beyond the scope of the course, we can look at some of
the general principles and some important specific examples. Time permitting,



we will look at cancer, aging and sepsis.

Finally, we will look at how molecular biology is beginning to influence
medicine. By far the most important connection so far has been in the process
of inventing new drugs and understanding the mechanisms of drug action. We
will explore the painful transition from discovering new pharmaceuticals
towards being ab le to invent them, and the still nascent promise of molecular
biotechnology. We will also explore scenarios of other changes that molecular
biology is likely to bring to medicine, including an increased ability to predict
disease before it strikes, and to tailor therapies to individuals.

By the end of this course you should be able to have basic conversations in the
language of life. Like learning a foreign language, a one semester course, no
matter how intensive, can only be the beginning of a lifetime of learning and
practice. However, the topics fascinating, and the rewards are great. Let's
begin!



