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Summary

The sequence of subunits in a macromolecule contains information that determines
the three-dimensional contours of its surface. These contours in turn govern the rec-
ognition between one molecule and another, or between different parts of the same
molecule, by means of weak, noncovalent bonds. The attractive Jorces are of four
types: ionic bonds, van der Waals attractions, hydrogen bonds, and an interaction
between nonpolar groups caused by their hydrophobic expulsion from water. Two
molecules will recognize each other by a process in which they meet by random dif-
Jfusion, stick together for a while, and then dissociate. The strength of this interaction
is generally expressed in terins of an equilibrium constant. Since the only way to make
recognition infallible is to make the energy of binding infinitely large, living cells
constantly make errors; those that are intolerable are corrected by specific repair
processes.

Genes Are Made of DNA ©

It has been obvious for as long as humans have sown crops or raised animals that
each seed or fertilized egg must contain a hidden plan, or design, for the devel-
opment of the organism. In modern times the science of genetics grew up around
the premise of invisible information-containing elements, called genes, that are
distributed to each daughter cell when a cell divides. Therefore, before dividing,
a cell has to make a copy of its genes in order to give a complete set to each
daughter cell. The genes in the sperm and egg cells carry the hereditary informa-
tion from one generation to the next,

The inheritance of biological characteristics must involve patterns of atoms
that follow the laws of physics and chemistry: in other words, genes must be
formed from molecules. At first the nature of these molecules was hard to imag-
ine. What kind of molecule could be stored in a cell and direct the activities of
a developing organism and also be capable of accurate and almost unlimited
replication?

By the end of the nineteenth century biologists had reco gnized that the car-
riers of inherited information were the chromosomes that become visible in the
nucleus as a cell begins to divide. But the evidence that the deoxyribonucleic acid
(DNA) in these chromosomes is the substance of which genes are made came
only much later, from studies on bacteria. Tn 1944 it was shown that adding pu-
rified DNA from one strain of bacteria to a second, slightly different bacterial
strain conferred heritable properties characteristic of the first strain upon the
second. Because it had been commonly believed that only proteins have enough
conformational complexity to carry genetic information, this discovery came as
a surprise, and it was not generally accepted until the early 1950s. Today the idea
that DNA carries genetic information in its long chain of nucleotides is so fun-
damental to biological thought that it is sometimes difficult to realize the enor-
mous intellectual gap that it filled.

DNA Molecules Consist of Two Long Chains Held Together
by Complementary Base Pairs 1°

The difficulty that geneticists had in accepting DNA as the substance of genes is
understandable, considering the simplicity of its chemistry. A DNA chain is a
long, unbranched polymer composed of only four types of subunits. These are
the deoxyribonucleotides containing the bases adenine (A), cytosine (C), guanine
(G), and thymine (T). The nucleotides are linked together by covalent phospho-
diester bonds that join the 5’ carbon of one deoxyribose group to the 3’ carbon
of the next (see Panel 2-6, pp. 58-59). The four kinds of bases are attached to this
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repetitive sugar-phosphate chain almost like four kinds of beads strung on a Figurz 3-10 The DNA double helix.
necklace. (A) A short section of the helix viewed
How can a long chain of nucleotides encode the instructions for an organ-  from its side. Four complementary
ism or even a cell? And how can these messages be copied from one generation ~ Pase pairs are shown. The bases are
of cells to the next? The answers lie in the structure of the DNA molecule. shown in green, while the deoxyribose
. . . . . sugars are blue. (B) The helix viewed
Early in the 1950s x-ray diffraction analyses of specimens of DNA pulled into from an end. Note that the fwo DNA
fibers suggested that the DNA molecule is a helical polymer composed of two = in opposite directions and
strands. The helical structure of DNA was not surprising since, as we have se€en, 1.+ each base pair is held together by
a helix will often form if each of the neighboring subunits in a polymer is regu-  ejther two or three hydrogen bonds
larly oriented. But the finding that DNA is two-stranded was of crucial signifi- (see also Panel 3-2, pp. 100-101).
cance. It provided the clue that led, in 1953, to the construction of a model that
fitted the observed x-ray diffraction pattern and thereby solved the puzzle of DNA
structure and function.
An essential feature of the model was that all of the bases of the DNA mol-
ecule are on the inside of the double helix, with the sugar phosphates on the
outside. This demands that the bases on one strand be extremely close to those
on the other, and the fit proposed required specific base-pairing between a large
purine base (A or G, each of which has a double ring) on one chain and a smaller
pyrimidine base (T or C, each of which has a single ring) on the other chain (Fig-
ure 3-10).
Both evidence from earlier biochemical experiments and conclusions derived
from model building suggested that complementary base pairs (also called
Watson-Crick base pairs) form between A and T and between G and C. Biochemi-
cal analyses of DNA preparations from different species had shown that, although
the nucleotide composition of DNA varies a great deal (for example, from 13%
Aresidues to 36% A residues in the DNA of different types of bacteria), there is
a general rule that quantitatively [G] = [C] and [A] = [T]. Model building revealed
that the numbers of effective hydrogen bonds that could be formed between G
and C or between A and T were greater than for any other combinations (see
Panel 3-2, pp. 100-101). The double-helical model for DNA thus neatly explained
the quantitative biochemistry.

