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Biochemistry: An Evolving Science
Chemistry in Action
Human activities require energy

Peter Agre
Discover Aquaporin
2004 Nobel Prize in Chemistry

Carol Greider
Discover Telomerase in 1984
2009 Nobel Prize for Physiology and Medicine
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The interconversion of different forms of energy requires large
biochemical machines comprising many thousands of atoms such
as the complex shown above.
Yet, the function of these elaborate assemblies depend on simple
chemical processes such as protonation and deprotonation of the
3
carboxylic acid group shown on the right

Biochemistry is the study of the chemistry of life processes.
Since the discovery that biological molecules such as urea could be
synthesized from nonliving components in 1828, scientists have
explored the chemistry of life with great intensity. à
Furthermore, we are now in an age of unprecedented opportunity for the
application of our tremendous knowledge of biochemistry to problems in
medicine, dentistry, agriculture, forensics, anthropology,
environmental sciences, and many other fields.
We begin our journey into biochemistry with one of the most startling
discoveries of the past century: namely,
the great unity of all living things at the biochemical level.
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1.1 Biochemical Unity Underlies Biological Diversity
The biological world is magnificently diverse.
Outward Appearance

TATA box Binding Protein

At biochemical level, all organisms have many common features
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As mentioned earlier, biochemistry is the study of the chemistry of life processes.
These processes entail the interplay of two different classes of molecules: large
molecules such as proteins and nucleic acids, referred to as biological
macromolecules, and low-molecular-weight molecules such as glucose and
glycerol, referred to as metabolites, that are chemically transformed in biological
processes.

Members of both these classes of molecules are common, with minor variations, to
all living things.
For example, deoxyribonucleic acid (DNA) stores genetic information in all
cellular organisms.
Proteins, the macromolecules that are key participants in most biological processes,
are built from a set of 20 building blocks that are the same in all organisms.
Furthermore, proteins that play similar roles in different organisms often have very
6
similar three-dimensional structures (see Figure 1.1 ).

Key metabolic processes also are common to many organisms.
For example, the set of chemical transformations that converts
glucose and oxygen into carbon dioxide and water is essentially
identical in simple bacteria such as Escherichia coli (E. coli) and
human beings.
Even processes that appear to be quite distinct often have
common features at the biochemical level.
Remarkably, the biochemical processes by which plants capture
light energy and convert it into more-useful forms are strikingly
similar to steps used in animals to capture energy released from
the breakdown of glucose.
These observations overwhelmingly suggest that all living things
on Earth have a common ancestor and that modern organisms
have evolved from this ancestor into their present forms.
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In the Beginning

• Early Earth

4.5 ~ 3.5 billion years ago

– CH4, NH3, H2, CO, and H2O
– Lightening & Volcano

• Amino Acid & Nucleic Acid
• Polypeptide & Polynucleotide
– A-G-G-U-C-C-A
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Geological and biochemical findings support a time line for this
evolutionary path (Figure 1.2).
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On the basis of their biochemical characteristics, the diverse organisms of the
modern world can be divided into three fundamental groups called domains:
Eukarya (eukaryotes), Bacteria, and Archaea.
Eukaryotes is the presence of a well-defined nucleus within each cell.
Unicellular organisms such as bacteria, which lack a nucleus, are referred to as
prokaryotes.
These organisms, now recognized as having diverged from bacteria early in
evolution, are the archaea.
Evolutionary paths from a common
ancestor to modern organisms can be
deduced on the basis of
biochemical information.
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Different organisms have specific needs, depending on the particular biological
niche in which they evolved and live.
By comparing and contrasting details of particular biochemical pathways in
different organisms, we can learn how biological challenges are solved at the
biochemical level.
In most cases, these challenges are addressed by the adaptation of existing
macromolecules to new roles rather than by the evolution of entirely new ones.
Biochemistry has been greatly enriched by our ability to examine the threedimensional structures of biological macromolecules in great detail.
Some of these structures are simple and elegant, whereas others are incredibly
complicated but, in any case, these structures provide an essential framework
for understanding function.
We begin our exploration of the interplay between structure and function
with the genetic material, DNA.
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1.2 DNA Illustrates the Interplay Between
Form and Function
A fundamental biochemical feature common to all cellular organisms is the use of
DNA for the storage of genetic information.
The discovery that DNA plays this central role was first made in studies of
bacteria in the 1940s. This discovery was followed by the elucidation of the threedimensional structure of DNA in 1953, an event that set the stage for many of the
advances in biochemistry and many other fields, extending to the present.
The structure of DNA powerfully illustrates a basic principle common to all
biological macromolecules: the intimate relation between structure and
function.
The remarkable properties of this chemical substance allow it to function as a
very efficient and robust vehicle for storing information.
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DNA Is Constructed from Four Building Blocks