The Structure of DNA Provides an Explanation
for Heredity 1

A gene carries biological information in a form that must be precisely copied and
transmitted from each cell to all of its progeny. The implications of the discov-
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The Nucleotide Sequence of a Gene Determines the Amino
Acid Sequence of a Protein 13

DNA is relatively inert chemically. The information it contains is expressed in-
directly via other molecules: DNA directs the synthesis of specific RNA and pro-
tein molecules, which in turn determine the cell’s chemical and physical prop-
erties.

At about the time that biophysicists were analyzing the three-dimensional
structure of DNA by x-ray diffraction, biochemists were intensively studying the
chemical structure of proteins. It was already known that proteins are chains of
amino acids joined together by sequential peptide linkages; but it was only in the
early 1950s, when the small protein insulin was sequenced (Figure 3-14), that it
was discovered that each type of protein consists of a unique sequence of amino
acids. Just as solving the structure of DNA was seminal in understanding the
molecular basis of genetics and heredity, so sequencing insulin provided a key
to understanding the structure and function of proteins. If insulin had a definite,
genetically determined sequence, then presumably so did every other protein.
It seemed reasonable to suppose, moreover, that the properties of a protein
would depend on the precise order in which its constituent amino acids are ar-
ranged.

Both DNA and protein are composed of a linear sequence of subunits; even-
tually, the analysis of the proteins made by mutant genes demonstrated that the
two sequences are co-linear—that is, the nucleotides in DNA are arranged in an
order corresponding to the order of the amino acids in the protein they specify.
It became evident that the DNA sequence contains a coded specification of the
protein sequence. The central question in molecular biology then became how
a cell translates a nucleotide sequence in DNA into an amino acid sequence in
a protein.

Portions of DNA Sequence Are Copied into RNA Molecules
That Guide Protein Synthesis 14

The synthesis of proteins involves copying specific regions of DNA (the genes)
into polynucleotides of a chemically and functionally different type known as
ribonucleic acid, or RNA. RNA, like DNA, is composed of a linear sequence of
nucleotides, but it has two small chemical differences: (1) the sugar-phosphate
backbone of RNA contains ribose instead of a deoxyribose sugar and (2) the base
thymine (T) is replaced by uracil (U), a very closely related base that likewise pairs
with A (see Panel 3-2, pp. 100-101).

RNA retains all of the information of the DNA sequence from which it was
copied, as well as the base-pairing properties of DNA. Molecules of RNA are syn-
thesized by a process known as DNA transcription, which is similar to DNA rep-
lication in that one of the two strands of DNA acts as a template on which the
base-pairing abilities of incoming nucleotides are tested. When a good match is
achieved with the DNA template, a ribonucleotide is incorporated as a covalently
bonded unit. In this way the growing RNA chain is elongated one nucleotide at
a time.

DNA transcription differs from DNA replication in a number of ways. The
RNA product, for example, does not remain as a strand annealed to DNA. Just
behind the region where the ribonucleotides are being added, the original DNA
helix re-forms and releases the RNA chain., Thus RNA molecules are single-
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Figure 5-14 The amino acid
sequence of bovine insulin. Insulin is
a very small protein that consists of -
two polypeptide chains, one 21 and

the other 30 amino acid residues long,

Each chain has a unique, genetically
determined sequence of amino acids,
The one-letter symbols used to
specify amino acids are those listed
in Panel 2-5, pages 56-57; the

S—S bonds shown in red are disulfide
bonds between cysteine residues. The
protein is made initially as a single
long polypeptide chain (encoded by a
single gene) that is subsequently
cleaved to give the two chains.
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