DNA is a linear polymer.
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The sugars are molecules of deoxyribose from which DNA receives its
name.

Two Single Strands of DNA Combine to Form a Double Helix
Most DNA molecules consist of not one but two strands (Figure 1. 5).
In 1953, James Watson and Francis Crick deduced the arrangement of these
strands and proposed a three-dimensional structure for DNA molecules.
This structure is a double helix composed of two intertwined strands arranged
such that the sugar- phosphate backbone lies on the outside and the bases on
the inside.
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The key to this structure is that the bases form specific basepairs (bp) held together
by hydrogen bonds (Section 1.3): adenine pairs with thymine (A- T) and guanine
pairs with cytosine (G- C), as shown in Figure 1.6.
Hydrogen bonds are much weaker than covalent bonds such as the carbon-carbon
or carbon-nitrogen bonds that define the structures of the bases themselves. Such
weak bonds are crucial to biochemical systems; they are weak enough to be
reversibly broken in biochemical processes, yet they are strong enough, when many
form simultaneously, to help stabilize specific structures such as the double helix.
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DNA Structure Explains Heredity and the Storage of Information
The structure proposed by Watson and Crick has two properties of central
importance to the role of DNA as the hereditary material.
First, the structure is compatible with any sequence of bases. The base pairs
have essentially the same shape (see Figure 1.6) and thus fit equally well
into the center of the double-helical structure of any sequence.
Without any constraints, the sequence of bases along a DNA strand can act
as an efficient means of storing information. Indeed, the sequence of bases
along DNA strands is how genetic information is stored.
The DNA sequence determines the sequences of the ribonucleic acid
(RNA) and protein molecules that carry out most of the activities within
cells. è
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Second, because of base-pairing, the sequence of bases along one strand
completely determines the sequence along the other strand.
As Watson and Crick so coyly wrote: "It has not escaped our notice that the
specific pairing we have postulated immediately suggests a possible copying
mechanism for the genetic material. "
Thus, if the DNA double helix is
separated into two single strands,
each strand can act as a template
for the generation of its partner
strand through specific base-pair
formation (Figure 1.7).
The three- dimensional structure
of DNA beautifully illustrates the
close connection between
molecular form and function.
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1.3 Concepts from Chemistry Explain the
Properties of Biological Molecules

Study this section by yourself
Review of General Chemistry
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1.4 The Genomic Revolution Is Transforming
Biochemistry and Medicine
Watson and Crick's discovery of the structure of DNA suggested the hypothesis that
hereditary information is stored as a sequence of bases along long strands of DNA.
This remarkable insight provided an entirely new way of thinking about biology.
However, at the time that it was made, their discovery was full of potential but the practical
consequences were unclear. Tremendously fundamental questions remained to be addressed.
Is the hypothesis correct?
How is the sequence information read and translated into action? à Chap 4
What are the sequences of naturally occurring DNA molecules and how can such
sequences be experimentally determined? à Chap 5
Indeed, in the past decade or so, scientists have determined the complete genome
sequences of hundreds of different organisms, including simple microorganisms, plants,
animals of varying degrees of complexity, and human beings.
Comparisons of these genome sequences with the use of methods introduced in Chapter 6
have been sources of insight into many aspects of biochemistry.
Because of these achievements, biochemistry has been transformed. In addition to its
experimental and clinical aspects, biochemistry has now become an information science.
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The Sequencing of the Human Genome Is a Landmark in
Human History
The sequencing of the human genome was a daunting task because it contains
approximately 3 billion (3 x 109) base pairs.
ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTC
AAACAGACACCATGGTGCATCTGACTCCTGAGGAGAAGT
CTGCCGTTACTGCCCTGTGGGGCAAGGTGAAC GTGGA...

For example, the sequence is a part of one of the genes that encodes hemoglobin,
the oxygen carrier in our blood.
If we were to include the complete sequence of our entire genome, this chapter
would run for more than 500,000 pages.
This sequence contains a vast amount of information, some of which we can now
extract and interpret, but much of which we are only beginning to understand.
for example, some human diseases have been linked to particular variations in
genomic sequence.
Sickle-cell anemia, is caused by a single base change of an A to a T (discussed in
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Chap 7).

In addition to the implications for understanding human health and disease, the
genome sequence is a source of deep insight into other aspects of human biology
and culture.
For example, by comparing the sequences of different individual persons and
populations, we can learn a great deal about human history.
On the basis of such analysis, a compelling case can be made that the human species
originated in Africa, and the occurrence and even the timing of important
migrations of groups of human beings can be demonstrated.
Finally, comparisons of the human genome with the genomes of other organisms
are revealing key steps that have been taken in the course of evolution from
relatively simple, single-celled organisms to complex, multicellular organisms such as
human beings.
For example, many genes key to the function of the human brain and nervous
system have evolutionary and functional relatives that can be recognized in the
genomes of bacteria.
Because many studies that are possible in model organisms are difficult or unethical
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to conduct in human beings, these discoveries have many practical implications.
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Genome Sequences Encode Proteins and Patterns of Expression
The structure of DNA revealed how information is stored in the base sequence
along a DNA strand. But what information is stored and how is this information
expressed?
The most fundamental role of DNA is to encode the sequences of proteins.
Like DNA , proteins are linear polymers. However, proteins differ from DNA in
two important ways.
First, proteins are built from 20 building blocks, called amino acids, rather than
just four, as are present in DNA. The chemical complexity provided by this variety
of building blocks enables proteins to perform a wide range of functions.
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Second, proteins spontaneously fold up into elaborate threedimensional structures, determined only by their amino acid
sequences (Figure 1.19).

A spontaneous folding process gives proteins their threedimensional structure.
A balance of hydrogen bonding, van der Waals interactions, and
hydrophobic interactions overcome the entropy lost in going from
an unfolded ensemble of proteins to a homogenous set of well-folded
24
molecules.

The fundamental unit of hereditary information, the gene, is becoming increasingly
difficult to precisely define as our knowledge increases.
The genes that are simplest to define encode the sequences of proteins.
For these protein-encoding genes, a block of DNA bases encodes the amino acid
sequence of a specific protein molecule. A set of three bases along the DNA strand,
called a codon, determines the identity of one amino acid within the protein
sequence. The relation that links the DNA sequence to the encoded protein sequence
is called the genetic code.
One of the biggest surprises from the sequencing of the human genome is the small
number of protein-encoding genes. Before the genome-sequencing project began, the
consensus view was that the human genome would include approximately 100,000
protein-encoding genes. The current analysis suggests that the actual number is
between 20,000 and 25,000. We shall use an estimate of 23,000 throughout this
book.
However, additional mechanisms allow many genes to encode more than one
protein. In other cases, proteins are modified after they are synthesized through the
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addition of accessory chemical groups.

On the basis of current knowledge, the protein-encoding regions account for only about
3% of the human genome.
What is the function of the rest of the DNA?
Some of it contains information that regulates the expression of specific genes (i.e., the
production of specific proteins) in particular cell types and physiological conditions.
Essentially every cell contains the same DNA genome, yet cell types differ considerably in
the proteins that they produce.
For example, hemoglobin is expressed only in precursors of red blood cells, even though
the genes for hemoglobin are present in essentially every cell.
Specific sets of genes are expressed in response to hormones, even though these genes are
not expressed in the same cell in the absence of the hormones.
The control regions that regulate such differences account for only a small amount of the
remainder of our genomes.
The truth is that we do not yet understand all of the function of much of the remainder
of the DNA. Some of it appears to be "junk," stretches of DNA that were inserted at some
stage of evolution and have remained.
In some cases, this DNA may, in fact, serve important functions.
In others, it may serve no function but, because it does not cause significant harm, it
26has
remained.

Individuality Depends on the Interplay Between Genes and
Environment
With the exception of monozygotic ("identical") twins, each person has a unique
sequence of DNA base pairs.
How different are we from one another at the genomic level?
An examination of variation across the genome reveals that, on average, each pair
of individual people has a different base in one position per 200 bases; that is, the
difference is approximately 0.5%. à
This person-to-person variation is quite substantial compared with differences in
populations.
Thus, the average difference between two people within one ethnic group is greater
than the difference between the averages of two different ethnic groups.
The significance of much of this genetic variation is not understood.
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As noted earlier, variation in a single base within the genome can lead to a
disease such as sickle-cell anemia.
Scientists have now identified the genetic variations associated with hundreds
of diseases for which the cause can be traced to a single gene.
For other diseases and traits, we know that variation in many different genes
contributes in significant and often complex ways.
à Many of the most prevalent human ailments such as heart disease are
linked to variations in many genes.
Furthermore, in most cases, the presence of a particular variation or set of
variations does not inevitably result in the onset of a disease but, instead,
leads to a predisposition to the development of the disease.
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In addition to these genetic differences, epigenetic factors are important. They are
factors associated with the genome but not simply represented in the sequence of
DNA.
For example, the consequences of some of this genetic variation depend, often
dramatically, on whether the unusual gene sequence is inherited from the mother or
from the father.
This phenomenon, known as genetic imprinting, depends on the covalent
modification of DNA, particularly the addition of methyl groups to particular
bases.
Epigenetics is a very active field of study and many novel discoveries can be
expected .
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Although our genetic makeup and associated epigenetic characteristics are
important factors that contribute to disease susceptibility and to other traits,
factors in a person's environment also are significant.
What are these environmental factors?
Perhaps the most obvious are chemicals that we eat or are exposed to in some
other way.
The adage "you are what you eat" has considerable validity;
Throughout our study of biochemistry, we will encounter vitamins and trace
elements and their derivatives that play crucial roles in many processes. In
many cases, the roles of these chemicals were first revealed through
investigation of deficiency disorders observed in people who do not take in a
sufficient quantity of a particular vitamin or trace element.
Despite the fact that the most important vitamins and trace elements have been
known for some time, new roles for these essential dietary factors continue
to be discovered.
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A healthful diet requires a balance of major food
groups (Figure 1.20).
In addition to providing vitamins and trace
elements, food provides calories to release
energy to drive other biochemical processes.
Proteins, fats, and carbohydrates provide the
building blocks used to construct the molecules
of life.
Finally, it is possible to get too much of a good
thing.
Human beings evolved under circumstances in which food was scarce.
Some of the most prevalent diseases in the so-called developed world, such as
heart disease and diabetes, can be attributed to the large quantities of fats and
carbohydrates.
We are now developing a deeper understanding of the biochemical consequences
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of these diets and the interplay between diet and genetic factors.

The behaviors in which we engage also have biochemical consequences.
Through physical activity, we consume the calories that we take in, ensuring an
appropriate balance between food intake and energy expenditure.
Activities ranging from exercise to emotional responses such as fear and love
may activate specific biochemical pathways,
leading to changes in levels of gene expression,
the release of hormones, and other consequences.
For example, recent discoveries reveal that high stress levels are associated with
the shortening of telomeres, structures at the ends of chromosomes.
Furthermore, the interplay between biochemistry and behavior is bidirectional.
Just as our biochemistry is affected by our behavior, so, too, our behavior is
affected, although certainly not completely determined, by our genetic makeup and
other aspects of our biochemistry.
Genetic factors associated with a range of behavioral characteristics have been
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at least tentatively identified.

Investigations of variations in behavior and their linkage to genetic and
biochemical factors are potential sources of great insight into mechanisms
within the brain.
For example, studies of drug addiction have revealed neural circuits and
biochemical pathways that greatly influence aspects of behavior.
Unraveling the interplay between biology and behavior is one of the great
challenges in modern science, and biochemistry is providing some of the most
important concepts and tools for this endeavor.
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